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Preface

A wide range of substances and mixtures of substances, highly eff ective in prevent-
ing, destroying, repelling or mitigating pests: insects, mice, unwanted plants, fungi, 
microorganisms such as bacteria and viruses, and prions are classifi ed as pesticides. 
User benefi t from pest control is obvious, in terms of increased agricultural production 
and elimination of pest-induced health problems. However, there are now evidence 
that pesticides do create risk to man and his environment. Therefore, the agricultural 
use of some persistent organochlorine insecticides, namely DDT, was banned aft er the 
1960s. Other synthetic chemicals, organophosphates (1960s), carbamates (1970s) and 
pyrethroids (1980s) as well the emerging biopesticides (2000s) came on to substitute 
them.

This book comments on a large spectrum of pesticides issues, organized in three sec-
tions: new pesticides, pesticides formulations characteristics and pesticides application 
systems, assessment of pesticides pollution and exposure, and pesticides degradation 
and disposal.

Chapters 1-3, included in the fi rst book section, highlight the growing interest on the 
development and use of pesticides derived from natural materials: plants and bacteria, 
as an environmental friendly alternative to the synthetic pesticides.

The design and the optimization of pesticides microemulsions, pesticides mixtures 
and controlled pesticides release formulations as well as the techniques for pesticides 
application are discussed in Chapters 4-9.

The second book section is dedicated to the following topics of great public concern: 
(i) the monitoring of the pesticides residues in agricultural products, the entry routes 
identifi cation, the eff ect of food processing techniques to reduce the pesticides levels, 
the prevention of food contamination and the pesticides risk assessment (Chapters 10-
15); (ii) the pesticides contamination of the environment: air, surface- and groundwa-
ter, soil, sediments and biota, the pesticides transport and distribution in the polluted 
area, the impacts of the pesticides presence on the ecosystems, the eff ects of pesticides 
exposure and the strategies for pesticides pollution surveillance (Chapters 16-26).

The third book section presents current investigations of the naturally occurring pes-
ticides degradation phenomena, the environmental eff ects of the break down products 
and  diff erent approaches to pesticides residues treatment (Chapters 27-39).



XII Preface

The book covers selected noteworthy studies authored by leading international ex-
perts. A helpful feature of the volume is the extensive list of references at the end of 
each chapter, intended to reveal the current state of the art. The book is highly recom-
mended to the professionals interested in pesticides issues.

The publication was made possible due to the eff orts and the expertise of the contribut-
ing authors. They are gratefully acknowledged.

Margarita Stoytcheva
Mexicali, Baja California

Mexico
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Pesticides of Botanical Origin: 
A Promising Tool in Plant Protection 

Nikoletta G. Ntalli and Urania Menkissoglu-Spiroudi* 
Pesticide Science Laboratory, Faculty of Agriculture, Aristotle University of Thessaloniki 

Greece  

1. Introduction    
Future agricultural and rural development is, to a large extent, influenced by the rapidly 
increasing food demand of 2.5 billion people expected to swell the world population by 
2020. Achieving food sufficiency in a sustainable manner is a major challenge for farmers, 
agro-industries, researchers and governments (Schillhorn van Veen, 1999). The 
intensification of agriculture to fulfil food needs has increased the number of insect pest 
species attacking different crops and as a result the annual production losses of the standing 
crops. In the past, synthetic pesticides have played a major role in crop protection 
programmes and have immensely benefited mankind. Nevertheless, their indiscriminate 
use has resulted in the development of resistance by pests (insects,weeds, etc), resurgence 
and outbreak of new pests, toxicity to non-target organisms and hazardous effects on the 
environment endangering the sustainability of ecosystems (Jeyasankar & Jesudasan, 2005). 
In the recent years the EU has employed a fundamental reform of the Common Agricultural 
Policy (CAP) highlighting the respect to the environmental, food safety and animal welfare 
standards, imposing farmlands’ cross-compliance with good agricultural and environmental 
conditions (Schillhorn van Veen, 1999). Due to environmental side effects and health 
concerns, many synthetic carbamate, organophosphate, and organophthalide pesticides 
have been banned (Council Directive 91/414/EEC) or are being under evaluation 
(Regulation 2009/1107/EC OL & Directive 2009/128/EC). On the other hand, industry does 
not equally sustain the economic cost of research and registration, of all pesticides’ chemical 
classes. The development of nematicides is rarely supported, even though in some cases, 
such as in the Netherlands, they represent more than 60% of the total pesticides used in 
agriculture (Chitwood, 2002). This is due to the fact that nematodes are a rather difficult 
target and the economic cost of research and registration is an enormous hurdle for a 
prospective new synthetic nematicide to overcome (Chitwood, 2002). As a result, currently 
there are only few nematicides left in use, and their limited number makes the repeated 
applications of the same formulation, inevitable. This fact has led to the enhancement 
nematicides biodegradation in soil (Qui et al., 2004 , Karpouzas et al., 2004, Arbeli & 
Fuentes, 2007) and  the development of resistance in pests. (Meher et al., 2009) These two 
phenomena are expressed in field as lack of efficacy of the applied pesticides. All the above 
facts necessitate the urge for new and alternative pest control methods (Chitwood, 2002).  
An interesting way of searching for biorational pesticides is screening naturally occurring 
compounds in plants (Isman, 2006; 2008). Plants, as long-lived stationary organisms, must 
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resist attackers over their lifetime, so they produce and exude constituents of the secondary 
metabolism (PSMs), playing an important role in their defence mechanisms. In fact, the 
phytochemicals’ research has its roots in allelochemistry, involving the complex chemical-
mediated interactions between a plant and other organisms in its environment (Chitwood, 
2002). Among the 500,000 estimated PSMs only 18,000 have been characterised up until 
2008. The main groups of PSMs are (i) phenylpropanoids and phenolics, (ii) terpenoids and 
steroids, (iii) alkaloids and nitrogen compounds. PSMs were used in plant protection from 
the end of 19th century till the beginning of the Second World War, when synthetic organic 
pesticides took over. The development of botanicals used as pesticides resulted from two 
parallel methods: I) the observation of the traditional uses of plants and extracts for cattle 
and crop protection, followed by checking the efficiency of these practices and identification 
of the active molecules. The activity of nicotine extracted from tobacco (Nicotiana tabacum) 
and rotenone from Fabaceae Lonchocarpus nicou and Derris elliptica fall in this category; II) 
the systematic screening of botanical families followed by biological tests in order to 
discover the active molecules. Ryanodine, an alkaloid extracted from Ryania. sp., and 
marketed in the United States in 1945, is the result of such prospecting, carried out with a 
collaboration between Rutgers University and Merck in the early 1940s. Before the Second 
World War, four main groups of PSMs were used in pest management: nicotine and 
alkaloids, rotenone and rotenoids, pyrethrum and pyrethrins, and vegetable oils. The 
commercialization of synthetic pesticides including organochlorides, organophosphates, 
and carbamates, followed. Research on biopesticides of plant origin was actively pursued 
again throughout the second half of the 20th century in order to improve their stability or 
to discover new molecules and new sources of molecules. The development of 
pyrethrinoids, synthetic molecules analogous to pyrethrum, and neem products 
(Meliaceae) are characteristic examples of commercial plant protection products based on 
botanical sources. Botanicals and plant allelochemicals are clearly defined as 
semiochemicals by Organization for Economic Cooperation and Development (OECD). 
This definition includes all chemicals involved in species communication (pheromones, 
but also plant extracts, plant volatiles, and natural oils) and exhibiting pest control 
activities. The concept of biocontrol agents (BCAs) has recently been preferred to that of 
biopesticides (Regnault-Roger & Philogène, 2008). 
PSMs may have applications in weed and pest management, if developed for use as 
pesticides themselves, or they can be used as model compounds for the development of 
chemically synthesized derivatives.  Many of them are environmentally friendly, pose less 
risk to humans and animals, have a selective mode of action, avoid the emergence of 
resistant races of pest species, and as a result they can be safely used in Integrated Pest 
Management (IPM) (Isman, 2006). Furthermore, they may be proved suitable and be used as 
products of choice for organic food production. Extensive is the literature concerning the use 
of plants’ crude or refined extracts in various fields of crop protection (insects, fungi, 
nematodes, bacteria, weeds). It is mandatory though to attribute the efficacy of botanicals to 
specific identified constituent compound(s) in order to delineate the mechanisms of 
bioactivity, biologically and biochemically, and to fully exploit the therapeutic potential of 
extracts (Akhtar & Mahmood, 1994). This is a short review encompassing the main chemical 
classes of PSMs that have been used in crop protection focusing on the most recent advances 
in the chemicals disclosed, their mode of action and their fate in the ecosystem. In addition, 
we present our research group’s findings on biological activities of limonoids and terpenes, 
representing our step forward to the contribution in this scientific topic. Finally, we examine 
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the current use of BCAs in pest management and we conclude with the European legislation 
underlying registration procedures and commercialization potential.  

2. Chemical composition 
Essential oil components 
Essential oils (EOs) are volatile, natural, complex compounds characterized by a string odor 
and are formed as PSMs by aromatic plants belonging to a number of botanical families, like 
Myrtaceae, Lauraceae, Lamiaceae, Asteraceae. These chemical volatiles have functions in 
chemical defence, acting as insecticides, acaricides, avoiding bacterial or fungi 
phytopathogen colonization, attracting natural enemies of herbivores (Bakali et al., 2008; 
Yadav, et al., 2008; Karamanoli et al., 2005; Iacobellis et al., 2005; Flamini, 2003; Karamanoli, 
2002). Usually they are obtained by hydro-distillation and they comprise terpenes and 
terpenoids and other aromatic and aliphatic constituents. Terpenes form structurally and 
functionally different classes of compounds that are formed by coupling different numbers 
of isoprene units (5-carbon-base; C5), while terpenoids represent terpenes containing 
oxygen. The main structural classes of the terpenes are: monoterpenes (C10), sesquiterpenes 
(C15), hemiterpenes (C5), diterpenes (C20), triterpenes (C30), tetraterpenes (C40) (Aharoni et 
al., 2005). The main functional classes of the terpenes (mono-, sesquiterpenes) and aromatic 
compounds are presented in Table 1. When a molecule is optically active the enantiomers 
are present in different plants or in some cases they are both present in a racemic form 
(Bakkali, et al., 2008). EOs are heterogeneous mixtures of single substances, biological 
actions are primarily due to these components in a very complicated concert of synergistic 
or antagonistic activities. Several factors such as phenological age of the plant, percent 
humidity of the harvested material, and the method of extraction have been identified as 
possible sources of variation for the chemical composition, toxicity and bioactivity of the 
extracts (Lahlou, 2004). Essential oils affect several targets at the same time, because of their 
great number of constituents; this fact decreases the target organisms’ resistance or 
adaptation. Also, EOs induce cytotoxicity, damage the cellular and organelle membranes, 
act as prooxidants on proteins and DNA and produce reactive oxygen species (ROS). Such 
activity is mostly induced by phenols, aldehydes and alcohols. In some cases when 
photoactive molecules such as furocoumarins, are exposed to activating light, they penetrate 
the cell without damaging the membranes, proteins and DNA, and then produce radical 
reactions and oxygen singlet. In some cases essential oils and their components have 
demonstrated nuclear and cytoplasmic mutagenicity, acting on mitochondria and the 
respiratory system (Bakkali et al., 2008). The biological activity of EOs and their components 
on pest insects comprise behaviour and feeding detterance effects, fumigant toxicity, 
knockdown activity and lethal toxicity via contact. While these substances are generally 
active against a broad spectrum of pests, interspecific toxicity of individual oils and 
compounds is highly idiosyncratic. Perhaps the most attractive aspect of using EOs and 
their constituents in pest management is their favourable mammalian toxicity and their non-
persistance in the environment, for which reason they are exempted from the usual data 
requirements for registration in the USA (Isman, 2000). 
Triterpenoids (Intact and degradated tetranortriterpenoids as well as triterpenoid saponins) 
Limonoid triterpenes are known to possess insecticidal and antifungal properties (Akhtar et 
al., 2008; Carpinella, et al., 2003). Limonoids are metabolically altered triterpenes and have a 
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prototypical structure either containing or deriving from a precursor with a 4,4,8-trimethyl-
17-furanylsteroid skeleton. Although hundreds of limonoids have been isolated from 
various plants, their occurrence in the plant kingdom is confined to  plant families of the 
order Rutales and more abundantly in the families Meliaceae and Rutaceae, and less 
frequently in Cneoraceae and Harrisonia sp. of Simaroubaceae (Manners, 2007). Of the 300 
limonoids known today, about one third is obtained from Meliaceae species (Azadirachta  
indica and Melia azedarach), also known as meliacins. The structural variations of limonoids 
found in Rutaceae are less than in Meliaceae and are generally limited to the modification of 
A and B rings. The limonoids of Meliaceae are more complex with very high degree of 
oxidation and rearrangement exhibited in the parent limonoid structure (Roy & Saraf, 2006; 
Connolly & Hill, 2008). Most work has been focused on azadirachtin, a limonoid PSM 
(C35H44016, a tetranortriterpenoid) of the Indian Neem tree (Azadirachta indica L., Meliaceae). 
The technical grade material of azadirachtin is used for the production of a wide range of 
commercial formulations exhibiting good efficacy against more than 400 insect species 
(Akhtar et al., 2008; Lee et al., 1991), mites (Flamini, 2003) and nematodes (Akhtar, 2000; Oka 
et al., 2007). In India the use of neem (Azadirachta indica) extracts in pest management is a 
part of the traditional practices. Neem is a mixture of more than 100 limonoid compounds, 
including azadirachtin, salannin, and nimbin and their analogues provoking repellence, 
feeding deterrence and insect growth inhibition (Schmutterer, 1990). Similar to A. indica, M. 
azedarach extracts possesses insecticidal, acaricidal and fungicidal properties and some of the 
limonoids isolated are 21-β-acetoxymelianol (Ntalli et al., 2010d), meliantriol, melianone, 
melianol (Lavie & Jain, 1967), meliacin (1-cinnamoyl melianone), meliacarpin (Li et al., 1999) 
and meliartenin (Carpinella et al., 2002), azedarachin B (Fukuyama et al., 2006) (Table 2). 
Limonoids do not have direct negative effects on beneficial insects (Charleston et al., 2005; 
Sengottayan & Sehoon, 2006), a fact that indicates their potential to be combined in 
biological pest control programmes. Azadirachtin is the mostly ever studied 
tetranortriterpenoid, which chemical structure required 18 years to solve and its total 
synthesis took almost 22 years (Morgan, 2009). The mode of action of azadirachtin lays on (i) 
deterrent effects on  chemoreceptors resulting in antifeedancy (ii) effects on ecdysteroid and 
juvenile hormone titres through a blockage of morphogenetic peptide hormone release (e.g. 
PTTH; allatotropins) and (iii) direct effects on tissues resulting in an overall loss of fitness of 
the insect (Mordue & Blackwell, 1993). Within the azadirachtin molecule, the decalin 
fragment is  responsible for the insect growth regulation and development effects  observed, 
while the hydroxyl-furan fragment causes the antifeedant effects more widely observed 
among target species (Table 2) (Aldhous, 1992). Recently it was proved that azadirachtin 
provokes a rapid increase in the mitotic index of insect cells, induces the appearance of 
many aberrant mitotic figures and prevents to some extend the polymerisatrion in vitro of 
mammalian tubulin (Salehzadeh et al., 2003). Interestingly the EC50 values for various 
cultured insect cell lines vary from 10-10 to 10-9 M, by which it is classed as highly toxic, 
whereas for all mammalian cell lines, values of EC50 are 10-5–10-3 M, which places it in the 
mildly toxic to non-toxic class, and gives a margin of safety in excess of 100-fold between 
insect and mammalian cells. There is evidence that the difference in toxicity may be due to 
the ability of mammalian cells to remove azadirachtin from their body (Morgan, 2009). 
Azadiractin acute oral LD50 in rat is above 5000 mg kg−1 and this classifies it by the U.S. 
Environnemental Protection Agency (EPA) in class IV (no mammal toxicity). Additionally it 
has no effects on skin sensitization, eye irritation, and is not mutagenic (Isman, 1997). Under 
field conditions azadirachtin and other neem constituents, e.g., salannin, nimbin, 
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deacetylnimbin, and deacetylsalannin, are not persistent. Three days post field application 
at five times the dose recommended by the manufacturer, residues of azadirachtin A and B 
were 0.03 and 0.01 mg/kg, respectively, while residues of salannin (LOQ 0.01 mg/kg) and 
nimbin (LOQ 0.5 mg/kg) were not detectable. Sunlight photodegradation is the main factor 
influencing the rate of its disappearance after greenhouse treatment while tomato 
epicuticular waxes double the photodegradation rate of a commercial formulation (Caboni 
et al., 2006; 2009). Besides limonoids, also the quassinoids and saponins fall in the 
PSMs’category of triterpenoids, being though much less studied (Table 2). Quassinoids, the 
bitter principles of the Simaroubaceae family (Quassia amara, Cassia camara and Picrasma 
exelca), are a group of structurally complex and highly oxygenated degraded triterpenes 
(Sarais et al., 2010). They are divided into five groups according to their basic skeleton, C-18, 
C-19, C-20, C-22 and C-25. In recent years, attention has been focused on quassinoids 
because several of them have shown promising biological activities phytotoxic, antifeedant, 
insecticidal (Almeida et al., 2007). Quassinoids act against insects, nematodes and weeds 
(Koul, 2008; Powell et al., 1998; Leskinen et al., 1984; Chitwod, 2002; Lin et al., 1995). In 
nematodes quassinoids acts as noncompetitive antagonists of the ionotropic GABARs to 
stabilize the closed conformation of the channel, resulting in the inhibition of the action of 
GABA (Kuriyama et al., 2005). No data are currently available concerning quassinoids fate 
in the environment. The plant-derived saponins are triterpene glycosides obtained from the 
soap bark (or soapbark) tree, Quillaja saponaria (Quillajaceae) as well as various other plant 
species of the families Alliaceae, Asteraceae, Polygalaceae and Agavaceae. Their side chains 
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Table 2. Structures of intact and degraded triterpenoids as well as triterpenoid saponins. 
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of hydrophilic carbohydrates provide them with surfactant properties, but they possess also 
significant antifeedant, fungicidal and nematicidal properties (Chitwood, 2002; Koul, 2008; 
Duke et al., 2003; D'Addabbo et al., 2006; 2010; Ribera et al., 2008; Martin & Magunacelaya, 
2005). Saponins disrupt also membranes (Majak, 1992). 
 
Glucosinolates  and Isothiocyanates (Brassicaceae) 

Glucosinolates (GLSs) are sulphur and nitrogen containing PSMs produced by “mustards” 
(Brassica & Sinapis sp.) as well as other genus of the Capparales order. Glucosinolates are an 
important and unique class of secondary plant products containing b-D-thioglucose and 
sulphonated oxime moieties. These include thioglucosides, characterized by side chain with 
varying aliphatic, aromatic and heteroaromatic carbon skeletons. Glucosinolates get 
inverted into various degradation products (isothiocyanates, thiocyanates, indoles etc.), 
when ve getables containing them are cut or chewed, because during this process they come 
in contact with the enzyme myrosinase that hydrolyses them. By incorporating 
glucosinolate-containing plant material in soil their bioactive hydrolysis products, named 
isothiocyanates (ITCs) are released. These products can be used to control soil pests and 
weeds - a practice known as biofumigation (Figure 1). This practise is considered an 
ecological substitution of the soil fumigation with toxic fumigants such as MeBr, used in the 
past to suppress soil fungus, bacteria, nematodes and weeds, since it is considered fully 
biodegradable and less toxic (Vig et al., 2009). ITCs trigger the plant’s defence mechanism, 
produce toxins that kill the target organisms, and produce defensive barriers around the 
roots of the host plant thus preventing the harmful fungi to enter the host. In fungus ITCs 
inhibit the oxygen uptake through the uncoupler action of oxidative phosphorylation in 
mitochondria, they inhibit the coupling between the electron transport and phosphorylation 
reactions and eventually hinder the ATP synthesis. In bacteria ITCs inactivate various 
intracellular enzymes by oxidative breakdown of–S–S– bridges and they obstruct ATP 
synthesis in cells through uncoupler action of oxidative phosphorylation in mitochondria. In 
insects ITCs inactivate the thiol group of essential enzymes, alkylate the nucleophilic groups 
of biopolymers like DNA and act as uncouplers accelerating the respiration, which needs 
more ATP as source of energy, while at the same time ATP production is blocked. This 
causes exhaustion of stored energy sources which finally leads to death of the pest. In weeds 
they inhibit seed germination by interfering with protein synthesis and formation of 
phosphorylated sugars, or inhibit plant enzyme activity (Vig et al., 2009). The ITCs’ 
sorption, degradation or loss from soil mechanisms is fundamental for developing effective, 
but environmentally benign biofumigation strategies. Effective biofumigation relies on 
maximum hydrolysis of the glucosinolates in the plant tissue to generate high 
isothiocyanate concentrations in the soil after incorporation. This is favoured by maximum 
cell disruption, by addition of water, and a high soil temperature. Residual glucosinolates 
are very weakly sorbed, readily leached and are microbially degraded and mineralised in 
soil. In contrast, isothiocyanates are strongly sorbed by the organic matter in soil, react 
strongly with nucleophilic groups present in soil, and are prone to volatilization losses and 
microbial degradation and mineralisation minimizing the risks of persistence in the 
environment or leaching (Gimsing & Kirkegaard, 2009). During the recent years extensive 
reviews have concerned the chemical ecology of various Brassica towards parasitoids, 
predators, herbivores and nematodes emphasizing on GLSs and ITCs, their potential of 
integration in insect-pest management, the physiological and biochemical implications 
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Fig. 1. A hydrolysis scheme of sinigrin under the action of myrosinase and respective 
degradation productions 
underlying hydrolysis mechanisms (Ahuja, et al., 2010; Monfort et al., 2007; Kissen et al., 
2009; Agerbirk et al., 2009). 
Cyanogenic glycosides 
Cyanogenic glucosides constitute a limited number of amino acid derived PSMs known to 
be present in more than 2500 plant species. This group of compounds is considered to play 
an important role in plant defence against herbivores due to their bitter taste and release of 
toxic hydrogen cyanide. Upon tissue disruption (e.g. chewing insects) the cyanogenic 
glucosides are released from the vacuoles and hydrolyzed by specific b-glucosidases to yield 
glucose, a ketone or an aldehyde and toxic HCN. This process is known as cyanogenesis and 
serves to facilitate a rapid HCN release (Figure 2) that suppress insects, fungus, nematodes 
and weeds (Zagrobelny et al., 2004; Morant et al., 2007; Bjarnholt et al., 2008; Carlsen & 
Fomsgaard, 2008). Cyanogenic glycosides, through the action of cyanide, prevent oxygen 
utilization by the inhibition of cytochrome oxidase (Majak, 1992). 
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Fig. 2. Cyanogenesis (adapted by Morant et al, 2007) 
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Alkaloids 
Alkaloids are PSMs containing nitrogen atoms, and derive from various botanical families 
amongst which the Solacaneae. Nicotine is undoubtedly the oldest alkaloid used in 
agriculture as well as the one of the first molecules used as insecticide (Table 3). It is an 
acetylcholine mimic binding to postsynaptic receptors and interfering with the transmission 
of signals in nerves, leading to a continuous firing of the neuroreceptor. This 
overstimulation leads to depression the central nervous system. It acts predominately 
through the vapour phase and to a less degree through stomach and contact. Nicotine’s high 
toxicity to humans limited its use as a pesticide (Regnault-Roger & Philogéne, 2008). Bio-
transformations of nicotine, involving activation reactions and detoxification mechanisms, 
have led to neonicotinoids, representing the current major class of insecticides of 
outstanding potency, systemic action and low toxicity to mammals (Tomizawa & Casida, 
2008). Other alkaloids falling in the same category are veratrine and cevatrine, the major 
components of sabadilla (Schoenocaulon officinale Grey) seeds, which are mainly used to 
control thrips, but recently resistance issues have broken up (Humeres & Morse, 2006). 
Sabadilla alkaloids possess, like pyrethrins, a neurotoxic activity by slowing the shutting of 
Na+ channels and disturbing membrane depolarization. They cause paralysis before death. 
They are contact and nonsystemic insecticides, readily degraded in air and sunlight and are 
not considered hazardous to non target organisms (Copping, 2004). Ryanodine and its 
derivative, the dehydro-ryanodine, are extracted from Ryania speciosa (Liliaceae) 
naturalizing the Amazonian basin. Ryanodine acts against insects by interfering with the 
nerve impulse at the Ca2+ channel level and provoking a sustained contraction of the 
muscles and paralysis. This mode of action has inspired synthetic chemistry, and ryanodine 
receptors currently represent molecular targets for novel pest control chemicals (Sattelle et 
al., 2008). The toxicity of Ryania extracts towards mammals and fish has precluded its 
continuing use. Finally 2,5-dihydroxymethyl-3,4-dihydroxypyrrolidine (DMDP) is a sugar 
analogue, pyrrolidine alkaloid contained in the genera Loncocarpus and Derris, exhibiting 
nematicidal activity. It is downwardly mobile in plant phloem, applications on plant foliar 
decrease galling in roots, but its mode of action is under investigation (Chitwood, 2003). 
Phenolics – Flavonoids 

Phenolics are toxic to insects, fungi, bacteria, nematodes and weeds (Koul, 2008; Carlsen & 
Fomsgaard, 2008; Simmonds & Stevenson, 2001; Popa et al., 2008; Wu et al., 2001; 
Simmonds, 2003; Chitwood, 2002). Flavonoids, a major class of phenolic compounds, are 
distributed widely in vascular plants and Bryophytes, and ca. 5,000 kinds have been 
reported to possess feeding attractant and deterrent properties (Iwashina, 2003). Rotenone 
(Table 4), a flavonoid, present in plants of the genus Derris or Lonchocarpus (Leguminosae) is, 
with the alkaloid nicotine, one of the oldest insecticides used all over the world. The 
principal commercial product of the botanical insecticide rotenone comes from Cube resin, a 
root extract of Lonchocarpus utilis and Lonchocarpus urucu. Although rotenone is the primary 
major constituent in insecticides containing these preparations, a second isoflavone, 
deguelin, also possesses similar biological properties (Table 4) (Dayan et al., 2009; Caboni et 
al., 2004). Rotenone inhibits cellular respiration and energetic metabolism at the level of the 
mitochondrial respiratory chain. It is easily biodegradable and its half life under field 
conditions is 5 to 7 h (Cavoski et al., 2007). Initially it has been characterised moderately 
toxic to mammals, but it eventually links to Parkinson's disease (Giasson & Lee, 2000) and 
recently rotenone has not been included in Annex I of Council Directive 91/414 EEC 
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(2008/317/EC) and authorizations are withdrawn according to EU legislation. Finally, 
karanjin (3-methoxy-2-phenylfuro[2,3-h]chromen-4-one) is a furanoflavonol obtained from 
Derris that acts as acaricide and insecticide (Pavela, 2009). 
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Polyacetylenes & Polythienyls 

They are substances present in Tagetes species, commonly “marigolds”, of the botanical 
family Asteraceae. Polyacetylenes and Polythienyls possess insecticidal and nematicidal 
properties (Chitwood, 2002;  Wat et al., 1981) 
Pyrethrum 

Pyrethrum is a powder obtained by crushing dried flowers of daisies belonging to the 
family of Asteraceae such as Chrysanthemum. spp., Pyrethrum. spp., and Tanacetum. spp. 
Pyrethrum is a mixture of six esters, pyrethrins I (Figure 3) and II, (the most abundant), 
cinerin I and II, and jasmoline I and II. Pyrethrins control a wide range of insects and mites 
binding to Na+ channels and prolonging their opening. The insect presents hyperactivity 
followed by convulsions and finally it dies. The rapid action of pyrethrins is called 
knockdown effect. Pyrethrins have a relatively low toxicity toward mammals but toxicity is 
mentioned for nontargeted species, especially fish and bees. However, their great instability 
to light, air, and moisture reduce considerably the risks related to its use. Currently, 
pyrethrum is limited and costs have risen in recent years, making it inaccessible to less 
affluent societies (Isman, 2008). 
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Fig. 3. Chemical structure of Pyrethrin I 
Organic Acids 

Vegetable oils contain large and heterogeneous quantities of fatty acids, saturated or 
unsaturated, with medium to long esterified carbon chains, and esters of fatty acids with 
high molecular weight. They develop toxicity by inhalation and contact suffocating the 
insect by forming an impermeable film upon the cuticle. Some compounds penetrate 
through the cuticle, disrupt cellular membrane, and uncouple oxidative phosphorylation. 
Some fatty acids, such as oleic (C18), have their own insecticidal activities, whereas 
undecylenic (C11) acid has a lower toxicity, but increases the activity of other insecticidal 
compounds by potentiation (Regnault-Roger & Philogene, 2008).  
Others 

The PSMs produced by many species in the genus Piper are called piperamides and they are 
characterised by insecticidal activity. Piperamides provoke contact toxicity, repellent and 
antifeedant activities and in a biochemical level act as neurotoxins. They quickly degrade 
under full sunlight (Scott et al., 2008). Capsaicin is obtained from the genus Capsicum such as 
chili peppers (Capsicum frutescens, Mill.) and is characterised by nematicidal, insecticidal and 
insect repellent properties (Neves et al., 2009; Dayan et al., 2009; Edelson et al., 2002). As an 
emerging biocide very little data is available on the environmental fate of capsaicin but 
initial assessment suggests it will bind to sediments (Tomas & Brooks, 2010). 
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3. Greek plants as a source of botanical pesticides: Results of our ongoing 
research 
Botanicals have been in use for a long time for pest control offering an alternative approach 
to crop protection. Mediterranean area reserves abundance in plants exhibiting bioactive 
properties. Improvement in our understanding of plant allelochemical mechanisms of 
activity offer new prospects for using these substances in crop protection. In the frame of 
our research interests aiming at the plant chemical defense and the investigation for 
alternative chemical agents to control plant diseases and pests, we evaluated the activity of 
various indigenous plants, grown in the Mediterranean region against bacteria, insect, fungi 
and nematodes. The chemical composition of plants was investigated and determined in 
order to further be correlated with the biological activity of the tested plants.  
Bacteria, fungi & terpenes 

Studies on the activity of plant EOs and their terpenoid constituents against 
phytopathogenic or foodborne bacteria and fungi are receiving increased interest in 
scientific annals, as alternatives to synthetic pesticides and as key components of IPM. In 
our first attempts for eco-friendly methods to control phytopathogenic bacteria we 
investigated the role of PSMs obtained from plants indigenous or introduced, wild or 
cultivated in Greece. As a first trigger, we found that bacterial population on plant 
phyllosphere differ significantly from species to species and also between the same species. 
We also found a correlation between bacterial colonization of plant phyllosphere and 
presence of secondary metabolites (Karamanoli et al., 2000; 2005). Results of this work 
provided evidence of the allelopathic effect of PSMs in the field against epithytic bacteria 
and specifically Labiatae aromatic plants are protected against them by both EOs and leaf 
surface phenolics. Interestingly, the highest colonized lavender had the lowest EO content, 
compared to other aromatics (oregano, rosemary and sage) and this oil exhibited weak 
antibacterial activity. Particularly for EOs, another important factor is the amount of 
isoprenoid compounds that they contain, with phenols and oxygenated terpenoids 
generally, being the most effective (Karamanoli et al., 2000). Building on our team’s previous 
work, the antibacterial activity of secondary metabolites (EOs, surface phenolics and leaf 
tissue extracts) from 19 Mediterranean species were evaluated and correlated with their 
chemical class and composition. Proper analytical techniques (hydrodistillation and LL 
extraction) were used for their isolation, followed by GC-MS analysis for chemical 
composition identification and bioassays or greenhouse experiments for antibacterial 
activity (MIC and MBC) estimation (Karamanoli et al., 2005).  All aromatic plants were 
found active, with PSMs of Oreganum spp and Thymus spp being the most toxic. 
Furthermore, the activity of their main constituents was evaluated. Results showed 
carvacrol as the most potent compound (MBC=0.4mg mL-1) against all tested eleven bacteria 
strains. Generally cyclic alcohols and ketones exhibited high activity, followed by long chain 
alcohols and hydrocarbons with less or no activity. Oregano oil, rich in carvacrol and 
thymol, also proved effective as an antibacterial biocontrol agent in field experiments. 
Consequently, the antibacterial activity of aromatic plants may have applications in 
agriculture for developing efficient biocontrol agents from these plants, with the 
prerequisite to overcome their limited persistence and formulation requirements. . 
Similarly, we found a correlation between chemical composition of EO, isolated from 
Pistachia spp, and septoriosis caused by the pathogenic fungi Septoria pistaciarum. Terpinen-
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4-ol was identified as the most active constituent of the e.o. against S. pistaciarum and 
determined at high concentration only in the EO of the tolerant plants (Douka et al., 2005). 
Insects & terpens 

Insecticidal effects of plant EOs and individual terpenes against disease vectors and insect 
pests consists a well studied case (Isman, 2000). Specifically, contact and fumigant activity of 
plant EOs against stored product pests have been reported, but the relationship between 
their chemical composition and their activity is always needed to be determined, in order 
the results to find further practical applications. Studies were performed aiming to evaluate 
the insecticidal activity (LC50) of EOs obtained from the aromatic plants lavender (Lavandula 
hybrida Rev, Lamiaceae), rosemary (Rosmarinus officinalis L, Lamiaceae) and eucalyptus 
(Eucalyptus globulus Labill, Myrtaceae) and their main constituents against Acanthoscelides 
obtectus, Say (Papachristos et al., 2004). Strong insecticidal activity was found, and 
oxygenated monoterpenes were predominated over hydrocarbons. All EOs tested exhibited 
strong activity against A. obtectus adults and variability in their activity and chemical 
composition due to different plant part, season and insect sex was substantiated. Among 16 
of the principal components of the EOs tested, the most active were teprinen-4-ol, camphor, 
1,8-cineol and verbenone, followed by linalool (LC50=0.8–7.1mg L−1 air), while linalyl and 
terpinyl acetate were active only against adult males. Overall, intact EOs are more potent in 
controlling A. obtectus than are their main constituents, the monoterpenoids. 

Nematodes & terpenes 

Phytonematodes are among the most notoriously difficult crop pests and their control is 
achieved mainly with cultural practices, crop rotation, and resistant cultivars, combined 
with a few available chemical nematicides that are still authorized. The need for discovering 
less toxic and environmentally acceptable substitutes for commercial nematicides is 
amplified, creating a significant market opportunity for alternative products such as 
biorationals. Essential oils and their components such as thymol, carvacrol, pulegone, 
limonene, anethole, geranial, and Artemisia ketone have been identified with nematicidal 
activity (Oka, 2000). As part of our ongoing effort towards the study of natural substances 
with biologically interesting properties, we have also focused on various plant species of 
Greek flora as sources of nematicidal compounds. We tested the paralysis activity of the EOs 
obtained with hydrodistillation from 15 botanical species on root knot nematodes (RKN), as 
well as the individual and paired activity of 23 pure terpenes, identified as components of 
the tested EOs (Ntalli et al., 2010b; 2010c). The activity of EOs against M. incognita was found 
to decrease in the order O. vulgare, O. dictamnus, M. pulegium, M. officinalis, F. vulgare, P. 
anisum, E. meliodora, and P. terebinthus. Among terpenes, the oxygenated compounds 
(alcohols and ketones) exhibited in general higher activity than hydrocarbons. The activity 
of the nematicidal terpenes was found to decrease in the order L-carvone, pulegone, trans-
anethole, geraniol, eugenol, carvacrol, thymol, terpinen-4-ol, estragole and γ-eudesmol. 
Furthermore, the aromatic aldehyde benzaldehyde, found as a component of the EO from E. 
meliodora, exhibited the highest activity (EC50=9 μg mL-1). Our results, as well as results from 
similar studies (Lahlou, 2004; Jiang, 2009), cohere to the fact that the contribution of each 
ingredient compound to the overall activity of an EO is a complicated pattern of 
interactions. It is possible that they may act together synergistically or antagonistically to 
contribute to the toxicity of the totality of the tested oil. Notably, it was confirmed that 
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“inactive” constituents may have some synergic effect on the “active” constituents and that, 
although not active individually, their presence is necessary to achieve full toxicity. 
Generally according to our findings, the EC50 values of the individual terpenes, measured at 
the same concentrations as expected in the EO at their EC50 value, was not as high as the 
activity of the corresponding EO indicating apparently, evidence of components interactions 
within the oil. To corroborate the role of individual constituents toward the synergistic and 
antagonistic actions, among each other, artificial blends were further tested for their activity. 
The terpenes’ pairs exhibiting high binary action (synergism), in decreasing order were: 
trans-anethole/geraniol, trans- anethole/eugenol, carvacrol/eugenol and geraniol/carvacrol 
(Ntalli et al., 2010c). Understanding the interactions among the individual constituents of a 
natural extract/mixture provive significant information for further development of new 
plant protection products of environmental friendly approach. Active synergistic mixtures 
exhibiting high nematicidal activity could be used in artificial blends constituting promising 
agents of pest management. For this, further studies, concerning the interactions 
dependence on terpenes concentration and their ratios in mixtures, as well as the underling 
responsible biological mechanisms of terpenes provoking J2 paralysis, are in process. 
Additionally, further investigation is required in order to evaluate interaction effects 
between nematicidal and non nematicidal terpenes. 
Nematodes & limonoids 

The plant family Meliaceae (mahogany family) has received much attention especially 
because of the presence of limonoid triterpenes many of which are known for their 
insecticidal properties (Akhtar et al., 2008). The majority of research has been focused on 
azadirachtin, a limonoid secondary metabolite (C35H44016, a tetranortriterpenoid) of the 
Indian Neem tree (Azadirachta indica L., Meliaceae). The technical grade material is used for 
the production of a wide range of commercial formulations exhibiting good efficacy against 
more than 400 insect species. Although several reports suggest neem products, such as seed 
powder, seed kernel powder, seed cake powder, dry leaf powder and aqueous neem 
extracts, to exhibit good efficacy against root-knot nematodes the results were rather 
contradictory. We proved that azadirachtin (Neemazal® 1%EC, Intrachem Hellas) acts 
against RKN at very high concentrations both concerning paralysis effects and biological 
cycle arrest (12.8 mg a.i. L-1 and 30.72 μg a.i. g-1) and that the recommended dose for 
nematodes’ control in field does not provide adequate control (Ntalli et al., 2009). In the 
frame of our research on limonoids against RKN we then explored the nematicidal activity 
of the botanical species Melia azedarach L. (Meliaceae), which is naturalized in Greece. 
Chinaberry demonstrated biofumigant properties when incorporated as pulverized fruits in 
M. incognita infested soil to be tested for its effect on nematode life cycle (EC50=0.34 % w/w). 
First we distinguished for paralysis activity amongst the polar and non-polar fractions of the 
fruits extracts, and we established proper extraction procedures for maximum yields’ 
obtainment. The activity of M. azedarach against RKN was attributed to the defatted 
methanol extract (polar fragment) of the fruit and this was used in extends in pot 
experiments to study its effect on the RKN biological cycle arrest. The EC50 values were 
calculated for all experiments. Four days (96 h) of juveniles immersion in a 0.03 % w/v Melia 
Methanol Extract (MME) solution paralysed half the population tested (EC50=0.03 % w/v), 
while the EC50 value calculated for the pot experiments was 0.916 % w/w (Ntalli et al,. 
2010a). Further studies on chemical characterization and biological activity of the defatted 
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methanol extract M. azedarach L revealed that the nematicidal activity does not lay in its 
limonoids’ contents (3-α-tigloylmelianol, melianone, 21-β-acetoxy-melianone, methyl 
kulonate) but in its organic acids, aldehydes and alcohols (Ntalli et al., 2010e). The aldehyde 
furfurale was the foremost nematicidal principle, exhibiting activity similar to that of the 
commercial nematicide fosthiazate, both after J2 immersion in test solutions and after 
exposure to its vapours (fumigant activity). Furfurale is already known to possess high 
nematicidal fumigant activity against M. incognita, tested in greenhouse and microplot 
conditions (Rodriges-Kabana et al., 1993) but no correlation had been ever made so far with 
Chinaberry. The nematicidal activity of M. azedarach as well as its contents in furfurale, 
reported by our group for the first time, reveals this species’ nematicidal-biofumigant 
toxicity and its potency of incorporation into IPM programs. Because phytonematodes live 
in soil or within plant roots, the target of any chemical nematicide often resides at a fair 
distance away from the site of application. The fumigant activity of a nematicide is a rather 
important property enhancing its activity in the non treated soil layers. 
These results combined with literature cited reports on activity of natural products of plant 
origin against various pests show their suitability to be considered as potential 
biopesticides. Our current studies are focused on the mode of action of these natural 
products specifically within nematodes’ body, while further studies on the formulation and 
on the environmental fate are needed.  

4. Current trend and future prospective 
In this review we are aiming to explore the ability of the nature and the abundant resources 
for chemicals available for plant defence and suitable in pest management for crop 
protection. BCAs have long been touted as attractive alternatives to synthetic chemical 
pesticides for pest management because botanicals reputedly pose little threat to the 
environment and to human health. The body of scientific literature documenting bioactivity 
of plant derivatives to pests continues to expand rapidly, yet only a handful of botanicals 
are currently used in agriculture in the industrialized world, and there are few prospects for 
commercial development of new botanical products. Several factors appear to limit the 
success of botanicals, most notably regulatory barriers and the availability of competing 
products (newer synthetics, fermentation products, microbials) that are cost-effective and 
relatively safe compared with their predecessors (Isman, 2006). Botanical pesticides 
presently play only a minor role in crop protection; increasingly stringent regulatory 
requirements in many jurisdictions have prevented all but a handful of botanical products 
from reaching the marketplace in North America and Europe in the past 20 years (Isman, 
2008). 
Thus the regulation of natural products as crop-protection agents may have to undergo the 
same procedure as for a conventional chemical product. Each country or region has a 
different approach; for example, the USA EPA separates pesticides into two general 
categories: conventional chemical pesticides and biochemical/microbial pesticides, while 
Europe follows the OECD definition of biopesticides (rather than natural products), which 
includes pheromones, insect and plant growth regulators, plant extracts, transgenic plants 
and macro-organisms. The requirements, risk assessments and encouragement for such 
products differ from region to region (Neale, 2000). Concerted efforts are hoped to remove 
limitations in biopesticides raw material availability, potency variations, standardization of 
extraction methods, quality control, shelf life and improved bioefficacy (Mendki et al., 2001). 
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1. Introduction 
Baculoviruses are a large group of double-stranded DNA viruses (almost 1000 species have 
been described); the majority have been isolated from a few insect orders: Lepidoptera, 
Diptera, Hymenoptera and Coleoptera. Viral genome ranges in size from 80 to 200 kb. 
Individual baculoviruses usually have a narrow host range limited to a few closely related 
species. The most widely studied baculovirus is the Autographa californica 
nuclepolyhedrovirus (AcMNPV).   
Baculoviruses are arthropod viruses well known due to their potential as agents of biological 
control of pests in agriculture and forestry. They are also widely used as expression vectors in 
biotechnology. The family Baculoviridae contains diverse members and in the past the 
classification was based on virus morphology. It was divided into two genera: the 
Nucleopolyhedrovirus (NPVs) and the Granulovirus (GVs). Recently, this division was challenged  
(Jehle et al., 2006) because the comparison of 29 fully sequenced baculoviral genomes indicated 
that virus phylogeny followed more closely the classification of the hosts than the virion 
morphological traits, but the traditional division into two genera is still widely used. 
Baculoviruses infect arthropods and they do not replicate in vertebrates, plants and 
microorganisms. Although they do not replicate, they may, under special conditions, enter 
animal cells.  This unexpected property made them a valuable tool in the last few years for 
studies of transient expression of foreign genes under vertebrate promoters introduced into 
baculovirus genome (Boyce and Bucher, 1996; Kost et al., 2005).  
The circular DNA genome of AcMNPV is surrounded by a small basic protein which 
neutralizes the negative charge of the DNA. This structure is protected by proteins forming 
a nucleocapsid. Virions consist of one or more nucleocapsids embedded in a membranous 
envelope.  Two morphologically distinct, but genetically identical, viral forms are produced 
at different times post-infection:  
• Budded virus particles (BV) which serve for the transmission of the virus to other 

tissues of the caterpillar body.  
• Occlusion bodies (OB) which are responsible for the survival of the virus in the 

environment and the spread of the virus from insect to insect.  
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The occlusion bodies (polyhedra) of Nucleopolyhedrovirus contain many occlusion-derived 
virions (ODV) surrounded by a matrix composed mainly of polyhedrin, a major structural 
protein (Braunagel et al., 2003). Polyhedrin is produced in large quantities (around 30% of 
total protein mass at the time of host death) but it is not needed for the transmission of the 
virus from cell to cell.  Polyhedra are relatively stable and the protected virions in the 
favourable conditions can survive in the environment for more than twenty years. Under 
magnification of around 1000x, polyhedra resemble clear, irregular crystals of salt so they 
are big enough to be seen in a light microscope. 
Baculoviruses have gained great attention in molecular biology laboratories because they 
are very versatile genetic engineering tools (for a review see van Oers, 2006). In fact our 
current knowledge about the biology of AcMNPV is to a large extent a consequence of the 
developments of baculovirus-based expression vectors. Baculovirus system of expression of 
foreign genes has many advantages over other systems because high level of foreign gene 
expression is usually achieved compared to other eukaryotic expression systems. 
Baculovirus genome can accommodate large pieces (up to 50 kbp) of foreign DNA, so it is 
possible to express more than one foreign gene. Additionally, the insertion of specific signal 
sequences in front of a foreign gene leads very often to the export of the gene product 
outside of the infected cell.  
Recombinant baculoviruses are usually constructed in two steps. Initially, a heterologous 
gene is introduced into a baculovirus transfer vector. It consists of a bacterial replicon of a 
multicopy plasmid, a selection marker gene, promoter and terminator regions along with 
flanking baculovirus sequences from a non-essential locus, and a multiple cloning site (or a 
single unique restriction site) downstream from a viral promoter. Most often the promoters 
and the flanking DNA originate from one of the late genes: polyhedrin or p10 gene. The 
latter is another viral gene coding for a protein which is produced in large quantities late in 
the infection.  It is the main component of the fibrillar structures which accumulate in the 
nucleus and in the cytoplasm of infected cells. For some purposes weaker early promoters, 
such as basic protein promoter (p6.9), may be preferred.  
Around 400 insect cell lines are known which potentially can be used for in vitro 
propagation of baculoviruses. Only a few of them support the growth of AcMNPV. These 
lines were obtained from two parental organisms: Spodoptera frugiperda and Trichoplusia ni 
(Lepidoptera: Noctuidae) The most widely used line is Sf9 which grows well in suspension. 
BTI-Tn5B1-4 derived from T. ni, known as High Five cells, has been also largely used for 
viral growth (Granados et al., 1994). Cell lines which can be used for the propagation of 
Lymantria dispar nucleopolyhedrovirus (LdMNPV), Heliothis zea nucleopolyhedrovirus 
(HzSNPV), Bombyx mori nucleopolyhedrovirus (BmSNPV), Anticarsia gemmatalis 
nucleopolyhedrovirus (AgMNPV) and a few other baculoviruses are also currently available. 

2. Baculovirus production technology 
At present, commercial production of baculoviruses has been carried out only in vivo, either 
by applying the virus against the host insect in the field and collecting diseased or dead 
larvae, or by producing the target insect in the laboratory on an artificial diet. The latter is 
the most commonly used method for producing baculoviruses in many countries but both 
methods have been used successfully for commercial production of the Anticarsia gemmatalis 
baculovirus (AgMNPV) in Brazil (Moscardi, 1999, 2007). For some insects there are no 
available artificial diets and, therefore, commercial production of baculoviruses of these 
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insects is generally too difficult or impossible under laboratory conditions. In such cases, 
field production of baculovirus stocks may be sometimes a method of choice, also from 
financial point of view (Moscardi, 1999). This approach is, however, difficult when 
liquefaction of the insect body is very intense, as, for instance, in larvae infected by 
Spodoptera spp. baculoviruses. In this case, live larvae must be collected close to death when 
the body has not yet ruptured.  
Baculovirus production in insect cell cultures offers advantages over in vivo multiplication 
for being a controllable, sterile, highly pure product yield process. In vitro process of 
baculovirus production for agricultural pest control needs to be efficient, with competitive 
costs, leading to a final product which is highly pathogenic to the target pest.  There is a 
strong limitation for in vitro production, however, since successive passages of the virus in 
cell culture result in genetic alterations leading to loss of virulence (Krell, 1996; Rhodes, 
1996). In laboratory culture, production of occlusion derived virions (ODV) is not necessary 
for survival of the virus. The budded virus (BV) particle is the form used for cell-to-cell 
transmission in cell culture. The main protein of the BV particle is the GP64 (Blissard, 1996), 
essential for virus budding and responsible for entrance of the virus into the next host cell. 
Various culture conditions are known to influence infection of lepidopteran cells by 
baculoviruses and include temperature, pH, dissolved oxygen concentration, osmolality and 
nutrient composition of the culture medium. The investigation of factors associated with 
loss of genetic stability and the use of new strategies such as isolation of more stable 
variants, as well as the reduction of costs of cell culture medium components, are important 
requirements for process optimization of in vitro baculovirus production.  
The requirements for productive insect cell lines (Jem et al., 1997) and for highly productive 
culture media (Chakraborty et al., 1999) are other challenges for in vitro production of 
baculovirus. Many cell lines are available for production purposes and are derived from 
various sources, thus exhibiting a wide variety of growth and production characteristics. 
Careful screening or formulation of media must be performed for a particular virus isolate-
cell line combination, as different media can greatly affect polyhedra yields (Pedrini et al., 
2006). Recently, a new strategy for in vitro production was proposed based on Many 
Polyhedra (MP) variants. These are clones selected using the plaque assay technique after 
several passages of the virus in cell culture. MPs maintain the wild type features such as 
formation of many polyhedra in the cell nucleus and Budded Virus high titer (Slavicek et al., 
2001; Pedrini et al., 2005) which allow them, in principle, to compete with the population of 
Few Polyhedra mutants accumulated in cell culture.  

3. Baculovirus pesticides in the past 
Two strategies of pest management with baculovirus pesticides are usually employed (Fuxa, 
2004):  
• infested areas are sprayed with highly concentrated baculovirus to suppress the pest as 

quickly as possible,  
• infested areas are sprayed with lower concentration of baculovirus and this results in 

establishment of the virus for more than one generation. 
At present the number of registered pesticides based on baculovirus exceeds fifty 
formulations, some of them being the same baculovirus preparations distributed under 
different trade names in different countries. Both NPVs and GVs are used as pesticides but 
the former group is larger.  
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The first viral insecticide Elcar™ was introduced by Sandoz Inc. in 1975 (Ignoffo and Couch, 
1981). Elcar™ was a preparation of Heliothis zea NPV which is relatively broad-range 
baculovirus and infects many species belonging to genera Helicoverpa and Heliothis.  
HzSNPV provided control of not only cotton bollworm, but also of pests belonging to these 
genera attacking soybean, sorghum, maize, tomato and beans. In 1982 the production of this 
biopesticide was discontinued. The resistance to many chemical insecticides including 
pyrethroids revived the interest in HzSNPV and the same virus was registered under the 
name GemStar™.  HzSNPV is a product of choice for biocontrol of Helicoverpa armigera 
(Mettenmeyer, 2002). Countries with large areas of such crops like cotton, pigeonpea, 
tomato, pepper and maize, e.g. India and China, introduced special programs for the 
reduction of this pest by biological means. In Central India, H. armigera in the past was 
usually removed by shaking pigeonpea plants until caterpillars fell from the plants onto 
cotton sheets. This technique is now used to obtain caterpillars which are fed on virus-
infected seeds. Baculovirus preparations obtained in this way are used by farmers to 
prepare a bioinsecticide spray applied on pigeonpea fields. Another baculovirus, HaSNPV is 
almost identical to HzSNPV. It was registered in China as a pesticide in 1993 (Zhang et al., 
1995). It has been used for large scale biopesticide production and has been extensively used 
on cotton fields (over 100 000 ha of cotton in the last decade). Broad spectrum biopesticide 
based on HaNPV is also used in India (Srinivasa et al., 2008). 
The forests of temperate regions are very often attacked and defoliated by larvae of 
Lepidoptera (most common pest species are: Lymantria dispar, Lymantria monacha, Orgiya 
pseudotsugata and Panolis flammea) and some Hymenoptera species (mainly Neodiprion sertifer 
and Diprion pini). L. dispar MNPV formulations marketed under trade names: Gypchek, 
Disparivirus, Virin-ENSH, and O. pseudotsugata MNPV under trade names: TM BioControl-1 
and Virtuss (Reardon et al., 1996) are sometimes used for forest protection. Forest 
ecosystems tend to be more stable than agricultural systems, allowing for natural or applied 
baculoviruses to remain in the environment for long periods of time increasing the chance of 
natural epizootics by these agents. 
Caterpillars of moths belonging to Spodoptera genus are of primary concern for agricultural 
industry in many countries of the world. Two commercial preparations based on Spodoptera 
NPV have been available. These are SPOD-X™ containing Spodoptera exigua NPV to control 
insects on vegetable crops and Spodopterin™ containing Spodoptera littolaris NPV which is 
used to protect cotton, corn and tomatoes. About 20 000 hectares of maize annually were 
controlled with Spodoptera frugiperda NPV in Brazil (Moscardi, 1999), but at present it has not 
been used due to technical problems in the virus production under laboratory conditions. 
Use of Spodoptera litura NPV has been tested on cabbage crops in India (Kumari et al., 2009). 
Many other species belonging to the Noctuidae family are economically important pests of 
sugarcane, legume, rice and others. Autographa californica and Anagrapha falcifera NPVs were 
registered in the USA and were field-tested at a limited scale. These two NPVs have 
relatively broad host spectrum and potentially can be used on a variety of crops infested 
with pests belonging to a number of genera, including Spodoptera and Helicoverpa.  
Granulovirus CpGV is the active component of a number of biopesticides used for 
protection of apple and pear orchards against the coddling moth, Cydia pomonella. Some of 
the trade marks of GpGV-based products are following: Granusal™ in Germany, 
Carpovirusine™ in France, Madex™ and Granupom™ in Switzerland, Virin-CyAP in 
Russia. Annually up to 250 000 hectares of orchards have been protected with MadexTM in 
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different European countries (Vincent et al., 2007). Considering application of all trade 
names of the CpGV, this may be the most important worldwide viral insecticide currently 
applied in terms of treated area.  
Another granulovirus, Erinnyis ello (cassava hornworm) granulovirus, was found to be very 
efficient for protection of cassava plantations (Bellotti, 1999). This GV has been used for 
spraying cassava crops in some South American countries. In Brazil a successful program 
for cassava pest control was carried out in the eighties based on recovering the virus that 
were multiplied in the field larval population. However, due to Erinnyis ello cyclical 
behaviour and the difficulty in the insect mass production in laboratory conditions, the 
program was discontinued.   
Other important viruses that are currently employed to control insects include the tea 
tortricids Adoxophyes honmai and Homona magnanima granuloviruses (GV) in Japan. The area 
sprayed with GVs comprised 5,850 ha in Kagoshima in 1995, equivalent to 80 % of all the tea 
fields in the prefecture (Nishi and Nonaka 1996). The GVs of H. magnanima and A. honmai 
were registered in 2003, however, the use of GVs has recently declined. One reason for the 
reduction in use of GVs in Japanese tea fields is the changing pattern of occurrence of other 
pests. Mulberry scale, for example, has been increasing recently and chemical treatment is 
required to control this insect at the same time GVs are sprayed. However, the spray also 
kills H. magnanima and A. honmai. Furthermore, GVs have been applied in Kagoshima for 
more than ten years and the populations of H. magnanima and A. honmai have been reduced 
(Nakamura 2003). In  China twelve baculoviruses have been authorized as commercial 
insecticides (Sun and Peng 2007),  including H. armigera NPV (the most widely used virus in 
China for cotton, pepper and tobacco protection), S. litura NPV (vegetables), S. exigua NPV 
(vegetables), Buzura suppressaria NPV (tea), Pieris rapae GV and Plutella xylostella GV 
(vegetables). Use of baculoviruses in China is the greatest worldwide, regarding the number 
of viruses being registered for insect control. Sun and Peng (2007) also reported a Cypovirus 
(CPV) produced in China for control of Dendrolimus punctatus, an insect pest of pine forests. 
The well-known success of employing baculovirus as a biopesticide is the case of Anticarsia 
gemmatalis nucleopolyhedrovirus (AgMNPV) used to control the velvetbeen caterpillar in 
soybean (Moscardi, 1999). This program was implemented in Brazil in the early eighties, 
and came up to over 2,000,000 ha of soybean treated annually with the virus. Recently this 
number dropped down, mainly due to new emerging pests in the soybean complex. The use 
of AgMNPV in Brazil brought about many economical, ecological and social benefits. At the 
soybean grower level, the financial savings from the use of the virus may reach up to ca. U$ 
7/ha/season, including product cost and application cost. The annual savings at the grower 
level, in the total area sprayed with the virus was over US$ 11,000.000. Since the beginning 
of the program more than 17 million liters of chemical insecticides were not sprayed in the 
environment. The protection of soybean fields in Brazil has proven that baculoviral control 
agents can be effectively produced on a large scale and they may be an alternative to broad-
spectrum chemical insecticides. On the basis of this spectacular success of a baculovirus 
pesticide, it is needless to say that the advantages of biopesticides over chemical pesticides 
are numerous. Safety for humans and non-target organisms, preservation of biodiversity in 
the environment, reduction of toxic residues in agricultural end-products are just the 
examples of potential benefits. However, the cost of biopesticide production has been 
usually higher than the cost of conventional pesticides. So, paradoxically, countries where 
the cost of human labour is low are more open towards the use of baculoviral pesticides 
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than highly-developed countries which claim that environmental protection is one of their 
priorities in the development. 
Genomic variability has been described for many wild type virus including A. californica 
MNPV, S. frugiperda MNPV, S. litura MNPV, P. flammea MNPV and Mamestra configurata 
NPV. Genotypic variants can be recognized by the presence of submolar fragments in the 
electrophoretic patterns of restriction endonuclease digestion products of a viral genome. 
Genotypic variation in baculovirus genomes can include point mutations, both small and 
large deletions and insertions (Krell, 1996). Though mutations can occur in any place of the 
genome, the presence of some hot spots was observed for certain genomic alterations such 
as insertions due to transposable elements or deletions in the hypervariable DA26 gene 
region (Kamita et al., 2003). AgMNPV genomic variability has been also carefully studied 
because the selection pressure due to the application of AgMNPV in the field during 
subsequent years could lead to alterations in virus stability. The method of choice was the 
technique of restriction endonuclease analysis. Viral DNA were initially purified from 
diseased larvae collected during several crop seasons and compared to AgMNPV-79, a wild-
type virus that was used originally and subsequently in this program (Souza et al, 2001). 
These results indicated that the virus maintains considerable stability, even with the 
existence of some genetic changes shown in the DNA restriction profiles. It has been also 
observed that the virus retains its virulence to the host insect throughout the years of its 
application. 

4. Prognoses for future use of baculovirus pesticides  
Large-scale application of AgMNPV in Brazil has proven that the baculovirus protection can 
be done at relatively low cost. It is very likely that the growing awareness of the benefits of 
the environment-friendly pesticides will result in the reevaluation of the prospects for 
biological protection with baculovirus preparations. However, until today, baculovirus 
insecticides have not met their full potential to control pest insects worldwide. In his review, 
Moscardi (1999) previewed the following: the expansion of baculovirus use, in the following 
five years, i.e., up to 2004, would depend on new developments in the areas of recombinant 
baculoviruses and in the in vitro commercial production of these agents. The development of 
recombinant baculovirus was efficiently completed by researchers in several countries, but 
the in vitro commercial technology still lags behind today, due to technical problems. Future 
development of baculovirus pesticides will probably depend on the attitude towards 
genetically modified organisms. In countries where use of genetically modified organisms is 
restricted, only naturally occurring baculoviruses will be used for protection of crops. In this 
case the improvements will be at the level of diagnostics of infection, development of the in 
vitro cultures and changes in the formulations of the biopesticide. In countries which favour 
the introduction of genetically modified organisms, the improvements will be achieved by 
introduction of exogenous genes into baculovirus genome, thus greatly enhancing the 
killing activity of bioinsecticide formulations.  
Reliable assays for the progress of infection with baculovirus are necessary because the 
major problem in using biopesticide for crop protection is their slow action and lack of 
morphological changes in larvae in first stages of baculovirus propagation. Lack of such 
assays may incline agricultural services to use subsequent chemical means of protection 
which, from the ecological point of view, may be redundant. Fast and sensitive methods in 
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diagnostics based on baculovirus genome detection will probably play a predominant role 
in future. They are relatively simple analytical methods giving precise information about 
occurrence and spread of the virus. Using specific primers, not only target larvae, but also 
vectors for baculovirus transfer - invertebrate and bird predators can be quickly analysed. 
For strictly quantitative assays, real-time PCR is a method of choice. The equipment 
required – light cyclers, are relatively expensive, but their prices decrease very quickly.  
The in vitro production is still a strong requirement on a commercial perspective of 
baculoviruses use as insecticides. However the accumulation of genotypic variations by 
serial passage in cell culture prevents its large scale production. One of the most important 
effects of the viral passage is the change from the parental, many polyhedra per cell (MP) 
phenotype, to the few polyhedra per cell (FP) phenotype. The major problem of the passage 
effect is the reduced occlusion and loss of virulence of the occluded virus (Krell, 1996). 
Frequent mutations have been identified within a specific region in the Few Polyhedra 
mutants (FP) that contains the 25k fp locus (Harrison and Summers, 1995; Lua et al, 2002). 
This gene encodes a 25KDa protein that is essential for virion occlusion and polyhedron 
formation. Another type of mutants generated during serial passage of baculovirus is the 
formation of Defective Interfering Particles (DIs). These mutants have lost the ability to be 
replicated in the host cell without the aid of a helper virus and large sizes of their genome 
are usually deleted (Pijlman et al., 2001). These particles replicate faster because they are 
smaller, and inhibit the replication of a standard virus. The challenge to make in vitro 
commercial production of baculoviruses a viable initiative depends on development of new 
techniques to sustain MP production through passages in cell cultures from small flasks to 
large scale commercial fermentors.   
The stability of baculoviruses is influenced by temperature, pH, humidity, presence of 
additives but ultraviolet light is probably the most detrimental factor to viral survival. 
Under field conditions little activity is left when the virus is not shaded by plant canopy, 
therefore much effort has been devoted to the development of UV protectants (Shapiro and 
Dougherty, 1994; Zou and Young, 1994, Morales et al., 2001). The best results were obtained 
for stilbene fluorescent brighteners which are marketed under many trade names (e.g. 
Phorwite AR, Blankophor and others). Future developments in the formulations of 
brighteners may lead to the reduction of cost of baculovirus production. Inactivation of 
baculoviruses may be also caused by plant metabolites such as peroxidases which generate 
free radicals (Hoover et al., 1998). The inactivation can be reduced by addition of free radical 
scavengers such as mannitol or enzyme superoxide dismutase to baculovirus preparations 
(Zhou et al., 2004). 
The activity of baculoviruses against their natural hosts may be enhanced by introduction of 
insect-specific toxins or by interference with insect physiology (Bonning and Hammock, 
1996; Inceoglu et al., 2001). Baculovirus genome modifications by introduction of exogenous 
toxin genes were extensively studied in many laboratories. Most of the research was 
devoted to the studies of arthropod toxin genes isolated from the scorpion or spiders 
(Bonning and Hammock, 1996; Inceoglu et al., 2007). The most potent insect-specific toxin 
gene used for construction of baculovirus recombinants was the gene coding for a toxin 
from scorpion Androctonus australis. The feeding damage caused by larvae infected with this 
modified baculovirus was reduced by about 60% in comparison to a wild type baculovirus 
(Inceoglu et al., 2001). Toxin genes isolated from other scorpions, e.g. Leiurus quinquestriatus 
hebraeus (Froy et al., 2000), straw itch mite Pyemotes tritici (Burden et al., 2000), ants 
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(Szolajska et al., 2004) or spiders (Hughes et al., 1997) have been intensively studied as 
potential enhancers of baculovirus activity. Arthropod toxins usually attack insect sodium 
channels producing final effect similar to the chemical insecticides of the pyrethroid group. 
However, the specific target in sodium channels is different, so there is a potential 
possibility to produce synergistic effect by biopesticide/chemical pesticide application 
(McCutchen et al., 1997).  
Baculovirus recombinants that produced occlusion bodies incorporating Bacillus 
thuringiensis toxin were constructed by making a fusion protein consisting of polyhedrin 
and Bt toxin (Chang et al., 2003). The pathogenicity of the recombinant was remarkably 
increased compared to wild-type virus. These studies proved that it is possible to construct 
a biopesticide which combines the advantages of the virus and the bacterial toxin. 
The changes to host physiology were done by introducing genes coding for some insect 
hormones or hormone-modifying enzymes into baculovirus genome, or by deletion of the 
baculovirus-encoded ecdysteroid glucosyltransferase (egt) gene. The former approach was 
employed by cloning juvenile hormone esterase gene into baculovirus genome which 
overexpressed decreases the concentration of the juvenile hormone which is a signal for a 
caterpillar to stop feeding and pupate. This line of research is being pursued in some 
laboratories (Hammock et al., 1990; Inceoglu et al., 2001). The deletion of the baculovirus-
encoded egt gene was used first by O’Reilly and Miller, 1991. The product of the egt gene 
interacts with larval moulting and indirectly increases the time of feeding of infected 
caterpillars. The egt-deletion from baculovirus genome resulted in 30% faster killing of 
caterpillars. Another advantage of this genomic modification is the fact that the egt gene is 
not essential for viral replication and can be replaced with an exogenous gene; the product 
of which may enhance the insecticidal activity of the recombinant virus (Sun et al., 2004). 
In the future, genetically modified baculoviruses will contribute to the expansion of 
baculovirus use worldwide, as these GMOs are considered safe through extensive research 
conducted over many years. The scientific data indicate that baculoviruses pose no hazard 
to other animals than their hosts and this was documented by a number of studies from 
different laboratories. Recombinant baculoviruses were not pathogenic to bees and all 
vertebrate species (Sun et al., 2004) as well as to the natural enemies of larvae such as 
parasitoids and predators (Boughton et al., 2003). However, in spite of this sound evidence, 
preliminary field trials of genetically modified baculoviruses raised massive public protests 
which put on hold further trials for a long time. The slow progress in application of 
genetically modified baculoviruses as pesticides may be in part due to the choice of toxin 
genes used for modifications of the baculovirus genome which were isolated from highly 
dangerous invertebrates.  Taking into account the origin of these social conflicts, the choice 
of toxin genes used for genome modifications should be restricted to genes coding for 
ecologically natural insect toxins, e.g. the genes coding for toxic polypeptides of parasitoid 
wasps occurring in regions infested by a particular pest. The more rational approach is also 
needed in the social perception of dangers associated with genetically modified 
baculoviruses by educating the public on risks and benefits of recombinant baculovirus 
pesticides. 
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1. Introduction  
Acaricide is a pesticide designed to control harmful species of mites (Acari)1. In crop 
protection practices, acaricides are used against phytophagous mites, pests causing 
economic injuries to agricultural crops and ornamental plants. Until mid-twentieth century, 
in agroecosystems of low-level productivity, phytophagous mite populations usually stayed 
below economic injury levels, due to natural regulation by predatory mites and insects, their 
natural enemies. The concept of secondary pest outbreak was introduced on spider mites 
(Tetranychidae), the most important plant-feeding mites, as a paradigm. Advances in 
agricultural production after World War II, based on the extensive use of pesticides and 
fertilizers, irrigation and other cultural practices, induced increase in spider mite 
populations far above economic threshold (Huffaker et al., 1970; McMurtry et al., 1970; 
Jeppson et al., 1975; Metcalf, 1980). Grown under favourable conditions, host plants became 
high quality food sources for the mite pests, which gave rise to outbreaks of their 
populations and made it possible to compensate for the losses caused by predators’ activity. 
Moreover, widespread use of neuroactive insecticides (synthetic organic compounds used 
against insects as target pests, but toxic to other non-target insect and mite species as well) 
destroyed spider mite predators, generally more susceptible than their prey; on the other 
hand, heavy selection pressure by neuroactive insecticides caused emergence of tetranychid 
mite populations resistant to these compounds. Besides the resistance of spider mites and 
the elimination of their predators, as the primary causes, outbreaks are influenced by 
sublethal effects of pesticides on behaviour and physiology of pests and/or predators 
(Metcalf, 1980; Hardin et al., 1995; Dutcher, 2007).  
Spider mites, mostly polyphagous species, are common pests in modern agroecosystems 
worldwide, and some of them are among the most important crop pests. After Tetranychidae, 

                                                 
1 Mites (subclassis Acari), morphologically and ecologically very diverse assemblage of tiny 
invertebrates, belongs to class Arachnida (together with spiders and scorpions), subphylum Chelicerata 
and phylum Arthropoda.  The arthropods also include insects, from which mites differ, beside being 
eight-legged animals (insects are hexapods) by the lack of true head and conspicuous body 
segmentation. There are some 50.000 mite species known today, but it is estimated that the true number 
is 20 times higher. Besides agricultural pests and their natural enemies (predators), mites include 
species of medical and veterinary importance (house dust mites, scabies mites, ticks), while the species 
living in soil and water are important environmental indicators. 
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the second most important mite pests are gall and rust mites (Eriophyoidea), while the other 
economically harmful species can be found among false spider mites (Tenuipalpidae), 
tarsonemid mites (Tarsonemidae) and acarid mites (Acaridae). Phytophagous mites feed on 
the liquid content of plant cells, thus disrupting the physiology of a host plant and causing 
various damages to plant tissues and organs, while some of the species can also act as vectors 
of plant viruses. In spite of relatively small size (100-400 μm), plant-feeding mites can cause 
considerable crop yield and quality losses, because they have short life span and under 
favourable conditions their populations quickly reach high abundance (Helle & Sabelis, 
1985a,b; Lindquist et al., 1996; Zhang, 2003; van Leeuwen et al., 2010).  
The use of acaricides has increased substantially over the past half of the 20th century. Since 
the first serious and widespread outbreaks of spider mites populations, during the 1950s, 
organophosphorous and other neuroactive insecticides were replaced by specific acaricides 
i.e. compounds exclusively or primarily effective against mites. Several generations of 
structurally diverse synthetic acaricides, directed against various biochemical and 
physiological targets, have been commercialized until now. Besides specific acaricides, a 
number of insecticides with considerable acaricidal activity (pyrethroids, avermectins, 
benzoylureas) have also been used, while some older neuroactive compounds are still 
available for the control of phytophagous mites (Jeppson et al., 1975; Knowles, 1997; 
Dekeyser, 2005; van Leeuwen et al., 2010). Most of the modern acaricides exert their effects 
through disruption of respiratory processes. Another approach in the development of 
synthetic acaricides launched compounds that act on growth and development (Dekeyser, 
2005; Krämer & Schirmer, 2007). On the other hand, various natural bioactive products with 
acaricidal activity (botanical and microbial pesticides, essential oils, horticultural spray oils, 
mycopesticides) have become important alternatives to synthetic acaricides (Beattie et al., 
2002; Copping & Duke, 2007; Faria & Wraight, 2007).   
Acaricide resistance in phytophagous mites is a seriously increasing phenomenon, 
especially in spider mites which have a remarkable intrinsic potential for rapid evolution of 
resistance (Croft & van de Baan, 1988; van Leeuwen et al., 2009). Their populations have 
often developed a very high degree of resistance to a newly introduced compound after few 
years of use, with cross-resistance to other compounds with the same mode of action. 
According to APRD (Arthropod Pesticide Resistance Database) more than 700 cases of acaricide 
resistance in phytophagous mites have been reported. About 93% of these reports refer to 
spider mites resistance, and almost a half of spider mite resistance cases is related to the 
twospotted spider mite (Tetranychus urticae), highly polyphagous species, one of the most 
important pests in greenhouses throughout the world (Whalon et al., 2008, 2010). Therefore, 
there is a continual need for development and application of new acaricides with novel 
biochemical modes of action, but also for optimization of their use in order to prevent or 
delay the evolution of resistence and prolong their life span (Dekeyser, 2005). Considering 
biorational pest control as key approach to modern crop protection (Horowitz et al., 2009) 
new acaricides should be selective, that is, effective against the target pests and compatible 
with their natural enemies. Moreover, these compounds must be safe products with respect 
to human health, beneficial and non-target organisms (mammals, birds, earthworms, bees, 
aquatic organisms) and the environment in order to meet the regulatory requirements.   
This chapter focuses on biological profiles of acaricides that have been commercialized at 
the end of the 20th and beginning of the 21st century, acaricide resistance in phytophagous 
mites, bioactive products of natural origin as alternatives to synthetic acaricides, 
compatibility of acaricides with the biological control agents, and other current issues 
related to acaricide uses in modern crop protection.  
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2. Summary of acaricide development 
As already remarked, phytophagous mites became important pests of cultivated plants in 
the mid-20th century, during the „golden age of insecticide discovery“ (Casida & Quistad, 
1998) that was marked by intensive use of organochlorines, organophosphates and 
carbamates, broad spectrum insecticides which, as it was later discovered, included many 
acaricidal compounds. Those were the neuroactive compounds which disrupt the 
transmission of impulses between nerve cells of an insect by blocking the action of the 
enzyme acetylcholinesterase (organophosphates, carbamates) or interferring with ion 
channels in the nerve membrane (organochlorines) (Ishaaya, 2001). Figure 1 shows 
chlorpyrifos, probably the most common commercialized organophosphate today, carbaryl, 
the first synthesized carbamate, and endosulfan, one of the rare organochlorine compounds 
still in use.  
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Fig. 1. Neuroactive insecticides with acaricidal activity: chlorpyrifos (organophosphate), 
carbaryl (carbamate) and endosulfan (organochlorine)  
The first serious and widespread spider mite outbreaks following applications of 
neuroactive insecticides, observed at the end of 1940s and beginning of 1950s, initiated the 
research and development of specific acaricides. These compounds, exclusively or primarily 
effective against mites, were gradually taking over the organochlorines, organophosphates 
and carbamates. Bridged diphenyls (bromopropylate, chloropropylate, chlorobenzilate,  
chlorfenethol, dicofol, tetradifon), the first specific acaricides, established themselves on the 
market in the 1950s. During the 1960s and early 1970s, the second generation of structurally 
rather different specific acaricides emerged, the most important of which were propargite, 
organotins (cyhexatin, fenbutatin-oxide) and formamidines (amitraz, chlordimeform). Most 
of first and second generation acaricides are not used any longer. Specific acaricides of the 
third generation are represented by mite growth inhibitors (clofentezine, hexythiazox), 
commercialized in the first half of the 1980s (Fig. 2)  In addition to specific  acaricides, 
several structurally diverse synthetic acaro-fungicides (dinocap, dinobuton, 
chinomethionate, dichlofluanid) were introduced; on the other hand, the use of sulfur 
products (that had been exploited as acaro-fungicides since 19th century) was largely 
displaced by novel synthetic compounds. 
Introduction of specific acaricides reduced the adverse impact on beneficial insects 
(predators of insect and mite pests, polinators) to the minimum; at the same time, many 
specific acaricides proved to be selective, i.e. less toxic to predaceous mites than 
phytophagous mites. These acaricides effectively control populations of phytophagous 
mites resistant to neuroactive compounds, since they are compounds having different 
biochemical modes of action, with targets mostly being outside the nervous system (March, 
1976; Knowles, 1976, 1997; Ishaaya, 2001; Krämer & Schirmer, 2007). Moreover, specific 
acaricides are far more safer for humans, non-target organisms and the environment in 
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Fig. 2. Representatives of the first (dicofol), second (amitraz, propargite, cyhexatin) and third 
(clofentezine) generation of specific acaricides 

comparison to neuroactive compounds, in particular organochlorines that were almost all 
severely restricted or banned in developed countries in the 1970s. Organophosphates and 
carbamates, however, remain to be the predominant group of insecticides by accounting for 
35% of the global market (van Leeuwen et al., 2009). 
In addition to specific acaricides, two new groups of synthetic insecto-acaricides were 
placed on the market in the 1970s and 1980s: pyrethroids (neuroactive compounds, sodium 
channel modulators) and benzoylureas (compounds acting on growth and development by 
inhibition of biosynthesis of chitin, a biopolymer present in the cuticle of arthropods).  
Another new commercial product was abamectin, neuroactive insecto-acaricide (chloride 
channel activator), a mixture of macrocyclic lactones avermectin B1a and avermectin B1b, 
natural products isolated from the fermentation of Streptomyces avermitilis, a soil 
Actinomycete (Fig. 3), (Ishaaya, 2001; Krämer & Schirmer, 2007). These compounds 
increased the biochemical diversity of acaricides and insecto-acaricides, but beside the 
partly expected resistance, some other problems emerged, such as the pyrethroid-induced 
spider mite outbreaks (Gerson & Cohen, 1989; van Leeuwen et al., 2009).   
In the last two decades, a considerable number of non-neuroactive synthetic acaricides and 
insecto-acaricides emerged on the global market, but there is also a growing interest to find 
new and reinstate the already known acaricidal compounds of natural origin (Dekeyser, 
2005; Copping & Duke, 2007; Krämer & Schirmer, 2007). The search for new chemistries that 
act on novel target sites and determination of an efficient strategy for use of acaricides that 
have different biochemical modes of action is presently the only sustainable solution that 
can prevent or delay the evolution of resistance and prolong the life span of acaricides 
(Dekeyser, 2005).  
Nowadays, acaricides are developed under conditions marked by growing demand of the 
public opinion for safer, „greener“ pesticides, and increasingly stricter toxicological and 
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 eco-toxicological criteria for market circulation of the existing pesticides and registration of 
the new ones imposed by the regulatory agencies and issues (Casida & Quistad, 1998; 
Dekeyser, 2005). In the USA, the passage of the Food Quality Protection Act (FQPA) of 1996 
brought about significant changes in the way in which pesticides are registered by the U.S. 
EPA (Environmental Protection Agency). Besides re-evaluation of registered pesticides, 
priority in registration program has been given to "reduced-risk pesticides", i.e. pesticides 
with reduced risk to human health, non-target organisms and environment as a replacement 
for older and potentially riskier chemicals. The list of reduced-risk pesticides includes 
several new acaricides and insecto-acaricides (EPA, 2009, 2010). In the European Union, 
implementation of Directive 91/414 that requires science-based assessment of pesticide risk 
to human health and the environment, has seriously impacted the EU acaricide portfolio. 
Nevertheless, new Regulation (EC) 1107/2009, revises the Directive and introduces hazard-
based cut-off criteria, thus increasing the safety level (Balderacchi & Trevisan, 2010; van 
Leeuwen et al., 2010). When looking at the acaricides, from 103 substances, only 26 are 
currently included in a ′positive′ list of compounds (Annex I) and the status of another four 
is pending (EU, 2010).  
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3. New synthetic acaricides 
3.1 Acaricides acting on respiration targets 
Similar to nervous system of insects, nervous system of mites has also long been the target 
for most chemicals used for their control (Casida & Quistad, 1998). The situation has 
somewhat changed during the last two decades due to commercialization of large number 
of acaricidal compounds acting on mitochondrial respiration process, that produces most of 
the energy in cells. This process includes two coupled parts: mitochondrial electron 
transport (MET) and oxidative phosphorylation. Although some of the older acaricides were 
known to inhibit respiration, the real exploitation of this target started no sooner than after 
the 1990s, with the prospects for expanding and developing new, more effective and safer 
products (Dekeyser, 2005; Lűmmen, 2007; Krämer & Schirmer, 2007).    
Throughout the mitochondrial electron transport chain there are various potential sites for 
inhibition, but only three have been used so far as target sites of acaricidal activity, at 
transmembrane enzyme complexes. In the period 1991-93, four compounds from different 
chemical classes were successively commercialized: fenpyroximate (pyrazole), pyridaben 
(pyridazinone), fenazaquin (quinazoline) and tebufenpyrad (pyrazolecarboxamide) (Fig. 4),  
whose mode of action was inhibition of MET at complex I. These compounds, also known as 
METI acaricides, quickly gained the popularity worldwide owing to the high efficacy 
against both tetranychid and eriophyoid mites, quick knockdown effect and long-lasting 
impact. In addition, these substances have low to moderate mammalian toxicity and short to 
moderate environmental persistence (Dekeyser, 2005; Krämer & Schirmer, 2007, van Leewen 
et al., 2010). Fenpyroximate and tebufenpyrad are included in Annex I, while fenazaquin 
and pyridaben applications have been resubmitted for inclusion (EU, 2010). Fenpyroximate 
is also on the list of reduced risk and organophosphorus alternative pesticides (EPA, 2009). 
Complex I inhibitors also include pyrimidifen (pyrimidinamine), commercialized in 1995, 
as well as insecto-acaricide tolfenpyrad, another pyrazolecarboxamide, commercialized in 
2002, and flufenerim, more recent derivative of pyrimidifen (Krämer & Schirmer, 2007).  
The only known complex II inhibitor is the recently introduced insecto-acaricide 
cyenopyrafen, a compound from the acrylonitrile class of chemistry (Lűmmen, 2007). 
Complex III inhibition is mode of action of acequinocyl, fluacrypyrim and bifenazate. 
Acequinocyl, a naphthoquinone compound (Fig. 5) commercialized in 1999, is a pro-
acaricide which is bioactivated via deacetylation. It is effective against all stages of spider 
mites, with low mammalian toxicity and short environmental persistence (Dekeyser, 2005). 
It is included in the EPA list of reduced risk pesticides, while the decision on its status under 
Directive 91/414 is pending (EPA, 2009; EU, 2010). Bifenazate, a carbazate compound (Fig. 
5) is highly effective against immatures and adults of spider mites, with rapid knockdown 
effect (Ochiai et al., 2007). Although it was first considered to be a neurotoxin, more recent 
experimental results indicate complex III as target site (van Nieuwenhuyse et al., 2009). 
Bifenazate is a pro-acaricide which is bioactivated via hydrolysis of ester bonds, so the 
organophosphorous compounds, as inhibitors of esterase hydrolitic activity, can antagonize 
the toxicity of this acaricide (van Leeuwen et al., 2007). Bifenazate, introduced in 1999, is a 
compound of low mammalian toxicity and short environmental persistence; it is classified 
as a reduced risk and organophosphate alternative pesticide, and it is included in Annex I 
(Dekeyser, 2005; EPA, 2009; EU, 2010). Fluacrypyrim, introduced in 2002, shows acaricidal 
effect against all stages of tetranychids. This is the first strobilurin not commercialized as a 
fungicide (Dekeyser, 2005; Krämer & Schirmer, 2007), and more compounds with acaricidal 
effect from this group are anticipated (Li et al., 2010).  
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Fig. 4. Structural formulas of acaricides acting on respiration targets: METI acaricides 
Insecto-acaricide diafenthiuron, a novel thiourea compound (Fig. 5) launched in 1991, is the 
only modern representative of compounds that disrupt oxidative phosphorylation by 
inhibition of the mitochondrial ATP synthase, an enzyme with essential role in cellular 
bioenergetics (this mode of action has been recognized in propargites, tetradifons and 
organotin compounds). Diafenthiuron is a pro-acaricide, its carbodiimide metabolite inhibits  
the enzyme. It is effective against motile stages of spider mites and also provides good 
eriophyoid control. Diafenthiuron has low mammalian toxicity and short environmental 
persistence (Krämer & Schirmer, 2007; van Leewen et al., 2010).   
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(acequinocyl, bifenazate) and inhibitors of oxidative phosphorylation (diafenthiuron, 
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Another insecto-acaricide, chlorfenapyr, a pyrrole compound (Fig. 5) commercialized in 
1995, at biochemical level acts as uncoupler of oxidative phosphorylation via disruption of 
the proton gradient. Chlorfenapyr is effective against all stages of spider mites and 
eriophyoid mites. This compound is a pro-acaricide activated by N-dealkylation. 
Chlorfenapyr is a compound of moderate mammalian toxicity, but long environmental 
persistence (Krämer & Schirmer, 2007; Van Leeuwen et al., 2010). It is included in the EPA 
list as an alternative to organophosphorus compounds (EPA, 2009).  

3.2 Acaricides acting on growth and development targets 
Another direction in research and development of synthetic acaricides is directed towards 
compounds affecting developmental processes. Etoxazole, a oxazoline compound (Fig. 6), is 
acaricide highly effective against eggs and immatures of spider mites, non-toxic to adults, 
but it considerably reduces fertility of treated females (Kim & Yoo, 2002; Dekeyser, 2005). 
This acaricide, launched in 1998, is usually classified among mite growth inhibitors, together 
with clofentezine and hexythiazox, older acaricides that cause similar symptoms (Marčić, 
2003; Krämer & Schirmer, 2007), but whose exact mode of action is unknown. On the other 
hand, Nauen & Smagghe (2006) provided experimental evidence that etoxazole acts as a 
chitin synthesis inhibitor similar to benzoylureas. Etoxazole is on the EPA list of reduced 
risk and organophosphorus alternative pesticides (EPA, 2009).  
Discovery of spirodiclofen and spiromesifen, tetronic acid derivatives (Fig. 6) launched in 
2002-2004, broadened the biochemical diversity of acaricides by introducing a completely 
new mode of action. These compounds act as inhibitors of acetyl-CoA-carboxylase, a key 
enzyme in fatty acid biosynthesis. Spirodiclofen and spiromesifen are highly toxic to eggs 
and immatures of spider mites, while their effects on adult females are slower with 
fecundity and fertility reduction; their acaricidal effect is long-lasting and stable (Krämer &  
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Schirmer, 2007; Marčić, 2007; Marčić et al., 2007; Van Pottelberge et al., 2009; Marčić et al., 
2010). These two acaricides are the only new compounds used for control of eriophyoid 
mites as well (van Leeuwen et al., 2010). In addition to acaricidal effect, spirodiclofen has 
also shown considerable insecticidal activity against eggs and larvae of pear psylla and 
scales (Krämer & Schirmer, 2007; Marčić et al., 2007), while spiromesifen provides effective 
control of whiteflies (Krämer & Schirmer, 2007; Kontsedalov et al., 2008). Both compounds 
have low mammalian toxicity and short environmental persistence. Spirodiclofen is 
included in Annex I, and evaluation of spiromesifen is in progress (EU, 2010). 
Spirotetramat, a tetramic acid derivate recently introduced, belongs to inhibitors of acetyl-
CoA-carboxylase. Although initially developed for control of whiteflies and aphids (Brück 
et al., 2009), the studies of its effects on T. urticae (Marčić et al., unpublished data) indicate 
that spirotetramat could potentially be an effective acaricide as well.  

4. Natural acaricides and other alternative solutions 
The use of natural products for plant and crop protection dates back to times long before the 
introduction of synthetic pesticides which imposed themselves as the main means for 
suppression of harmful organisms. In recent times, the significance of natural pesticides is 
constantly growing, primarily in organic agriculture, but also in the framework of 
biorational pest control programs which insist on use of environmentally-friendly pesticides 
and exploatation of novel biochemical modes of action (Isman, 2006; Isman & Akhtar, 2007; 
Copping & Duke, 2007; Horowitz et al., 2009). Some of the natural products are substances 
that have significant acaricidal effect.  
Probably the most studied botanical insecticide in the last twenty years is a triterpenoid 
azadirachtin (Fig. 7), the major active ingredient of extracts, oils and other products derived  
from the seeds of the Indian neem tree (Azadirachta indica). Neem-products are registered in 
over 40 countries as products for suppression of arthropod pests important in growing of 
fruit, vegetables and ornamental plants (Kleeberg, 2004; Milenković et al., 2005). The effects 
of azadirachtin on treated insects manifest slowly and they include complete or partial 
antifeedant response, delayed and/or disrupted moulting, inhibited reproduction (Copping 
& Duke, 2007; Isman & Akhtar, 2007). The studies on spider mites (Sundaram & Sloane, 
1995; Mansour et al., 1997; Martinez-Villar et al., 2005) indicate that azadirachtin, in addition 
to being toxic to various development stages, acts as antifeedant, reduces fecundity and 
fertility and shortens the life span of adult insects. Beside on spider mites, azadirachtin also 
exhibits acaricidal effect on some acarid and tarsonemid mites (Collins, 2006; Venzon et al., 
2008). Azadirachtin is considered to be non-toxic to mammals and is not expected to have 
any adverse effects on the environment (Copping & Duke, 2007); its Annex I application is 
resubmitted (EU, 2010). Many neem/azadirachtin-based products are approved for use in 
organic crop production (Zehnder et al., 2007; EU, 2008; Dayan et al., 2009).  
Products isolated from soil actinomycetes are an important source for deriving natural 
insecticides and acaricides. In early 1990s, several years after introduction of abamectin, 
another fermentation product, milbemectin, was commercialized. Milbemectin is a mixture 
of milbemycin A3 and milbemycin A4, natural products isolated from the fermentations of 
Streptomyces hygroscopicus subsp. aureolacrimosus (Fig. 7). Milbemectin is a neuroactive 
acaricide (chloride channel activator), effective against tetranychid and eriophyoid mites, 
relatively safe compound owing to the rapid uptake into treated plants combined with fast 
degradation of surface residues (Copping & Duke, 2007; Krämer & Schirmer, 2007). Like 
abamectin, milbemectin is also included in Annex I (EU, 2010).   
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Fig. 7. Natural products with considerable acaricidal activity 
The more recent example is spinosad, a mixture of spinosyn A and spinosyn D, secondary 
metabolites of Saccharopolyspora spinosa, (Fig. 7), introduced in 1997 as neuroactive 
insecticide, nicotinic acetylcholine receptor agonist (Copping & Duke, 2007; Krämer & 
Schirmer, 2007). This insecticide exerts significant acaricidal effect. Van Leeuwen et al. (2005) 
found out that the residual toxicity of spinosad to female T. urticae is equal to the level of 
toxicity resulting from application of dicofol, bromopropylate or fenbutatin oxide, while 
Villanueva & Walgenbach (2006) demonstrated that spinosad affects larvae and adults of 
this tetranychid, but relatively slowly, with the assumption that negative results of the 
previous testing of acaricidal properties were based on experiments that did not provide 
enough time for response. Spinosad shows systemic acaricidal effect, if used for substrate 
watering, such as rockwool, where the absorption level is reduced to the minimum (Van 
Leeuwen et al. (2005). This is a compound of very low mammalian toxicity and highly 
favourable environmental profile; it is included in the EPA list of organophosphorus 
alternative pesticides, and also in Annex I (EPA, 2009; EU, 2010). Spinosad is approved for 
use as an organic insecticide (EU, 2008; Dayan et al., 2009).  
Essential oils, secondary metabolites abundant is some aromatic plants from families 
Lamiaceae, Apiaceae, Rutaceae, Myrtaceae and others, have been suggested as alternative 
sources for pest control products. Predominant bioactive ingredients of essential oils are 
monoterpenes and sesquiterpenes. Besides exerting acute toxicity to insects and mites, 
essential oils show sublethal effect as repellents, antifeedants and reproduction inhibitors. 
Lethal and sublethal effects of essential oils are the consequence of direct contact and/or 
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uptake of gas-phase via respiratory system. Insect octopaminergic nervous system is 
considered to be the target site of action of some essential oil constituents, but this may not 
be the case considering their acaricidal activity. Moreover, there is a possibility that essential 
oils, as complex mixtures, act at multiple target sites  (Isman, 2006; Miresmailli et al., 2006; 
Isman & Akhtar, 2007; Shaaya & Rafaeli, 2007). Essential oils extracted from caraway seeds, 
eucalyptus, mint, rosemary, basil, oregano, thyme, and other plants have shown a  
significant acaricidal activity (Aslan et al., 2004; Choi et al., 2004; Miresmailli et al., 2006). 
These oils could be useful as fumigants in the control of phytophagous mites in 
greenhouses; however, for improving acaricidal activity, their commercial formulations 
need to be developed (Choi et al., 2004; Han et al., 2010). Essential oils are mostly nontoxic 
to mammals; being volatile products, they have limited environmental persistence (Isman, 
2006). Rosemary oil, thyme oil and some other essential oils are available for pest control in 
organic farming (Dayan et al., 2009).  
Petroleum oils have been used for more than a century to control a wide range of crop 
pests, including spider mites. Because of their high phytotoxicity, the use of petroleum oils 
was limited to dormant or delayed dormant application against overwintering pest stages, 
to avoid injury to green plant tissue. Advances in petroleum chemistry considerably 
reduced phytotoxicity in newer, highly-refined petroleum-derived spray oils (PDSO), which 
are recognized today as an important alternative to synthetic pesticides. PDSO are 
environmentally-friendly products with negligible impact on human health and the 
environment. The most widely accepted theory on their mode of action is that PDSO 
primarily act physically by blocking the spiracles in insects (or the stigmata in mites) and 
thus causing suffocation, but it can not be presumed as the only mode of action (Taverner, 
2002). At least some modern oils cause a range of cellular disruption leading to rapid insect 
death (Najar-Rodriguez et al., 2008). PDSO are highly effective against spider mites and 
eriophyoid mites in various field and greenhouse crops (Agnello et al., 1994; Nicetic et al., 
2001; Marčić et al., 2009; Chueca et al., 2010). Beside mineral, plant oils proved to be 
effective acaricides as well, such as cottonseed oil (Rock & Crabtree, 1987) soybean oil 
(Lancaster et al., 2002; Moran et al., 2003) and rapeseed oil (Kiss et al., 1996; Marčić et al., 
2009). PDSO and plant spray oils are considered compatible with organic farming (Zehnder 
et al., 2007; EU, 2008). Rapeseed oil is included in Annex I (EU, 2010).  
Numerous studies indicate that entomopathogenic fungi, especially ascomycetes, can play 
an important role in regulation of harmful arthropod populations if used in biological 
control (Hajek & Delalibera, 2010), or applied as mycoinsecticides and/or mycoacaricides 
(Maniania et al., 2008; Jackson et al., 2010). Among the entomopathogenic fungi, the most 
potent pathogens of tetranychids and other pest mite species are Beauveria basssiana, 
Hirsutella thompsonii, Lecanicillium sp., Metharizium anisopliae, Isaria fumosorosea, Neozygites 
floridana (Chandler et al., 2000; Maniania et al., 2008), whose conidia and blastospores are 
used for formulation of fungal-based biopesticides. At the beginning of the 1980s, only one 
mycoacaricide was available (Mycar), formulated from conidia of H. thompsoni and intended 
for supression of citrus rust mite. Quarter of century later, there are some 30 commercial 
products acting against tetranychid, eriophyoid, and tarsonemid mites, mostly formulated 
as wettable powder or oil dispersion, and one third of which is made from conidia of B. 
bassiana (Faria & Wraight, 2007).  

5. Acaricide resistance in phytophagous mites  
As a result of exceptional intrinsic potential of mites for rapid development of resistance 
(Cranham & Helle, 1985; Croft & van de Baan, 1988; van Leeuwen et al., 2009) and often not 
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so rational actions of humans, the acaricide resistance in mites, in particular the species from 
Tetranychidae family, has become a global phenomenon. Arthropod Pesticide Resistance 
Database (APRD) - managed by scientist from Michigan State University and supported by 
Insecticide Resistance Action Committee (IRAC), a specialist technical group of the industry 
association CropLife – contains published data on resistance in insects and mites important 
for agriculture, veterinary medicine and public health, from 1914 to date (Whalon et al., 
2008, 2010). This database, which involves a large number of scientists and experts from 
around the world who work on its administration and upgrading, is useful for 
comprehension of acaricide resistance in mites on a global level.  
In the mid-2010, APRD contained 9394 reports on resistance developed in 572 species of 
arthropods, of which 1130 reports refer to 82 species from Acari subclass. Out of this 
number, 745 reports concern 39 species belonging to four families of phytophagous mites:  
Tetranychidae, Acaridae, Eriophyidae and Tenuipalpidae. Approximately 93% of reports 
deal with the resistance of spider mites, with two predominant species two-spotted spider 
mite, Tetranychus urticae (53% of spider mite reports) and European red mite, Panonychus 
ulmi (26% of spider mite reports) (Tab. 1). The authors of the APRD created the list of the 
"top 20" resistant arthropod pests in the world, ranked by number of compounds with 
reported resistance. On this list, T. urticae and P. ulmi rank first and ninth, respectively, by 
data for 92 and 42 compounds for which the information about resistant populations exist 
(Whalon et al., 2008, 2010).  
For both species, the majority of reports refer to resistance to organophosphates 
documented during the 1950s, 1960s, and 1970s. Together with carbamates, organo-
phosphate compounds account nowadays for more than 35% of global insecticide market, so 
that the reports on resistant tetranychid populations/strains are still coming (Herron et al., 
1998; Stumpf et al., 2001; Tsakaragkou et al., 2002; Kumral et al., 2009). The important part of 
the APRD database concerns pyrethroids resistance in tetranychids. Today, this class of 
compounds accounts for 20% of the market, but the increasing number of cases of resistance 
to bifenthrin and other pyrethroids has been registered in the recent past (Herron et al., 
2001; Ay and Gűrkan, 2005; Kumral et al., 2009; Tsakaragkou et al., 2009). As for other 
specific acaricides and insecto-acaricides, there is practically no active substance without 
documented cases of resistance, but there is an obvious difference in the scope of 
phenomenon between certain acaricides or groups of acaricides. For instance, global 
popularity of METI-acaricides contributed to relatively fast development of resistant spider 
mite populations in Japan, South Korea, Australia, Brazil, California and some European 
countries. On the other hand, there are only few reports on resistance to fenbutatin-oxide  
and other organotin compounds which have been used for four decades now (Stumpf & 
Nauen, 2001; Auger et al., 2004; van Leeuwen et al., 2009; Stavrinides et al., 2010).  
Another phytophagous mite on the list of „top 20“, bulb mite Rhizoglyphus robini (Acaridae), 
ranks 19th with 22 reports on resistance to almost exclusively organophosphate compounds. 
Cases of resistance to organophosphates are also registered for other species of acarids listed 
in the APRD. Among eriophyoid mites, resistance in citrus rust mite, Phyllocoptruta oleivora, 
to dicofol has been best documented and most studied (Omoto et al., 1994); other cases of 
resistance in Eriophyoidea also refer to organophosphorous compounds. 
In addition to comprehensive documenting of acaricidal resistance in mites, the factors 
affecting this phenomenon of microevolution were also studied, as well as its physiological, 
biochemical ang genetic mechanisms. The results of these studies were summarized by 
Cranham & Helle (1985), Croft & van de Baan (1988), Messing & Croft (1996), Knowles  
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Mite species No. of cases No. of compounds 
Tetranychus urticae 367 92 
Panonychus ulmi 181 42 
Panonychus citri 26 20 
Tetranychus cinnabarinus 26 16 
Tetranychus mcdanieli 19 13 
Tetranychus kanzawai 12 12 
Tetranychus viennensis 7 7 
Tetranychus atlanticus 7 5 
Tetranychus pacificus 7 5 
Oligonychus pratensis 6 6 
Tetranychus turkestani 5 5 
Tetranychus hydrangaea 5 4 
Tetranychus arabicus 3 3 
Tetranychus crataegi 3 3 
Tetranychus desertorum 3 3 
Tetranychus ludeni 3 3 
Tetranychus bimaculatus 2 2 
Tetranychus cucurbitacearum 2 2 
Tetranychus schoenei 2 2 
Tetranychus tumidus 2 2 
Eotetranychus hicoriae 1 1 
Tetranychus althaeae 1 1 
Tetranychus canadensis 1 1 
Tetranychidae 691  
   
Rhizoglyphus robini 22 22 
Rhizoglyphus echinopus 6 5 
Acarus siro 4 3 
Acarus chaetoxysilus 2 2 
Acarus farris 1 1 
Tyrophagus palmarum 1 1 
Tyrophagus putrescentiae 1 1 
Acaridae 37  
   
Phyllocoptruta oleivora 3 2 
Aculus cornutus 3 3 
Aculus pelekassi 3 3 
Aculus fockeui 1 1 
Aculus lycopersici 1 1 
Aculus malivagrans 1 1 
Aculus schlechtendali 1 1 
Eriophyidae 13  
   
Brevipalpus chilensis 3 3 
Brevipalpus phoenicis 1 1 
Tenuipalpidae 4  

   
Total 745  

Tab. 1. Reported cases of acaricide resistance in phytophagous mites (Whalon et al., 2010) 
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(1997), van Leeuwen et al. (2009), and the largest number of data refers to 
populations/strains of T. urticae. As in other arthropods, the resistance in mites is caused by 
a less sensitive target site (target site resistance) and/or enhanced detoxification (metabolic 
resistance). The insensivity of acetylcholinesterase is the most common type of organo-
phosphorous resistance in T. urticae (Cranham & Helle, 1985; Stumpf et al., 2001, 
Tsagkarakou et al., 2002; van Leeuwen et al., 2009; Khajehali et al., 2010; Kwon et al., 2010a). 
Metabolic resistance mediated by carboxylesterases was found in majority of cases of 
resistance development to pyrethroids in this species (Ay & Gűrkan, 2005; van Leeuwen et 
al., 2005b, van Leeuwen & Tirry, 2007), while the oxidative metabolism appears to play a 
major role in resistance to METI-acaricides (Stumpf & Nauen, 2001; Kim et al., 2004, 2006; 
van Pottelberge et al., 2009).  
The results of numerous conventional genetic studies indicate that in most cases single 
major gene controls inheritance of resistance in spider mites (Cranham & Helle, 1985; van 
Leeuwen et al., 2009). Although the monogenic and dominant resistance has been expected 
due to intense selection pressure to which the populations under the open field or 
greenhouse conditions are exposed (Roush & McKenzie, 1987), some major exceptions 
occur, such as the monogenic-recessive resistance to dicofol (Rizzieri et al., 1988), propargite 
(Keena & Granett, 1990), pyridaben (Goka, 1998) and etoxazole (Uesugi et al., 2002), and 
poligenic resistance to cyhexatin (Mizutani et al., 1988). Lately, several studies dealing with 
molecular basis of the target site resistance to pyrethroids (Tsagkarakou et al., 2009; Kwon et 
al., 2010b), organophosphates (Khajehali et al., 2010; Kwon et al., 2010a) and bifenazate (van 
Leeuwen et al., 2008, van Nieuwenhuyse et al., 2009) have been published. Especially 
interesting discovery is that the bifenazate resistance in T. urticae is inherited only 
maternally, which is the first occurrence of non-Mendelian inheritance since the beginning 
of genetic studies on pesticide resistance in arthropods (van Leeuwen et al., 2008, van 
Nieuwenhuyse et al., 2009).  
Biological, biochemical and genetic characterization of resistance is one of the essential 
elements in defining the strategy for management of acaricide resistance in phytophagous 
mites. An effective acaricide resistance management program could be based on general 
resistance management principles endorsed by IRAC (Krämer & Schirmer, 2007). The key 
recommendation is reduction of the selection for resistance which is possible to attain if 
there were available as many as possible acaricides with different modes of action. The 
history of resistance in T. urticae best illustrates the importance of the above: the first 
resistant populations can emerge as soon as after two or three years from the start of a new 
acaricide application, causing an obvious pest control failure (Cranham & Helle, 1985; 
Knowles, 1997; van Leeuwen et al., 2009).  
In the European Union, the implementation of Directive 91/414 reduced the EU acaricide 
portfolio by more than 70% (EU, 2010; van Leeuwen et al., 2010). On the other hand, it is 
Directive 91/414 that requires pesticide registrants to address the risk of resistance 
development as part of dossiers submitted for EU registration (Thompson et al., 2008). In 
„Declaration of Ljubljana“ (Bielza et al., 2008) a group of leading resistance management 
experts expressed strong concern that further loss of active ingredients resulting from the 
implementation of Directive 91/414 (and its revision) could endanger the sustainability of 
European farming, increasing the risk of developing resistance to the relatively few 
remaining substances. The scientists concluded that the resistance management requires 
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access to a diversity of chemistries with different modes of action. Considering the fact that 
every year only few new active substances are registered in the EU, it is clear that the 
pesticide industry is unable to offer enough replacements for the products which are being 
withdrawn from the market (Thompson et al., 2008).  

6. Acaricides and integrated control of phytophagous mites 
Biological control of phytophagous mites by predatory mites (Phytoseiidae) and other 
predators proved to be a successful alternative to conventional chemical control, especially 
on greenhouse crops (Gerson & Weintraub, 2007). In spite of undoubtful advantages, 
biological control includes significant limitations as well (Gerson et al., 2003), which makes 
the use of acaricides still indispensable. In modern crop protection, these acaricides should 
be biorational compounds: highly effective against mite pests and relatively safe to their 
predators (i.e. selective), with low risk to human health and the environment. Biorational 
acaricides are important element of integrated control of phytophagous mites which is 
based on combination of chemical, biological and other control measures.  
Therefore, it is very important to study the effects of acaricides and other pesticides on 
phytoseiid mites, other predatory mites and insect predators of phytophagous mites. 
Predators come into contact with pesticides if treated with them directly or exposed to their 
residues, if they feed on contaminated prey or pollen. Beside lethal effects (mortality), 
pesticides also cause a variety of sublethal effects, by changing the biological parameters 
and/or behaviour of survivors (Blűmel et al., 1999; Desneux et al., 2007). International 
Organization for Biological Control/Western Palearctic Regional Section (IOBC/WPRS) 
offered one of the most comprehensive programs to test lethal and sublethal side-effects of 
pesticides on beneficial organism, which comprise laboratory, semi-field and field trials. 
IOBC/WPRS working group „Pesticides and beneficial organisms“ organized and carried 
out several joint testing programs for most of the predators, parazitoids and other beneficial 
organisms, including phytoseiid mites (Blűmel et al., 1999; Blűmel & Hausdorf, 2002). 
However, some methodological solutions within the IOBC procedures (way of exposure, 
choice of doses/concentrations, evaluation criteria) have been criticized as insufficiently 
realistic (Bakker & Jacas, 1995; Amano & Haseeb, 2001). In order to acquire an in-depth 
knowledge on sublethal effects of pesticides on biological control agents, the population 
level-toxicity approach was proposed; it is based on creation of life tables and calculation of 
population growth parameters, and/or projection of population growth rate based on 
matrix model (Stark & Banks, 2003; Stark et al., 2007).  
The most frequently encountered on the lists of non-selective active substances are 
organochlorines, organophosphates, carbamates, pyrethroids and other broad-spectrum 
insecto-acaricides, which are per definitionem toxic to large number of insect and mite species, 
including Phytoseiidae and majority of other arthropods, predators of phytophagous mites 
(Croft & Brown, 1975; Knowles, 1997; Blűmel et al., 1999; Gerson et al., 2003). On the other 
side, abamectin and milbemectin, which are also broad-spectrum insecto-acaricides, are 
considered safe to beneficial arthropods under field conditions due to their short 
environmental persistance, rapid uptake into treated plants and fast degradation of surface 
residues (Krämer & Schirmer, 2007). Although beneficials may be killed when treated 
directly by spray oils or exposed to the vapor phase of essential oils, their short- term 
residual activity does not severely affect populations of phytoseiid mites and other 
predators (Chueca et al., 2010; Han et al., 2010).  
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It should be noted that certain fungicides (benomyl, dithocarbamates) are partly harmful to 
predatory mites (Blűmel et al., 1999; Gerson et al., 2003; Alston & Thomson, 2004). Sulfur, 
acaro-fungicide approved in organic farming (Zehnder et al., 2007; EU, 2008; Milenkovic et 
al. 2010) have been identified as disruptive to integrated mite control (Beers et al., 2009). 
Also, there are records of adverse effects of neonicotinoids (new class of neuroactive 
insecticides which is in great expansion in the last two decades), on survival and/or 
fecundity (James, 2003; Duso et al., 2008), predator activity (Poletti et al., 2007) and 
population growth (Stavrinides & Mills, 2009) of phytoseiid mites. 
Specific acaricides are considered harmless to majority of predatory insects, while their 
toxicity to various development stages of the same mite species, and to different mite 
species, varies to a certain extent. From the standpoint of selectivity, it is essential to be 
aware of the comparative toxicity of acaricides to phytophagous mites and predatory mites 
(Knowles, 1997). Compounds, such as organotins, mite growth inhibitors and regulators, 
acequinocyl, diafenthiuron, some METI acaricides, bifenazate, spirodiclofen, spiromesifen, 
are usually graded as selective acaricides, much more toxic to phytophagous mites than to 
phytoseiid and other predatory mites (Blűmel et al., 1999; Knowles, 1976, Dekeyser, 2005; 
Krämer & Schirmer, 2007). Spinosad and azadirachtin appear to be compatible with 
predatory mites (Spollen & Isman, 1996; Williams et al., 2003; Raguraman et al., 2004).  
Both positive and negative evaluation results are based on smaller or larger number of 
experimental data, but they should not be taken as general and final conclusions on 
(non)selectivity. Besides expected intrinsic differences among predatory species in 
susceptibility to the same pesticide, the literature provides different, and sometimes even 
contrasting results on compatibility for the same active substance and the same predatory 
species, due to different test procedures (applied doses/concentrations, way of treatment 
and exposure of test organisms, observed parameters, laboratory or field experiments); on 
the other hand, the results obtained by standardized methods are affected by the product 
formulation type, origin of test organism (autochthonous population or commercialized 
strain) and other factors (Blűmel et al., 1993; Duso et al., 2008).  
Physiological selectivity, i.e. reduced susceptibility due to pesticide metabolism is the most 
desired testing result of pesticide effects to phytophagous mite predators. But, the non-
selective compounds can be made safer for use by special application technology (Blűmel et 
al., 1999; van Leeuwen et al., 2005a), by reducing the doses/concentrations (Rhodes et al., 
2006), by releasing the predators so that they would be exposed to older residues (Lilly & 
Campbell, 1999), by using the strain of predators with developed resistance to acaricides 
and other pesticides (Sato et al., 2007).  
Application of selective acaricides (synthetic or natural) with releases of commercialized 
strains of phytoseiid mites and other predators is a sustainable alternative to an approach 
based on chemical measures only (Lilly & Campbell, 1999; Rhodes et al., 2006; Sato et al., 
2007). According to Kogan (1998), a pest control program reaches the level at which it can be 
qualified as an integrated pest management (IPM) program only when biorational pesticides  
(acaricides) and release of predators are integrated with other control tactics, preventive and 
remedial (crop rotation, host plant resistance, cultural practices, mechanical and physical 
control measures etc). Higher IPM levels entail transfer from species/population level 
integration (the control of single species or species complexes), via community level 
integration (multiple pest categories e.g. insects, mites, pathogens, weeds and their control) 
to ecosystem level integration (the control of multiple pest impacts within the context of the 
total cropping system).  
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World-wide, IPM has become the accepted model for crop protection over the past decades, 
but the adoption of IPM programs has been generally slow in both the developed and the 
developing countries (Peshin et al., 2009). In the European Union, Directive 91/414 
encourages Member States to take the principles of IPM into account, but the 
implementattion is voluntary (Freier & Boller, 2009). Success of IPM has often been 
measured by the reduction in pesticide usage, which is not necessarily a reliable indicator 
(Kogan, 1998). Transition from conventional pest control to IPM actually changes the role of 
pesticides (acaricides) in modern crop protection: within the principles of IPM, pesticides 
are applied highly rationally and in interaction with other control tactics.  
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1. Introduction 
Water-based pesticide microemulsions have become one of the most potential pesticide 
formulation instead of the conventional pesticide formulation in recent years, which indeed 
have been a good insecticidal performance and a minimal impact on the environment. But the 
commonly organic solvents and cosurfactants such as toluene, xylene and methanol were 
widely applied in the procession of preparing the formulation. They are detrimental to 
environment and health of human beings all the same (Knowles., 2008). Therefore, controversy 
over the nocuous additives added excessively, really did put the production and application of 
pesticide microemulsion into trouble. But the traditional pesticide formulation can’t be 
compared with the pesticide microemulsion based on excellent properties of microemulsion in 
some respects. We should prohibit the addition of toxic substances into microemulsion, rather 
than forbid the pesticide microemulsion formulation itself. The development of pesticide 
microemulsions need providing more equitable space and rational platform.  
The formulation of pesticide microemulsion is an inexact science and eludes prediction for 
the most part, and largely dependent upon specific and incompletely understood interaction 
between the molecules of oil, emulsifiers, and water. So that, studies of pesticide 
microemulsions are limited to the combination of various components(Pratap, A. P.& 
Bhowmick, D. N.,2008; Narayanan, K. S., 1994; Narayanan, K. S., 1994; Jon, D. I. et al,1999). 
A considerable number of studies are processes of trial and error, similar to the proverbial 
“needle in a haystack”. Very few works have studied the methodology of pesticide 
microemulsion preparation (Skelton, P. R. et al, 1988; Hiromoto, B., 2007). Therefore, 
investigations on the formula design of pesticide microemulsions are worthwhile for more 
detailed theoretical and technological studies. 
In this paper, we reported our methods based on the pseudo-ternary phase diagram and 
orthogonal design. Although, the pseudo-ternary phase method has been employed to 
preparation of microemulsion, the combination method of the pseudo-ternary phase 
diagram and the orthogonal design has rarely been reported. The nearly non-toxic solvent 
and cosurfactants were employed to prepare pesticide microemulsion, and the optimization 
formulation of green environmentally friendly chlorpyrifos microemulsion was achieved. 
The experimental results were expected to provide new ideas and technical methods for the 
development of microemulsion. 
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2.  Experimental section  
2.1 Materials  
Chlorpyrifos pesticide (96%) was provided by Jiangxi Agricultural University Plant 
Protection Chemical industry Co., Ltd. China; Nonionic surfactant (agricultural 
emulsifier.600) was obtained from local market in jiangxi province, China; Various grease 
compounds (natural carboxylate) was made present by Shandong University in China; Ethyl 
acetate, ethanol and ethylene glycol, analytical grade, were purchased from Tianjing 
Chemistry factory, China; Distilled water was used throughout the experiments. 

2.2 Construction of pseudo-ternary phase diagram 
The pseudo-ternary phase diagram can be drafted with the water titration method as 
described in many previous papers (Watnasirichaiku S. et al,2000; Chen H B. et al,2004; 
Zhang, Q. Z. et al,2004; Boonme, P. et al,2006). Chlorpyrifos pesticide was dissolved in Ethyl 
acetate as an oil phase (O); natural carboxylate, agricultural emulsifier.600 and mixed 
alcohol were blended at certain weight ratio to obtain the surfactant mixture (S), then 
mixture at the given weight ratios as an surfactant phase, the mixture of the oil phase and 
the surfactant phase at the weight ratios of 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, and 9:1 were 
diluted with distilled water which remarked water phase (W) next by the microburst, at 
various concentrations, respectively. The dosage of water which made the mixture from the 
clarification to muddle was recorded, and the quality score of each phase point was 
analyzed. Phase diagrams were drawn based on visual inspection at ambient temperature. 

2.3 Arrangement of orthogonal experiment 
A standard orthogonal array matrix (L25; 35) was constructed with three factors and five 
levels (Table 1) to select optimum formation conditions in order to obtain the infinite dilute 
region(M) of pesticide microemulsion in the phase diagrams. The content of pesticide in 
solvent, the weight ratios of natural carboxylate/AE600 and mixed alcohol quality/S phase 
quality in total were selected as three impact factors. 
 

Factors 
Levels Content of pesticide in 

solvent 
Natural 

carboxylate/AE600 Mixed alcohol 

 A (w/w) B (w/w) C (w/w) 
1 A1 (50%) B1 (1:1) C1 (95%) 

2 A1 (40%) B2 (1:2) C2 (90%) 
3 A1 (30%) B3 (2:1) C3 (85%) 
4 A2 (20%) B1 (1:1) C2 (85%) 
5 A2 (10%) B2 (1:2) C3 (85%) 

Table 1. A standard L25 (35) matrix 

3. Results and discussion 
3.1 Selection of formula components 
Firstly, ester is a sort of lowly toxic matter, which has less impact on the environment. The 
experimental results show that the chlorpyrifos pesticide can be effectively solubilized in 
ethyl esters analogy to the most solubility of chlorpyrifos pesticide in toluene or xylene. 
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There was more 90%(weight ratios) chlorpyrifos pesticide to be able to be dissolved in the 
ethyl esters. So the ethyl ester was regarded as the substitute of tolunene or xylene. 
Secondly, the nonylphenols and alkylphenol phenoxy poly(ethyleneoxy)ethanol have been 
employed comprehensively in the commonly microemulsion so far. But they had even been 
limited to production and application with endangering the ecological environment in many 
countries. Then the nature carboxylate and AE600 at the weight ratios of 1:3, 1:2, 1:1, 2:1, and 
3:1 were mixed and prepared to reach the demands of experiment. And the natural 
carboxylate is a kind of cheap, efficiency and safe anionic surfactant, because it derived from 
the oil scraps in green plants. Finally, the glycol and ethanol were regarded as the additives 
in the procession of preparing the microemulsion and their effectivity were predominant. 
All those could try to do minimum damage to the environment. 

3.2 Choice of the best phase diagram 
L25 (35) orthogonal table and orthogonal experimental data were listed in Table 2. Due to the 
pesticide microemulsion should be diluted with 200-fold water, the infinite dilute region’s 
area (M) had been chosen as criterion in the pseudo-ternary phase diagram.  
Table 2 shows that the order of the three factors’ effect on the infinite dilution area with 
water is RA >RB > RC and the optimal conditions were found to be A5B1C5 with the 
maximum infinite dilution area with water. To confirm the result of the orthogonal 
experiments,the pseudo-ternary phase diagram determined by A5B1C5 (10% original drug 
phase content in the ethyl esters, natural carboxylate/AE600 = 1:3, Mixed alcohol quality/S 
phase quality in total = 85%) was illustrated in Fig.1. However, it is considered that the 
content of organic phase was only 10% and the content of chlorpyrifos also was 3%, the 
another optimal conditions was the A4B2C4(20% original drug phase content, natural 
carboxylate/agricultural emulsifier.600 = 1:2, Mixed alcohol quality/S phase quality in total 
= 85%) (Fig.2) which was reasonable as compared with the area of the infinte dilution region 
(M=30.012) in the 25 group phase diagrams. The most significant reason is that the content 
of chlorpyrifos pesticide can reach 4%. 
 

 
Fig. 1.  Pesudo-ternary phase diagram defined by A5B1C5[ 
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Fig. 2. Pesudo-ternary phase diagram defined by A4B2C4 

 

Level 
Content of 
pesticide 
in solvent 

Natural 
carboxylate/A

E600 

Mixed 
alcohol Level 

Content of 
pesticide in 

solvent 

Natural 
carboxylate/AE6

00 
Mixed alcohol 

1 A1 (50%) B1 (1:3) C1 (95%) 14 A3 (30%) B4 (2:1) C5 (85%) 

2 A1 (50%) B2 (1:2) C2 (90%) 15 A3 (30%) B5 (3:1) C1 (95%) 

3 A1 (50%) B3 (1:1) C3 (85%) 16 A4 (20%) B1 (1:3) C5 (85%) 

4 A1 (50%) B4 (2:1) C4 (85%) 17 A4 (20%) B2 (1:2) C1 (95%) 

5 A1 (50%) B5 (3:1) C5 (85%) 18 A4 (20%) B3 (1:1) C2 (90%) 

6 A2 (40%) B1 (1:3) C4 (85%) 19 A4 (20%) B4 (2:1) C3 (85%) 

7 A2 (40%) B2 (1:2) C5 (85%) 20 A4 (20%) B5 (3:1) C4 (85%) 

8 A2 (40%) B3 (1:1) C1 (95%) 21 A5 (10%) B1 (1:3) C3 (85%) 

9 A2 (40%) B4 (2:1) C2 (90%) 22 A5 (10%) B2 (1:2) C4 (85%) 

10 A2 (40%) B5 (3:1) C3 (85%) 23 A5 (10%) B3 (1:1) C5 (85%) 

11 A3 (30%) B1 (1:3) C2 (90%) 24 A5 (10%) B4 (2:1) C1 (95%) 

12 A3 (30%) B2 (1:2) C3 (85%) 25 A5 (10%) B5 (3:1) C2 (90%) 

13 A3 (30%) B3 (1:1) C4 (85%)     
K1 10.174 16.426 12.544     
K2 10.022 14.118 10.096     
K3 11.948 11.674 13.604     
K4 14.408 10.01 12.024     
K5 17.906 12.25 14.332     
R 7.884 6.416 5.236     

Table 2. Three factors and five levels orthogonal table and the analysis of experimental results 
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label 
Surfactant 

phase 
/% 

Oil 
phase

/% 

Water 
phase

/% 

Surfactant 
phase/Water 
phase(m/m)

Exterior Dispersion into 
the water cold storage Heat storage 

1 40.53 9.95 49.52 0.82 Transparent

Filamentous 
material sank, 
then mixture 

became 
transparent after 

shaking 

Demixing in 
the 2nd day Muddy 

2 37.32 7.42 55.26 0.68 Transparent Ibid Demixing in 
the 3rd day Muddy 

3 35.15 5.03 59.82 0.59 Transparent Ibid Demixing in 
the 6th day Muddy 

4 32.27 2.41 65.31 0.49 Transparent Ibid Demixing in 
the 3rd day Muddy 

5 42.57 7.42 50.01 0.85 Transparent Ibid Demixing in 
the 2nd day Transparent 

6 44.84 5.07 50.08 0.90 Transparent Ibid Demixing in 
the 6th day Transparent 

7 51.48 2.76 45.77 1.12 Transparent Ibid Demixing in 
the 5th day Transparent 

8 48.02 11.96 40.02 1.20 Transparent Ibid Demixing in 
the 4th day Transparent 

9 48.24 10.10 41.65 1.16 Transparent Ibid Demixing in 
the 4th day Transparent 

10 48.46 7.55 44.00 1.10 Transparent Ibid Demixing in 
the 3rd day Transparent 

11 47.72 5.21 47.07 1.01 Transparent Ibid Demixing in 
the 2nd day Transparent 

12 49.63 2.61 47.76 1.04 Transparent Ibid Demixing in 
the 3rd day Transparent 

13 49.72 10.18 40.09 1.24 Transparent Ibid Stable over 
7 days Transparent 

14 52.45 7.42 40.13 1.31 Transparent Ibid Stable over 
7 days Transparent 

15 54.89 5.07 40.04 1.37 Transparent Ibid Stable over 
7 days Transparent 

16 57.49 2.53 39.98 1.44 Transparent Ibid Demixing in 
the 2nd day Transparent 

Table 3. The composition of the points in the microemulsion and the result of stability text 

3.3 The research of physical stability 
The 16 points were selected in the best phase diagram(A4B2C4) and according to 
concentrations of the 16 points, the 16 experimental samples were prepared and then each 
experimental sample was divided into two parts. The one was examined in heat storage 
condition [(55 ± 2) degrees, 15d], and the other was examined in cold storage condition [(0 ± 
1) degree, 7d]. Experimental results were listed in Table 3. 
It is showed that the thirteenth, fourteenth and fifteenth group was raised above the sixteen 
groups experiment after heat treatment and cold storage in Table 3. Because the 
consumption of the surfactant was the lowest in the 13th group, and the concentration of the 
chorpyriphos pesticide content was the highest in the 13th group. So the composition of the 
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13th group was the best formula, which was listed as follows: chlorpyrifos (2.036%), ethyl 
acetate (8.154%), agricultural emulsifier.600(4.972%), natural carboxylate(2.486%, glycol 
(21.131%), ethanol (21.131%), water (40.090%). 

4. Conclusions 
The organic solvent, surfactant and kinds of additives were researched in the procession of 
preparing the chlorpyrifos microemulsion based on the method of pseudo-ternary phase 
diagram and orthogonal experiment in detail. The more green environment-friendly and 
extremely development potential chlorpyrifos microemulsion formulation was obtained. The 
optimized formula was composed of chlorpyrifos (2.036%), ethyl acetate (8.154%), agricultural 
emulsifier 600(4.972%), natural carboxylate(2.486%), glycol (21.131%), ethanol (21.131%), water 
(40.090%). Experimental results supported the foundation of the development in search of 
more green environmental protection chlorpyrifos microemulsion, and had a strong practical 
value on the principal of green environmental protection of chlorpyrifos microemulsion. 
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1. Introduction 
A pesticide mixture is when two or more pesticides (in this case, insecticides and/or 
miticides) are combined into a single spray solution (Cloyd 2001a). A pesticide mixture 
entails exposing individuals in an arthropod (insect and/or mite) pest population to each 
pesticide simultaneously (Tabashnik 1989; Hoy 1998). Pesticide mixtures may be more 
effective against certain life stages including eggs, larvae, nymphs, and adults of arthropod 
pests than individual applications (Blümel and Gross 2001) although this may vary 
depending on the rates used and formulation of the pesticides mixed together (Blümel and 
Gross 2001).   
There is already wide-spread use of pesticide mixtures associated with greenhouse and 
nursery operations world-wide, partly because combinations of selective pesticides may be 
required in order to deal with the arthropod pest population complex present in the crop 
(Tabashnik 1989; Bynum et al. 1997; Helyer 2002; Ahmad 2004; Warnock and Cloyd 2005; 
Cloyd 2009; Khajehali et al. 2009). Typically, two pesticides are mixed together; however, it 
has been demonstrated that three or more pesticides may be combined into a spray solution 
to target different insect and/or mite pests (Cloyd 2009). This book chapter discusses the 
benefits and concerns associated with pesticide mixtures, how pesticide mixtures may 
mitigate resistance, and the impact of pesticide mixtures on natural enemies.    

2. Benefits associated with pesticide mixtures 
Pesticide mixtures may enhance arthropod pest population suppression due to either 
synergistic interaction or potentiation between or among pesticides that are mixed together 
(All et al. 1977; Curtis 1985; Comins 1986; Ware and Whitacre 2004; Warnock and Cloyd 
2005; Cloyd et al. 2007). Synergism refers to the toxicity of a given pesticide being enhanced 
by the addition of a less or non-toxic pesticide, or other compound such as a synergist 
(Chapman and Penman 1980; Ware and Whitacre 2004; Ahmad 2004). Potentiation involves 
an increased toxic effect on an arthropod pest population when mixing two compounds 
together, which by themselves are harmful to arthropod pests (Chapman and Penman 1980; 
Marer 1988; Ahmad 2004; Ahmad 2009). 
The primary benefit of mixing pesticides together is a reduction in the number of 
applications required, which decreases labor costs (Cabello and Canero 1994; Blackshaw et 
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al. 1995). Furthermore, pesticide mixtures may result in higher mortality of arthropod pest 
populations than if either pesticide were applied separately (Warnock and Cloyd 2005). 
Studies have demonstrated that pesticide mixtures increase efficacy against insect pests such 
as the western flower thrips, Frankliniella occidentalis Pergande (Cloyd 2003) and whiteflies 
(Brownbridge et al. 2000) compared to separate applications of each pesticide. For example, 
when permethrin (pyrethroid) is mixed with chlorpyrifos or methyl parathion 
(organophosphates), toxicity increases against certain insect pests (All et al. 1977; Koziol and 
Witkowski 1982). Pesticide mixtures associated with pyrethroid-based insecticides have 
been shown to potentiate the activity of the microbial, Bacillus thuringiensis Berliner subsp. 
galleriae against the cotton leafworm, Spodoptera littoralis (Boisduval) (Salma et al. 1984), and 
B. thuringiensis subsp. kurstaki against the fall armyworm, S. frugiperda (J. E. Smith) (Habib 
and Garcia 1981). Pesticide mixtures containing the botanical insecticide, pyrethrum appear 
to increase the efficacy of B. thuringiensis subsp. kurstaki against the fall webworm, 
Hyphantria cunea (Drury) (Morris 1972), and a combination of spinosad (spinosyn) and 
chlorpyrifos provided the best control of four species of Liposcelis (psocids) (Nayak and 
Daglish 2007).  
Many studies have evaluated the effects of pesticide mixtures in suppressing populations of 
agricultural insect pests (All et al. 1977; Koziol and Witkowski 1982; Salma et al. 1984; Moar 
and Trumble 1987; Nayak and Daglish 2007) whereas there is less information associated 
with pesticides mixtures, and insect and mite pests of ornamental crops (Warnock and 
Cloyd 2005). However, Warnock and Cloyd (2005) demonstrated that all two, three, and 
four-way pesticide mixtures involving abamectin (macrocyclic lactone), bifenazate 
(carbazate), azadirachtin (limonoid insect growth regulator), and imidacloprid 
(neonicotinoid) along with spinosad did not affect suppression (based on percent mortality) 
of western flower thrips populations. This indicated that antagonism was not an issue in 
any of the pesticide mixtures. Cloyd et al. (2007) found that nearly all the two and three-way 
combinations associated with the pesticides acetamiprid (neonicotinoid), bifenazate, 
buprofezin (thiadiazine), and chlorfenapyr (pyrrole) exhibited no antagonistic activity with 
all the pesticide mixtures efficacious (based on percent mortality) against populations of the 
sweet potato whitefly B-biotype (Bemisia tabaci Gennadius) and the twospotted spider mite, 
Tetranychus urticae Koch. Mixtures of the insecticide/miticide abamectin and the fungicide 
triforine provided 95% control of twospotted spider mite adults, larvae, and eggs (Wang 
and Taashiu 1994). Improved control of the twospotted spider mite was obtained with a 
mixture of the miticides fenpyroximate (pyrazole) and propargite (organosulfur) compared 
to when both miticides were applied separately (Herron et al. 2003).  

3. Concerns associated with pesticide mixtures 
Although there are benefits associated with pesticide mixtures, potential problems need to 
be considered when two or more pesticides are mixed together. These include plant injury 
(=phytotoxicity), pesticide incompatibility (Cloyd 2001b), and antagonism (Lindquist 2002). 
Antagonism occurs when mixing two or more pesticides together results in reduced efficacy 
(based on percent mortality) compared to separate applications of each pesticide or when 
the combined toxicity of two materials when applied together is less than the sum of the 
toxicities of the materials when applied separately (Lindquist 2002). Antagonism may 
compromise the efficacy of insecticides and/or miticides under field conditions (Khajehali et 
al. 2009). For example, mixing together the miticide bifenazate with the organophosphate 
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insecticide chlorpyrifos, and carbamate insecticides carbaryl, methomyl, and oxamyl 
decreased the efficacy of bifenazate against the twospotted spider mite indicating the 
occurrence of antagonism (Van Leeuwen et al. 2007; Khajehali et al. 2009). However, these 
effects may vary depending on the insect or mite strain (or strains), physiology, and 
resistance mechanisms present in the population (Ahmad 2004). 
Incompatibility is a physical condition by which pesticides do not mix properly to form a 
homogenous solution or suspension. Instead, flakes, crystals, or oily clumps form or there is 
a noticeable separation. Incompatibility may be due to the chemical and/or physical 
properties of the pesticides, impurities in the water, or the types of pesticide formulations 
being mixed together (Marer 1988). In order to determine incompatibility (or compatibility) 
of a pesticide mixture, a ‘jar test’ should be conducted in which a representative sample of a 
pesticide mixture solution is collected in a glass jar and then allowed to remain stationary 
for approximately 15 minutes. If the solution is uniform or homogenous, then the pesticides 
are compatible; however, if there is clumping or separation, then the pesticides are not 
compatible with each other (Marer 1988). 

4. Pesticide mixtures and resistance mitigation   
It has been proposed that pesticide mixtures may delay the onset of resistance developing in 
arthropod pest populations (Skylakakis 1981; Mani 1985; Mallet 1989; Bielza et al. 2009). The 
implementation of pesticide resistance mitigating strategies is important for preserving the 
effectiveness of currently available pesticides (Hoy 1998). However, there is minimal 
evidence to suggest that pesticide mixtures may actually mitigate the onset of resistance 
(Immaraju et al. 1990).  
Mixing pesticides with different modes of action may delay resistance developing within 
arthropod pest populations because the mechanism(s) required to resist each pesticide in the 
mixture may not be wide-spread or exist in arthropod pest populations (Georghiou 1980; 
Curtis 1985; Mani 1985; Mallet 1989; Ahmad 2004). As such, it may be difficult for 
individuals in the arthropod pest population to develop resistance to several modes of 
action simultaneously (Brattsten et al. 1986; Mallet 1989; Stenersen 2004; Yu 2008). Those 
arthropods present in the population resistant to one or more pesticides would likely 
succumb to the other pesticide in the mixture as long as pesticides with different modes of 
action are mixed together (Georghiou 1980; Mallet 1989; Yu 2008). For example, Crowder et 
al. (1984) reported that a mixture of chlordimeform (formamidine) with permethrin, delayed 
resistance development in populations of the tobacco budworm, Heliothis virescens (F.). 
However, pesticide mixtures may not always delay resistance (Burden et al. 1960). Attique 
et al. (2006) indicated that pesticide mixtures were less effective in delaying resistance 
associated with diamondback moth, Plutella xylostella (L.) populations than when applying 
insecticides separately. Furthermore, this approach may risk selecting for a detoxification 
mechanism that could allow survival to both pesticides (Stenersen 2004), and may actually 
enhance overall “selection pressure,” thus accelerating the evolution of resistance (Curtis 
1985; Via 1986; Brattsten et al. 1986).  
The effect of pesticide mixtures is, however, unpredictable because differences in the mode 
of action do not necessarily insure a lack of common resistance mechanisms and may only 
reflect the specificity associated with enzymes responsible for detoxification (Sawicki 1981; 
Yu 2008). Moreover, the effects of pesticide mixtures may differ depending on the arthropod 
pest population as a result of peculiarities associated with species, strain, and even biotype 
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(Sawicki 1981; Georghiou and Taylor 1986; Ishaaya 1993). These differences could be related 
to physiology and the resistance mechanisms present in the population (Georghiou and 
Taylor 1977a; Brattsen et al. 1986). Also, resistance mechanisms typically don’t respond to 
“selection pressure” or frequency of pesticide applications the same way based on the 
pesticide being applied. In fact, some resistance mechanisms may negate the advantages of 
pesticide mixtures (Tabashnik 1989; Stenersen 2004).  
One aspect of pesticide mixtures is the opportunity for complex interactions including 
synergism or antagonism. Two active ingredients may compete for or inhibit the same 
enzyme (e.g., esterase), which could increase the toxicity of the pesticide mixture (Kulkrani 
and Hodgson 1980). Synergism may occur when one pesticide interferes with the metabolic 
detoxification of another pesticide (Corbett 1974; Kulkrani and Hodgson 1980). Certain 
organophosphate insecticides bind to the active site associated with esterase enzymes 
responsible for detoxification of pyrethroid-based insecticides (Kulkarni and Hodgson 1980; 
Ascher et al. 1986; Ishaaya et al. 1987; Bynum et al. 1997; Gunning et al. 1999; Ahmad 2004; 
Zalom et al. 2005; Ahmad et al. 2008; Ahmad 2009), and so organophosphate insecticides 
may be considered useful synergists for pyrethroids (Chapman and Penman 1980; Brattsten 
et al. 1986; Ishaaya et al. 1987; Gunning et al. 1999; Martin et al. 2003; Zalom et al. 2005; 
Attique et al. 2006). This is one of the main reasons why manufacturing companies 
formulate organophosphate and pyrethroid-based insecticide mixtures to manage arthropod 
pest complexes and counteract resistance (Ahmad 2004). Examples of commercially 
available products for use in greenhouse and/or nursery production systems include 
Tame/Orthene TR [fenpropathrin (pyrethroid) and acephate (organophosphate); Whitmire 
Micro-Gen Research Laboratories, Inc., St. Louis, MO] and Duraplex® TR [chlorpyrifos 
(organophosphate) and cyfluthrin (pyrethroid); Whitmire Micro-Gen Research Laboratories, 
Inc., St. Louis, MO]. Certain carbamate insecticides have also been reported to synergize the 
effects of pyrethroid-based insecticides. The carbamate insecticides methiocarb, pirimicarb 
and oxamyl, and even the fungicide propamocarb have been shown to synergize the efficacy 
(based on percent mortality) of the pyrethroid-based insecticide acrinathrin against the 
western flower thrips (Bielza et al. 2007; Bielza et al. 2009).   
However, continued use of these types of pesticide mixtures may result in resistance to both 
modes of activity by arthropod pest populations, especially those that have the capacity of 
developing multiple resistance, which refers to an arthropod pest population resistant to 
pesticides with discrete modes of action or across chemical classes affiliated with the 
expression of different resistance mechanisms (Forgash 1984; Comins 1986; Georghiou 1986; 
Brattsten et al. 1986; Metcalf 1989; Attique et al. 2006; Ahmad et al. 2008).  
As with applications of individual pesticides, it is important to only mix together pesticides 
with different modes of action or those that affect different biochemical processes in order to 
mitigate resistance developing in arthropod pest populations (Cranham and Helle 1985; 
Cloyd 2009). For example, acephate and methiocarb should not be mixed together because 
despite being in different chemical classes (organophosphate and carbamate) both have 
identical modes of action. Acephate and methiocarb block the action of acetylcholinesterase, 
an enzyme that deactivates acetylcholine, which is responsible for activating acetylcholine 
receptors. This then allows nerve signals to migrate through the central nervous system. 
Both acephate and methiocarb inhibit the action of acetylcholinesterase by attaching to the 
enzyme (Ware and Whitacre 2004; Yu 2008). Similarly, although the active ingredients 
acequinocyl, pyridaben, and fenpyroximate are in different chemical classes; 
napththoquinone, pyridazinone, and phenoxypyrazole, respectively all three are classified 
as mitochondrial electron transport inhibitors (METI). These active ingredients either inhibit 
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nicotinamide adenine dinucleotide hydride (NADH) dehydrogenase (complex I) associated 
with electron transport, acting on the NADH CoQ reductase, or bind to the quinone 
oxidizing (Qo) center or cytochrome bc1 (complex III) of the mitochondria respiratory 
pathway. This reduces energy production by preventing the formation of adenosine 
triphosphate or ATP (Hollingworth and Ahammadsahib 1995; Yu 2008).  
Pesticide mixtures may mitigate the onset of resistance under the following assumptions: 1) 
resistance associated with each pesticide in a mixture is monogenic (resistance resulting 
from the expression of a single gene) and independently genetically controlled (Curtis 1985; 
Tabashnik 1989). In addition, there is no cross resistance among individuals in the arthropod 
pest population to the pesticides used in the mixture (Mani 1985; Comins 1986; Tabashnik 
1989; Tabashnik 1990). Cross resistance refers to a condition by which resistance to one 
pesticide confers resistance to another pesticide, even though the arthropod pest population 
was never exposed to the second pesticide; and insensitivity to pesticides with similar 
modes of action or in the same chemical class due to a common resistance mechanism or 
detoxification pathway associated with different pesticides (Cranham and Helle 1985; 
Georghiou and Taylor 1986; Roush 1993; Pedigo 2002). These conditions occur when there 
are different target sites and detoxification enzymes affiliated with resistance to the two 
pesticides. It is possible that under these given circumstances, individuals simultaneously 
possessing resistance mechanisms to both pesticides will be extremely rare (Curtis 1985; 
Brattsten et al. 1986; Mallet 1989; Roush 1993); 2) individuals in the arthropod pest 
population possess resistance genes (alleles) that are exclusively recessive and/or 
individuals that are doubly-resistant are very rare. Evolution of resistance will be 
instantaneous if any survivors possess doubly-resistant genes or multiple resistance 
mechanisms (Curtis 1985; Comins 1986; Tabashnik 1989; Mallet 1989); 3) some individuals in 
the arthropod pest population are not treated or exposed to the pesticide mixture primarily 
due to the presence of refugia (Georghiou and Taylor 1977b; Brattsten et al. 1986; Tabashnik 
1989; Tabashnik 1990), or there is immigration of and mating with susceptible individuals, 
which reduces the frequency or proportion of resistant individuals (or resistant genes) in the 
arthropod pest population (Comins 1977; Georghiou and Taylor 1977b; Tabashnik and Croft 
1982; Comins 1986; Georghiou and Taylor 1986; Mallet 1989; Jensen 2000; Stenersen 2004); 4) 
the pesticides mixed together have equal persistence so that any individuals in the 
arthropod pest population are not exposed to just one pesticide for an extended length of 
time (Forgash 1984; Curtis 1985; Tabashnik 1989; Tabashnik 1990; Roush 1993); and 5) 
resistance mechanisms to each pesticide are present at such low frequencies that they may 
not occur together in any individuals in an arthropod pest population (Yu 2008).  
The assumptions presented above, in nearly all instances, are not realistic. For example, 
pesticide mixtures may, in fact, promote the expression of multiple resistance, which could 
extend across other chemical classes resulting in specific arthropod pest populations being 
very difficult to manage (Forgash 1984; Brattsten et al. 1986; Ahmad 2004; Attique et al. 
2006). Furthermore, multiple evolutionary pathways may exist that eventually result in a 
pesticide-resistant arthropod pest population (Metcalf 1980; Georghiou 1983; Brattsten et al. 
1986; Ishaaya 1993). Although pesticide mixtures may delay resistance due to target site 
insensitivity, which is usually specific to a certain class of pesticides, the use of pesticide 
mixtures enhances the selection for increased expression of metabolic enzymes that can 
simultaneously detoxify both pesticides (Roush and McKenzie 1987; Roush and Daly 1990; 
Roush and Tabashnik 1990; Stenersen 2004). Also, cross and multiple resistance may occur 
among some pesticides with similar modes of action (Stenersen 2004). Therefore, selecting 
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for high levels of detoxification enzyme expression jeopardizes the usefulness of all 
pesticides, even those with new modes of action to which the arthropod pest population has 
never been previously exposed (Tabashnik 1989; Soderlund and Bloomquist 1990).  
Additional problems associated with the assumptions of using pesticide mixtures to 
mitigate resistance are that the frequency of doubly-resistant individuals or those with 
multiple resistance mechanisms in the arthropod pest population may be extensive 
(Tabashnik 1989). This may be due to a history of pesticide exposure associated with 
selection for resistance in previous arthropod pest generations, which could imply that there 
may be some background levels of resistant traits or mechanisms in the arthropod pest 
population for each pesticide used in the mixture (Georghiou and Taylor 1977a). Also, there 
is usually no refuge to preserve susceptible individuals (Georghiou and Taylor 1986; 
Tabashnik 1989), particularly in enclosed ornamental production systems. 
Is the use of pesticide mixtures the most appropriate way to extend their usefulness, or is it 
preferable to apply them individually? Pesticide mixtures, in fact, may be expensive, 
especially if the pesticides that are mixed together are used at the highest recommended 
label rate (Curtis 1985; Comins 1986; Mallet 1989; Attique et al. 2006). As such, a common 
practice is too use reduced rates of each pesticide in the mixture although this may not 
actually mitigate resistance developing in arthropod pest populations (Suthert and Comins 
1979). More sophisticated uses of pesticide mixtures will require a thorough understanding 
of their interactions in order to optimize the dosage at below label rates when the 
components (active and inert ingredients) act synergistically (Tabashnik 1989; Attique et al. 
2006). Pesticide mixtures may be an effective means of mitigating resistance as long as there 
is a high level of dominance in the arthropod pest population and immigration of 
susceptible individuals is prevalent (Mani 1985; Georghiou and Taylor 1986). Based on 
population genetic models, pesticide mixtures may effectively suppress resistance genes 
that are recessive and accord resistance to only one pesticide. However, it is possible that 
pesticide mixtures will select for dominant genes, which confer cross resistance (Tabashnik 
1989).  
The rate of resistance development in an arthropod pest population to two or more 
pesticides in a mixture may take longer than when the pesticides are applied separately 
(National Research Council 1986) although resistance to a pesticide mixture may occur at a 
similar rate as when the pesticides are applied individually (Kable and Jeffery 1980). The 
advantages of a pesticide mixture will only be sustained as long as resistance is not fully-
dominant (Curtis 1985). Because the reliability of the pesticide mixture strategy depends on 
several assumptions, applying pesticides individually, or rotating those with different 
modes of action or that act on different target sites may be a more appropriate strategy 
(Roush 1993). 

5. Pesticide mixtures and natural enemies 
The use of pesticide mixtures with a broad-spectrum of arthropod pest activity and multiple 
modes of action may negatively impact biological control agents or natural enemies more so 
than separate applications of pesticides (Ahmad et al. 2004). However, only a few studies 
have evaluated the direct and indirect effects of pesticide mixtures on natural enemies and 
these primarily involve predatory mites. Lash et al. (2007) found that Neoseiulus cucumeris 
(Oudemans) deutonymphs were more sensitive to certain pesticide mixtures involving the 
insecticide spinosad, the insecticide/miticide abamectin, and the fungicides fenhexamid and 
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thiophanate-methyl than adults. Predatory mite mortality, in general, associated with the 
pesticide mixtures was not significantly different from mortality when the pesticides were 
applied separately (Lash et al. 2007).  
Field studies conducted with the predatory mite, Typhlodromus pyri Scheuten found that 
mixtures of the fungicides mancozeb or thiophanate-methyl with the insecticide 
chlorpyrifos were more harmful to the predatory mite than if the pesticides were applied by 
themselves (Cross and Berrie 1996). Sterk et al. (1994) determined that the fungicides maneb 
and mancozeb were moderately toxic to T. pyri when applied separately but their effects 
were diminished when both fungicides were mixed together. Blumel and Gross (2001) 
indicated no significant differences in the mortality rate or fecundity associated with 
Phytoseiulus persimilis Athias-Henriot females following exposure to the miticide (acaricide) 
hexythiazox (carboxamide), the fungicide triadimefon, and the insecticide heptenophos 
(organophosphate) when applied either individually or in mixtures.  
Boomathi et al. (2005) evaluated the effects of pesticide mixtures on the parasitoid, 
Trichogramma chilonis Ishii and found that combinations of spinosad with Bacillus 
thuringiensis var. galleriae were toxic to adults (based on percent mortality) and inhibited 
adult emergence. Based on the studies presented above, pesticide mixtures may 
differentially directly (e.g., immediate mortality) or indirectly (e.g., delay female 
oviposition) impact natural enemies.     

6. Summary 
Pesticide mixtures involve combinations of two or more pesticides into a single spray 
solution. Pesticide mixtures are widely used to deal with the array of arthropod pests 
encountered in greenhouse and nursery production systems due to the savings in labor 
costs. Furthermore, the use of pesticide mixtures may result in synergism or potentiation 
(enhanced efficacy) and the mitigation of resistance (Ahmad 2009). However, antagonism 
(reduction in efficacy) may also occur due to mixing two (or more) pesticides together. 
Judicious use of pesticide mixtures or those that may be integrated with biological control 
agents is especially important because parasitoids and predators (and even microbials such 
as beneficial bacteria and fungi) can suppress arthropod pest populations irrespective of the 
arthropod pests’ resistance traits or mechanisms (Tabashnik 1986). The use of pesticide 
mixtures to mitigate resistance must not divert attention from the implementation of 
alternative pest management strategies including cultural, sanitation, and biological control 
that can reduce reliance on pesticide mixtures and mitigate pesticide resistance (Georghiou 
1983; Metcalf 1983; Tabashnik 1989; Roush 1989; Roush and Tabashnik 1990; Hoy 1998; 
Denholm and Jespersen 1998). Pesticide mixtures will continue to be an integral component 
of pest management programs due to the continual need to deal with a multitude of 
arthropod pests associated with ornamental cropping systems.  
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1. Introduction  
1.1 Agrochemical controlled release goals 
Controlled release is a chemical activation method, which is provided to specific plant 
species at preset rates and times. Different polymers are largely used to control the delivery 
rates, mobilities, and the chemicals period of effectiveness. The main benefit of the 
controlled release method is that if fewer chemicals are used for the protected plants over 
the predetermined period, then there is a lesser effect on the other plant species, while 
reducing leaching, volatilization, and degradation. The macromolecular nature of polymers 
is the key to chemical loss reduction throughout the production. Controlled release polymer 
systems can be divided into two categories. In the first, the active agent is dissolved, 
dispersed, or encapsulated within the polymeric matrix or coating. Its release takes place 
through diffusion or after biological or chemical breakdown of the polymer. In the second 
category, the active agent either constitutes a part of the macromolecular backbone or is 
attached to it. Here its release is the result of biological or chemical cleavage of the bond 
between the polymer and the bioactive agent [Mitrus et al., 2009]. 
The main problem with conventional agrochemical applications is using greater amounts of 
agrochemicals, over a long period of time, than what is actually needed, possibly leading to 
crop damage and environmental contamination [Bajpai & Giri, 2003]. Controlled release 
polymer matrix systems offer numerous advantages, not only to avoid treating excess 
amounts of active substances, but also to offer the most suitable technical solution in special 
fields of application [Wang et al., 2007]. The objective of controlled release systems is to 
protect the supply of the agent to allow the automatic release of the agent to the target at a 
controlled rate and to maintain its concentration in the system within the optimum limits 
over a specified period of time, thereby providing great specificity and persistence without 
diminishing efficiency. Controlled release of agrochemicals (pesticides, herbicides, 
nutrients) is used to maintain the local concentration of active ingredients in the soil and to 
reduce losses due to run off. 
Controlled release systems for pesticides involve advanced pesticide delivery technologies, 
highlighting new means to reduce toxicity, increase efficacy, lessen the environmental 
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impact from pesticides and pesticide applications, reduce potential transportation hazards, 
as well as facilitating new product development [Abd El-Rehim et al., 2005]. 

1.2 Use of hydrogels in controlled release 
Over the past decades, hydrogel polymers have attracted a great deal of attention as 
potential delivery vehicles for controlled release applications. For instance, Kenawy, 1998 
obtained a series of polyacrylamide gel derivatives by transamidation of crosslinked 
polyacrylamide polymer with various diamine of different structures such as 
ethylenediamine, hydrazine hydrate, etc. The amount of 2,4-dichlorophenoxyacetic acid 
(2,4-D) herbicide released from acrylamide formulations was monitored by UV-
spectrophotometric analyses at 25 °C in water solution buffered at pH 4, 7 and 9. Results 
showed that the release rate of 2,4-D is dependent of pH of the medium: it was slower in 
acidic medium than in neutral or alkaline medium. The best release rate was found for 
crosslinked polyacrylamide hydrogels amidated with bis-(3-aminopropyl) poly 
(tetrahydrofuran) 1100 (BAPPTHF-1100), close to 600 mg.  
Kulkarny et al., 2000 investigated the encapsulation and release of a natural liquid pesticide 
‘neem (Azadirachta Indica A. Juss.) seed oil’ designated as NSO, using sodium alginate (Na-Alg) 
as a vehicle carrier after crosslinking with glutaraldehyde (GA). The higher NSO release rates 
were observed for higher NSO loading. An increase in the degree of crosslinking of the 
precipitated Na-Alg polymer resulted in a significant decrease of NSO release from the beads. 
The empirical parameter n values calculated for the release of NSO from the beads were 
between 0.70 to 0.94, indicating that the diffusion deviates slightly from Fickian transport and 
the kinetic constant k values are considerably small, indicating the absence of any interactions 
between the polymer and the active ingredient. The k values further show a decrease with the 
increase in crosslinking and also an increase with the increase in NSO loading. 
Işıklan, 2004 investigated the effects of the bead preparation conditions, such as percent of 
carboxymethylcellulose (NaCMC), insecticide carbaryl:NaCMC ratio, crosslinker 
concentration and kaolin clay addition as filler on carbaryl release. The copper-
carboxymethylcellulose (CuCMC) beads were prepared by the ionotropic crosslinking of 
NaCMC with copper ions. The beads were characterized by carbaryl encapsulation 
efficiency, bead diameter, scanning electron microscopy, equilibrium swelling degree and 
carbaryl release kinetics. The beads diameter decreased from 2.08 to 1.74 mm when 
car:NaCMC ratio was increased from 1:1 to 1:8. The authors attributed this effect to the 
hydrodynamic viscosity concept, i.e. as the car:NaCMC ratio increases the carbaryl content 
in the bead decreases and the interfacial viscosity of the polymer droplet in the crosslinker 
solution also decreases. The higher carbaryl release rates were observed for lower 
car:NaCMC ratio, higher NaCMC percent and higher kaolin addition. Also, the increase in 
CuCl2 concentration resulted in a significant decrease of carbaryl release from the beads. 
Singh et al., 2009 studied the release of thiram, a dithiocarbamate fungicide, from starch–
alginate-clays beads with different compositions by varying the amount of kaolin and 
bentonite clays. The beads with diameters between 1.07 and 1.34 mm had a high loading 
capacity of thiram fungicide, up to 97.49 ± 1.27 %. The maximum release of thiram was of 
about 10 mg after 300 h. The decrease to 6.9 mg and 6.3 mg, in the presence of kaolin and 
bentonite due to differences, is the ability of montmorillonite (the clay mineral in bentonites) 
for intercalation, whereas kaolin does not intercalate thiram. Moreover, the presence of 
kaolin and bentonite in starch–alginate bead formulation retarded the release of the 
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fungicide thiram; with the release slower for bentonite-based formulations than for 
formulations containing kaolin. 
Roy et al., 2009 prepared biopolymer microspheres of sodium alginate and starch using CaCl2 
as a crosslinker, which are promising to function as carriers for the controlled release of the 
pesticide chlorpyrifos. The microspheres show greater swelling with increasing wt% of 
alginate and decreasing wt% of starch, hence exhibiting an optimum water uptake at a definite 
composition of beads (57.3 wt% alginate and 42.7 wt% starch). The biopolymeric beads show 
that their swelling ratio significantly decreases with increasing crosslinking. The polymer 
beads show great potential for the release of chlorpyrifos, while the fractional release increases 
with increasing wt% of alginate and decreases with increasing content of starch. However, an 
optimum fractional release for a bead composition is obtained with more alginate and less 
starch. The cumulative release occurred in a controlled and sustained manner up to 14 days. 

1.3 Hydrogels properties   
Hydrogels are three-dimensional hydrophilic macromolecular networks that can absorb 
water many times their dry mass and significantly expand in their volume [Aouada et al., 
2006; Moura et al., 2006; Aouada et al., 2009a]. The ability of hydrogels to undergo 
substantial swelling and collapsing in response to the presence and absence of water allows 
for their potential application in different areas, including the biomedical [Jayakumar et al., 
2010; Melchels et al., 2010], cosmetic [Angus et al., 2006; Lee et al., 2009] and agrochemical 
fields [Pourjavadi et al., 2009]. The structural integrity of hydrogels depends on crosslinks 
established between the polymer chains through covalent bonds, hydrogen bonding, van 
der Waals interactions, or physical entanglements [Park et al., 1993]. The stability of the gel 
structure is due to a delicate balance between the hydrogen bonds and the degree of 
shrinking, with the swelling highly dependent on factors such as temperature, pH, pressure 
and electric fields. 
Hydrogels are formed by physical or chemical crosslinks of homopolymers or copolymers, 
which are appropriately used to give the three-dimensional structures their specific 
mechanical and chemical characteristics. Hydrogels can be classified into different groups 
based on their [Deligkaris et al., 2010]: 
• physical structure: amorphous, semi crystalline, hydrogen bonded or supramolecular; 
• electric charge: ionic (charged) or neutral; 
• crosslink: physically or chemically crosslinked; 
• responses to external effects: stimulus-sensitive and –insensitive ones; 
• origin: synthetic and natural. 

2. Characterization of hydrogels 
To characterize the hydrogels, the most common techniques used are water uptake 
[Lohakan et al., 2010;  Wang et al., 2010]; mechanical properties [Baker et al., 2010; Jiang et 
al., 2010; Xu et al., 2010]; scanning electron microscopy (SEM) [Moura et al., 2009; Ferrer et 
al., 2010; Gao et al., 2010; Li et al., 2010; Zhao et al., 2010]; Fourier transform infrared (FTIR) 
spectroscopy [Kim et al., 2010; Wang & Wang, 2010]; nuclear magnetic resonance (NMR) 
[Yin et al., 2010]; differential scanning calorimetry (DSC) [Castelli et al., 2008; Rao et al., 
2010]; thermogravimetric analysis (TGA) [Rodkate et al., 2010]; structural properties [Panic 
et al., 2010] through average molar mass between crosslinks (Mc), crosslink density (q), and 
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number of elastically effective chains, completely included in a perfect network, per unit 
volume (Ve); and controlled release of drugs [Koutroumanis et al., 2010; Liu & Lin, 2010; 
Sajeesh et al., 2010; Tanigo et al., 2010]; and agrochemicals [Saraydin et al., 2000; Bajpai & 
Giri, 2003; Bajpai et al., 2006; Wang et al., 2007; Pourjavadi et al., 2009]. 

3. Preparation of hydrogels and their application in pesticide controlled 
release     
Our research group has recently focused on the preparation and characterization of 
polyacrylamide (PAAm) and methylcellulose (MC) biodegradable hydrogels, as potential 
delivery vehicles for the controlled release of paraquat pesticide, since they play an essential 
role in the use of hydrogels in controlled release technology. 

3.1 Mechanism to form and prepare the PAAm and MC hydrogels  
In a simplified preparation process of acrylamide hydrogel by the free radical co-
polymerization of acrylamide (AAm) and a divinyl crosslinker, e.g. N,N’-methylene-bis-
acrylamide (MBAAm), linear polymers are first formed in the solution during the fast 
propagation step, and later crosslinked with other molecules through their pendent double 
bonds and additional monomer units [Stepto, 1998]. According to Karadag et al., 2005 the 
polymerization of vinyl monomers, such as AAm and MBAAm in the presence of 
ammonium persulfate and N,N,N’,N’- tetramethylethylene-diamine (TEMED), is first 
initiated by the reaction between ammonium persulfate and TEMED, in which the TEMED 
molecule is left with an unpaired valance electron. The activated TEMED molecule can 
combine with an AAm and/or crosslinker molecule, in which the unpaired electron is 
transferred to the monomeric units so that they then become reactive. Thus, another 
monomer or co-monomer can be attached and activated in the same way. The poly(AAm) or 
other copolymer hydrogel can continue growing indefinitely, with the active centre 
continually shifted to the free end of the chain.  
The synthesis of PAAm-MC hydrogels was reported in the literature [Aouada et al., 2009a; 
Aouada et al., 2010]. AAm (3.6 – 21.7 in w:v%), MC (0 - 1.0 in w:v%), MBAAm, and TEMED 
were placed in a bottle and homogenized by stirred mixing. TEMED concentration was 
fixed at 3.21 µmol mL-1. After the mixture was prepared, it was deoxygenated by N2 
bubbling for 25 min. Then, aqueous sodium persulfate (final conc. of 3.38 µmol mL-1), also 
deoxygenated, was added to initiate the polymerization reaction. The resulting solution was 
quickly placed between two glass plates separated by a rubber gasket and kept at room 
temperature. The system was kept closed by means of metallic straps for 24 h at ambient 
temperature (ca. 25 °C). At this stage, the complete polymerization/cross-linking of AAm 
occurred. After 24 h, the hydrogels, in a membrane form (Scheme 1), were removed from the 
plates. These membranes (final thickness ≈ 9 – 10 mm) were then freed from the unreacted 
chemicals by dialysis with distilled/deionized water for 10 days. The polymeric network 
PAAm-MC was used to study the hydrophilic properties of the hydrogels and pesticide 
paraquat sorption from the aqueous solution. Polymeric networks were made by chemically 
induced polymerization through free radical mechanism, in which SP radical species 
generates the reactive sites on the MC, AAm and MBAAm. Due to the polyfunctionality of 
the crosslinker MBAAm, it has four reactive sites which can be linked to the radical on the 
methylcellulose and to the poly(acrylamide). Scheme 2 presents the formation of crosslinked 
network structures based on poly(acrylamide) and methylcellulose. 
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Scheme 1. Photo of hydrogel composed of PAAm and MC in membrane form after dialysis 
process: [AAm] = 6.0 in w:v%; [MC] = 1.0 in w:v% [Aouada et al., 2010]. 

 
Scheme 2. Formation of crosslinked network structure based on poly(acrylamide) and 
methylcellulose [Aouada et al., 2009a]. 
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3.2 Some physical-chemistry properties of PAAm-MC hydrogels 
3.2.1 Hydrophilic properties 
The hydrophilic properties of PAAm-MC hydrogels were investigated by measuring their 
water uptake (WU). For the water uptake studies, the swollen hydrogels in membrane form 
were cut into cylindrical shapes of 13 mm and the average of dry hydrogels used was of 
approximately 150 mg. WU values were obtained by the mass ratio of the swollen hydrogel 
to dried hydrogel. Measurements were performed in replicate at 25.0 ºC to check 
reproducibility and the error bars indicate the standard deviation (n = 3). 
Figure 1 shows the dependences of WU as a function of the immersion time of the hydrogels 
swelled in distilled water.  
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Fig. 1. Dependence of water uptake as a function of time for: (a) PAAm-MC0.5 and (b) 
PAAm-MC1.0, in distilled water (pH = 6.7), at 25.0 ºC. Different concentrations of AAm 
were tested as indicated. Error bars represent standard deviations for the three experiments. 

Changes on equilibrium in WU values as a function of the AAm concentration in the feed 
solution are shown in Figure 2. It can be pointed out that the value of WU decreases 
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abruptly when the concentration of AAm in the gel-forming solution increases. This 
reduction is related to the increase of network rigidity, where the flexibility of a hydrogel 
network is directly related with the amount of total water absorbed by the hydrogel 
[Aouada et al., 2006]. The highest WU value obtained for 3.6 % AAm and 1.0 % MC, was of 
around 90 g/g. Also, the WU values abruptly increased when the concentration of MC in 
feed solution was increased. This trend is attributed to the increase in the hydrogel 
hydrophilicity (thus the increase in water absorption capacity) due to the incorporation of 
hydroxyl groups from MC segments. This tendency was also observed in the PAAm/poly(γ-
glutamic acid) hydrogels studied by Rodríguez et al., 2006. 
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Fig. 2. Dependence of equilibrium water uptake as a function of acrylamide for PAAm, 
PAAm-MC0.5 and PAAmMC1.0 hydrogels, in distilled water (pH = 6.7), at 25.0 ºC. Error 
bars represent standard deviations for the three experiments. 

3.2.2 Mechanical properties 
Uniaxial compression measurements were performed on equilibrium swollen hydrogels 
after their preparation. Compression tests were performed using a universal testing machine 
(Instron, Model 5500R, Canton, MA). Hydrogel compression was measured using a 1.27 cm 
diameter cylindrical probe. The probe was attached to the upper jaw of the Instron machine. 
The crosshead speed was of 12.0 mm min-1 with a 100 N load.  
The measurements were conducted up to 30% compression of hydrogel. In this case, the 
maximum load (σmax) of hydrogels was recorded. The modulus of elasticity (E) was 
calculated by Eq. (1), where F is the force and A is the cross-sectional area of the strained 
specimen. The relative strain (λ) was calculated from Eq. (2), where ΔL is the change in 
thickness of the compressed hydrogel and L0 is the initial thickness. Six tests were run for 
each gel. 

 2( )F E
A

σ λ λ−= = −  (1) 

 
0

L
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λ Δ
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The effective (or apparent) cross-linking density, νe, was obtained from the slope of linear 
dependence of σ versus (λ - λ-2), Eq. (3), where R is the universal gas constant, T is the 
temperature in absolute scale, φg,0 and φg are the polymer volume fractions of the hydrogel 
in the relaxed state and in the swollen state, respectively. 

 ,0 2/3 2( ) ( )g
g e

g
RT

φ
σ φ υ λ λ

φ
−= −  (3) 

The length of the effective chains between crosslinking points (N) is related to the effective 
cross-linking density νe by Eq. (4): 
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Fig. 3. Measured force and stress as a function of Strain (λ - λ-2) at 25 °C for hydrogels 
synthesized with (a) [MC] = 0.5 in w:v%, [MBAAm] = 8.6 µmol mL-1 and different AAm 
concentrations; (b) [AAm] = 6.0 in w:v%, [MBAAm] = 10.0 µmol mL-1, [MC] = 0.75 in w:v% 
[Aouada et al., 2009b]. 
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 1( )e lN Vυ −=  (4) 

where Vl is the molar volume of the segment, which is taken as the molar volume of water 
(18 cm3 mol-1). 
To evaluate the mechanical properties of the PAAm and PAAm-MC hydrogel, the 
maximum load (σmax) and modulus of elasticity (E) of the hydrogels were measured. 
Representative stress–strain curves for the hydrogels tested with uniaxial compression are 
shown in Fig. 3, where the linearity between force and strain can be observed. The 
reproducibility of the stress-strain experiments is shown in Fig. 3b.  
The linear correlation indicates that elastic deformation occurred, i.e. the strain is 
recoverable after removing the applied stress. In the most elementary form, recoverable 
strain means that if the hydrogel is under an applied load, the polymer chains are 
rearranged to accommodate the deformation. At the same time, retractive elastic force 
develops in the polymer networks because of their tendency to return to their original 
formation [Buchholz & Graham, 1997]. 
The dependence of maximum load as a function of acrylamide concentration for hydrogels 
with different methylcellulose concentrations is shown in Fig. 4.  
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Fig. 4. Measured force and stress as a function of Strain (λ - λ-2) at 25 °C for hydrogels 
synthesized with (a) [MC] = 0.5 in w:v%, [MBAAm] = 8.6 µmol mL-1 and different AAm 
concentrations; (b) [AAm] = 6.0 in w:v%, [MBAAm] = 10.0 µmol mL-1, [MC] = 0.75 in w:v% 
[Aouada et al., 2009b]. 
The increase in mechanical property values was observed when the amount of acrylamide in 
the feed solution was increased. These results corroborate with the swelling degree results (see 
Table 1), where increasing AAm concentration and consequently, the rigidity of the networks, 
results in decreasing water-uptake. Maximum load and modulus of elasticity properties 
decrease with increasing MC concentration. The maximum load of the (3.6-8.6-MC) hydrogels, 
where MC is the methylcellulose concentration, were 1.35 ± 0.14, 0.89 ± 0.05 and 0.55 ± 0.09 kPa 
for M = 0, 0.5 and 1.0 (in w:v%), respectively. For the same hydrogel, the modulus of elasticity 
values were 1.85 ± 0.08, 1.43 ± 0.06 and 1.06 ± 0.15 kPa. Such a decrease is attributed to the 
increase of network hydrophilicity from an increase of hydroxyl groups entrapped in the 
PAAm network. Additionally, when the MC concentration was increased from 0 to 1.0 (in 
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w:v%), the decrease in the mechanical property values was more pronounced in hydrogels 
with low AAm concentration, demonstrating that the water-uptake (from interactions with 
hydrophilic groups present in MC chains) depends on PAAm flexibility. 
 

Hydrogels* SD 
(g/g) 

σmax 

(kPa) 
E 

(kPa) 
υe  ** 

(10-4 mol cm-3) N ** 

(3.6-8.6-0) 35.4 ± 4.3 1.35 ± 0.14 1.85 ± 0.08 4.13 134.46 
(3.6-8.6-0.5) 64.0 ± 2.3 0.89 ± 0.05 1.43 ± 0.06 3.89 142.79 
(3.6-8.6-1.0) 92.0 ± 3.1 0.55 ± 0.09 1.06 ± 0.15 3.25 170.68 

 
(6.0-8.6-0) 25.7 ± 0.7 5.65 ± 0.16 5.44 ± 0.19 10.92 50.88 

(6.0-8.6-0.25) 30.3 ± 1.9 6.23 ± 0.11 6.12 ± 0.22 12.98 42.81 
(6.0-8.6-0.5) 42.0 ± 3.7 4.37 ± 0.08 5.82 ± 0.04 13.76 40.37 
(6.0-8.6-0.75) 85.0 ± 2.7 3.74 ± 0.13 4.79 ± 0.11 14.33 38.78 
(6.0-8.6-1.0) 98.1 ± 2.4 2.68 ± 0.12 3.61 ± 0.14 11.33 49.06 

 
(6.0-4.3-0.75) 211.2 ± 10.2 0.79 ± 0.03 1.48 ± 0.03 6.00 92.67 
(6.0-6.4-0.75) 109.9 ± 4.5 1.45 ± 0.05 2.54 ± 0.05 8.28 67.13 

(6.0-10.0-0.75) 104.1 ± 8.6 2.37 ± 0.04 4.07 ± 0.11 13.02 42.66 
(6.0-12.8-0.75) 105.4 ± 6.8 2.70 ± 0.09 3.64 ± 0.12 11.70 47.50 
(6.0-17.1-0.75) 98.1 ± 6.2 2.98 ± 0.09 3.85 ± 0.19 12.08 46.00 

 
(9.0-8.6-0) 18.8 ± 0.5 12.8 ± 0.39 13.48 ± 0.32 24.38 22.79 

(9.0-8.6-0.25) 26.9 ± 0.5 8.99 ± 0.59 11.24 ± 0.52 22.91 24.25 
(9.0-8.6-0.5) 29.7 ± 1.8 9.96 ± 0.18 10.16 ± 0.38 21.40 25.96 
(9.0-8.6-0.75) 49.5 ± 4.5 6.39 ± 0.22 7.89 ± 0.33 19.71 28.19 
(9.0-8.6-1.0) 57.8 ± 2.4 5.49 ± 0.22 7.43 ± 0.32 19.54 28.43 

 
(12.0-8.6-0.25) 21.0 ± 0.5 13.71 ± 0.17 16.15 ± 0.20 30.31 18.33 
(12.0-8.6-0.75) 33.7 ± 0.9 10.32 ± 0.07 14.02 ± 0.16 30.80 18.03 

 
(21.7-8.6-0) 12.2 ± 0.2 21.25 ± 1.32 27.50 ± 1.11 43.06 12.90 

(21.7-8.6-0.5) 13.0 ± 0.1 22.34 ± 1.46 24.60 ± 1.00 39.35 14.12 
(21.7-8.6-1.0) 14.0 ± 0.2 17.50 ± 0.36 20.53 ± 1.05 36.26 15.32 

* the notation (AAm-MBAAm-MC) will be used to characterize the composition of hydrogels. 
** calculated based on the SD and E average values.  

Table 1. AAm, MBAAm, and MC concentrations in feed solutions used in hydrogel 
synthesis and numerical values of mechanical properties [Aouada et al., 2009b]. 

The properties σmax and E can be correlated to the effective crosslinking density (νe) and 
length of the effective chains between crosslinking points (N), for which it was observed in 
Table 1 that νe values increases and N decreases when the σmax and E increase. The highest 
νe values were found for hydrogels synthesized with (21.7-8.6-MC). Consistently, these 
hydrogels presented lower N values, whereas higher AAm and MBAAm contents decreased 
the mobility of polymer chains within the gel, and thereby a higher loading was required for 
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compressing the hydrogel. Two different behaviours were observed in the variation of 
modulus of elasticity as a function on MBAAm crosslinker concentration. Firstly, modulus 
of elasticity increased with increasing crosslinker density from 4.3 to 8.6 µmol mL-1. When 
the crosslinker density is increased, the water-absorption capacity of the hydrogels 
decreases significantly. Secondly, at MBAAm concentrations higher than 8.6 µmol mL-1, a 
decrease in modulus of elasticity was observed. In this condition, additional polymeric 
chains, essentially constituted of MBAAm crosslinking, can be formed and entrapped in the 
hydrogel network. Due to high hydrophilicity, MBAAm chains have lower mechanical 
properties when compared with PAAm and PAAm-MC. 

3.2.3 Morphological properties  
Morphological properties of equilibrium swollen PAAm-MC hydrogels were investigated 
using a Hitachi scanning electron microscope (model S 4700) with 200 X magnification and 
an accelerating voltage of 15 keV. The samples were removed from the water and quickly 
frozen by immersion in liquid nitrogen. The hydrogels were freeze-dried at 80 ºC to 
maintain their porous structure without any collapse. After 48 h lyophilization, the dried 
sample was deposited onto an aluminium stub and sputter-coated with gold for 60 s to 
enhance conductivity. 
 

  
                                              (a)                                                               (b) 

 
(c) 

Fig. 5. SEM micrographs for semi-IPN hydrogels: (a) PAAm3.6-MC0.0; (b) PAAm3.6-MC0.5 
and (c) PAAm3.6-MC1.0. The gels were lyophilized after swelling in distilled water at 25.0 
ºC. All micrographs were taken at 200 X magnification. 
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Scanning electron microscopy technique was used to analyze the morphology of PAAm and 
PAAm-MC hydrogels. Average pore size values were estimated by considering at least 20 
individual pore size values [Tang et al., 2007]. The SEM image of PAAm3.6 MC0.0 (3.6 % 
AAm and 0 % MC), shown in Fig. 5a, indicates the formation of homogeneous and highly 
porous material with a mean pore size of 90 (± 20) µm. The addition of MC into the solution-
forming hydrogel caused morphological changes, mainly in the size and shape of the pores. 
From the SEM micrographs shown in Fig. 5b and 5c, it was possible to see that hydrogel 
pores are more foliaceous, larger, and highly heterogeneous than those shown in Fig. 5a. 
Due to the pore formation with high heterogeneity, it is not possible to accurately estimate 
the pore size of these hydrogels. 

3.3 Pesticide controlled release from PAAm-MC hydrogels 
3.3.1 Controlled release principles 
The release of chemicals entrapped in a hydrogel occurs only after water penetrates the 
network to swell the polymer and dissolve the chemicals, followed by diffusion along the 
aqueous pathways to the surface of the device. The release of chemicals is closely related to the 
swelling characteristics of the hydrogels, which in turn is a key function for the chemical 
architecture of the hydrogels [Singh et al., 2008]. Scheme 3 shows the schematic 
representations of loading and the paraquat release process, which are directly correlated with 
the swelling capacity of the hydrogels. For instance, in the loading process, there is water and 
paraquat sorption. For the release case, the water sorption contributes to the pesticide 
desorption due to two main factors: (1) difference in chemical potential [Shang et al., 2008] (Eq. 
5), and (2) osmotic pressure defined by the Donnan equilibrium theory [Liang et al., 2009] (Eq. 6). 
 

 
Scheme 3. Schematic representations of (a) the loading process showing the sorption of 
water and paraquat; and (b) the release process showing the sorption of water and 
desorption of paraquat. 
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where G is Gibb's free energy, ni is the amount of component i, V is volume and P is 
pressure. The subscripts indicate that temperature, pressure and the amount of all other 
components are maintained constant. 
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where Ci is the mobile ion concentration of species i, and superscripts ‘g’ and ‘s’ represent 
the gel and solution phase, respectively. R is the universal gas constant and T is the absolute 
temperature. 

3.3.2 Effects of AAm and MC concentration on paraquat pesticide release  
Hydrogels presented high loading capacity for paraquat pesticide. The pesticide was not 
chemically attached to the polymeric chain and the only likely interactions were ionic 
attractions. The hydrogels were loaded up to 82 % of paraquat, in relation to the amount of 
paraquat available in the loading solution. The maximum paraquat adsorption (qeq) in 
hydrogels without MC was low, when compared with hydrogels containing MC, which was 
of around 0.7 mg g-1. The low adsorption could be attributed to the absence of hydroxyl 
groups entrapped in PAAm chains. The paraquat molecules were absorbed into the 
hydrogels by an interaction with amide groups proceeding from PAAm chains. The general 
trend indicated that an increase in qeq resulted from an increased MC concentration, due to 
the greater number of hydroxyl groups inherent in the MC. In these conditions, the 
adsorption was probably due to paraquat-MC interactions. It was also observed that an 
increased AAm concentration provoked a decrease in the qeq values [Aouada et al., 2009a]. 
The varying effects of AAm and MC contents on releasing paraquat from PAAm-MC 
hydrogels were investigated in details and their results will be now discussed. Fig. 6 shows 
the amount of paraquat released as a function of time for PAAm-MC hydrogels prepared 
with 6.0 % AAm using different MC contents. 
In general, the initial rate of paraquat release was fast, and after several days it decreased. 
This fact indicates that paraquat on the hydrogels surface (or close to) diffused rapidly from 
the initial swelling of the gel. Later, paraquat was released slowly from the hydrogels, up to 
45 days. The content of methylcellulose significantly affects the amount of paraquat 
released, where the maximum release, close to 23 mgL-1, was observed when an 
intermediate content of MC (0.5 %) was used. 
Fig. 7 shows the effect of methylcellulose percentage on the kinetic behaviour of cumulative 
paraquat release. It is possible to see in Fig. 7a that the paraquat release from the hydrogel 
constituted of 6.0 % AAm is 100 % after 1 day. This fast release is attributed to the 
hydrophobic weak interactions between the cationic groups (from the paraquat) and amide 
groups from the PAAm chains. The Figure also reveals that the cumulative release occurred 
in a very controlled and sustained manner, in which the concentration of paraquat after 15 
days was maintained constant up to 46 days. It was also observed that the quantity of 
paraquat release increases from 41.3 ± 5.6 % to 72.6 ± 6.1 % when the amount of MC in the 
gel-forming solution increases in the range of 0.25–0.5 (in w:v%), Fig. 7b. By increasing the  
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Fig. 6. Profiles of the amount of paraquat released as a function of time for PAAm-MC 
hydrogels with different MC concentrations: [MC] = 0; 0.25; 0.5; 0.75 and 1.0 in w:v%, 
[AAm] = 6.0 in w:v%, and C0 = 37.48 mg L-1. Error bars represent standard deviations for the 
three measurements (mean ± S.D., n = 3) [Aouada et al., 2010]. 
MC content of the matrix, the swelling of the matrix also increased due to the more 
hydrophilic nature of MC, leading to the percentage increase of the released paraquat. 
Similar observations have been noticed by Rokhade et al., 2007. The release profiles indicate 
that the amounts of paraquat released decreased in the hydrogel prepared with MC 
concentration above 0.5 %. At higher concentrations of MC (beyond 0.5 g), the density of 
network chains increases so much that both the diffusion of solvent molecules and 
relaxation of macromolecular chains are reduced. Similar behaviours have been observed in 
other studies on the characterizations of hydrogel hydrophilicity [Graiver et al., 1995; Bajpai 
& Giri, 2003]. This explains the drop in the hydrogels release capacity. Moreover, one of the 
primary factors in the application of hydrogels as a delivery vehicle for the controlled 
release of pesticide is the loading percentage effect on the solute release rate, because a 
larger hydrogel loading can facilitate the relaxation of macromolecular chains. In addition, 
the results of paraquat removal from aqueous solutions using PAAm and MC hydrogels, 
recently published by our group [Aouada et al., 2009a], indicated that paraquat adsorption 
is more favourable in hydrogels prepared with an MC concentration of around 0.5 %.  
In general, the hydrogels did not release the total loaded paraquat because of the strong 
interaction of the paraquat-hydrogel matrix, specifically between the hydroxyl and amide 
groups (from MC and PAAm, respectively) with cationic regions from the paraquat. 
Controlled release systems studied by Alemzadeh & Vossoughi, 2002 and Sing et al., 2008 
presented similar behaviours. 
Fig. 8 shows the effects of acrylamide concentration on the cumulative paraquat release 
from PAAm-MC hydrogels prepared with different AAm and MC combinations. The 
releasing kinetic and the released quantity can be controlled up to 40-45 days and up to 75 % 
by adjusting the PAAm and MC contents in the gel-forming solution. In both cases, it was 
observed that as the polymeric matrix becomes rigid due to the increase in the concentration 
of acrylamide in the hydrogels, from 6.0 to 9.0 % (Fig. 8a) and from 6.0 to 12.0 % (Fig. 8b), the  
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Fig. 7. (a) profiles of paraquat release as a function of time, and (b) dependence of 
equilibrium cumulative paraquat release as a function of methylcellulose concentration for 
PAAm and MC hydrogels: C0 = 37.48 mg L-1, and [AAm] = 6.0 in w:v%. Error bars represent 
standard deviations for the three measurements (mean ± S.D., n = 3) [Aouada et al., 2010]. 
cumulative paraquat release decreased. This tendency was also reported by Işiklan, 2007, 
where the author explained that the decreases in the cumulative release are due to the 
increasing of the monomer concentration, which gives rise to a compact network of the 
polymer, hence the free volume reduces and the penetration of water molecules and 
diffusion of pesticide molecules become difficult. 
In accordance with Singh et al., 2009, the primary requisites for using agrochemicals to 
control the environment and health hazards are by means of controlled release and 
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sustained manner. Also, PAAm-type hydrogels must act as carriers for herbicidal agents 
and hydrogels, such as in water preservation systems (soil conditioning), hence inducing 
aggregation, diminishing water evaporation and promoting plant growth [Siyam, 1994]. 
Moreover, acrylamide was selected due to its industrial importance and its better known 
properties [Kenawy, 1998]. Consequently, the hydrogels studied in this work have 
enormous potential to be applied in agriculture fields. 
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Fig. 8. Profiles of paraquat release from hydrogels constituted by PAAm and MC as a 
function of time in different conditions: (a) 6.0 % AAm and 0.5 % MC, 9.0 % AAm and 0.5 % 
MC; (b) 6.0 % AAm and 0.75 % MC, 12.0 % AAm and 0.75 % MC. C0 = 37.48 mg L-1. Error 
bars represent standard deviations for the three measurements (mean ± S.D., n = 3) [Aouada 
et al., 2010]. 
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3.3.3 Mathematical modeling of paraquat release from PAAm and MC hydrogels 
Hydrogels have a unique combination of characteristics that make them useful in controlled 
delivery applications. Due to their hydrophilicity, hydrogels can imbibe large amounts of 
water (> 90 in-wt %). Therefore, the molecule’s release mechanisms from hydrogels are very 
different from hydrophobic polymers. Both simple and sophisticated models have been 
developed to predict the release of an active agent from a hydrogel device as a function of 
time. The most widely applicable mechanism for describing solute release from hydrogels is 
the diffusion-controlled release [Lin & Metters, 2006]. Fick's law of diffusion with either 
constant or variable diffusion coefficients is commonly used in modeling diffusion-
controlled release [Andreopoulos & Tarantili, 2001]. Although there are a number of reports 
dealing with the mathematical modeling through swelling controlled release polymeric 
systems, no single model successfully predicts all the experimental observations [Singh et 
al., 2009]. 
The values of release exponent “n” and gel characteristic constant “k” calculated using Eq. 7 
for the release dynamics of pesticide from the PAAm-MC hydrogels are in Table 2. 

 ntM k t
M∞

=  (7) 

where the Mt/M∞ is the fractional release, k is a constant incorporating structural and 
geometric characteristics of the macromolecular polymeric system and the pesticide, and n is 
designated as the release exponent representing the release mechanism. 
The curves obtained from Eq. 3 presented good linearity (regression coefficient, R2 ≥ 0.999), 
indicating that the Peppas model can be applicable to analyze the systems. The values of n 
remained in a range corresponding to Fickian diffusion (n = 0.45 – 0.5) until MC = 0.5 % for 
AAm concentration equal to 6.0 % (in w:v%). After this concentration, the paraquat release 
occurred through the non-Fickian diffusion. Non-Fickian or anomalous diffusion occurs 
when the diffusion and relaxation rates are comparable. Thus, the paraquat release depends 
on two simultaneous rate processes, water migration into the beads and diffusion through 
continuously swelling hydrogels [Ritger & Peppas, 1987]. The values of k showed that the 
release of paraquat becomes slower when the MC and AAm concentration increases. 
 

Hydrogel k (h -1) n Mechanism 
(6.0-0)* 0.529 ± 0.0308 0.44 ± 0.02 Fickian 

(6.0-0.25) 0.0678 ± 0.0008 0.44 ± 0.03 Fickian 
(6.0-0.5) 0.0404 ± 0.0010 0.50 ± 0.02 Fickian 

(6.0-0.75) 0.0541 ± 0.0021 0.63 ± 0.01 Anomalous 
(6.0-1.0) 0.0375 ± 0.0010 0.58 ± 0.04 Anomalous 
(9.0-0.5) 0.0147 ± 0.0302 0.34 ± 0.08 More-Fickian 

(12.0-0.75) 0.00533 ± 0.00010 0.38 ± 0.09 More-Fickian 

* [AAm] = 6.0 in w:v% and [MC] = 0 in w:v%. 

Table 2. Parameters k and n obtained for paraquat pesticide release from hydrogels 
synthesized with various AAm and MC concentrations at 25.0 °C: C0 = 37.48 mg L-1. 
[Aouada et al., 2010]. 
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4. Final remarks 
Controlled release polymer matrix systems offer numerous advantages, not only to avoid 
treating excess amounts of active substances, but also to offer the most suitable technical 
solution in special fields of application. The objective of controlled release systems is to 
protect the supply of the agent to allow the automatic release of the agent to the target at a 
controlled rate and to maintain its concentration in the system within the optimum limits 
over a specified period of time. 
The book chapter reported the use of biodegradable hydrogels as a potential delivery 
vehicle for the controlled release of pesticide. PAAm-MC hydrogels presented high loading 
capacity of paraquat pesticide, up to 82 % of paraquat, in relation to the amount of paraquat 
available in the loading solution. The release mechanism of paraquat from hydrogels was 
investigated through a semi-empirical model proposed by Ritger and Peppas. The release of 
pesticides entrapped in a hydrogel occurs only after water penetrates the network to swell 
the polymer and dissolve the pesticides, followed by diffusion along the aqueous pathways 
to the surface of the device. The release of chemicals is closely related to the swelling 
characteristics of the hydrogels, which in turn is a key function for the chemical architecture 
of the hydrogels. Pesticide diffusion capacity out of hydrogel was dependent on the 
swelling of the matrix and the density of the network chains, i.e. MC/AAm ratio and pore 
sizes. The values of k showed that the release of paraquat becomes slower when the MC and 
AAm concentration increases.  
Further work is in progress with fertilizers (NPK-type) and other pesticides using PAAm-
MC and novel hydrogels as matrix, aiming to understand the controlled release process. In 
this sense, works are also underway to investigate the kinetic behaviour (release 
mechanism, cumulative release, etc…) of paraquat release from PAAm and MC in soil in a 
greenhouse to confirm the applicability of these hydrogels as delivery vehicles for the 
controlled release of agrochemicals. 
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1. Introduction 
Registration of a pesticide in today’s regulatory climate requires environmental friendliness 
in addition to efficacy against the target pest. Most modern pesticides have rapid 
environmental degradation rates to meet this former constraint. Efficacy is often correlated 
with the product of environmental concentration (C) and contact time (T) as an indirect 
measure of the exposure an organism experiences (C×T). If the pesticide degrades rapidly 
within the environment, then the time window (contact time) for pest control/efficacy can 
be small, and controlled release devices are often used with rapidly degradable or volatile 
pesticides to create an effective half-life within the environment that is longer than the 
degradation half-life of the pesticide alone. 
Various physical methods to construct pesticide micro-encapsulations exist such as pan and 
air-suspension coating, centrifugal extrusion, vibration nozzle and spray drying. Chemical 
methods include interfacial, in-situ, and matrix polymerization, with interfacial 
polymerization a widely used method with pesticides. Interfacial polycondensation deals 
with the reaction of a monomer at the interface between two immiscible liquid phases to 
form an encapsulating film of polymer surrounding the disperse phase. Readily available 
polycondensates are polyureas, polyurethanes, polyamides, polysulphonamides, polyesters 
and polycarbonates, and descriptions of pesticide release from various microcapsules are 
found elsewhere (Allan et al, 1971; Dailey et al, 1993; Akelah, 1996; Dowler et al, 1999; 
Quaglia et al, 2001; Dailey, 2004; Asrar et al, 2004). 
Determining the amount of pesticide from microcapsule sources within an environmental 
matrix is a two step process that includes diffusion from the controlled release device 
followed by degradation and dissipation of previously released material within the 
environment.  The release rate is a function of the pesticide ingredient, polymer 
membrane properties, size of the device, and environmental concentration gradients.  
Release rates can be affected by physical constraints such as sunlight, water, soil pH, and 
capsule clustering, and knowledge of the mass of a pesticide in an environmental matrix 
such as soil, air, or water is mandatory for determining release rates, biological efficacy, 
and the potential for non-point source pollution.  Physically based mathematical models 
are provided to address pesticide release loss from micro-capsule formulations, 
subsequent environmental degradation, and the impact on release characteristics when 
capsule clustering occurs. 
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2. Diffusion model development 
Figure 1 represents an idealized spherical capsule where pesticide is encapsulated by a 
polymer membrane. Pesticide must first diffuse across the membrane before becoming 
available for biological impact or subject to environmental dissipation mechanisms. The 
pesticide concentration within the capsule is greatest immediately following application and 
decreases with time as mass diffuses across the membrane. Characteristic length scales for 
diffusion include the membrane thickness and the environmental length scale associated 
with the pesticide transport distance once released. Numerous historical and mathematical 
descriptions for pesticide loss from microcapsules can be found elsewhere (Carslow and 
Jaeger, 1959; Collins and Doglia, 1973; Collins, 1974; Kydenieus, 1980, Coswar, 1981; Crank, 
1993; Mogul et al, 1996) 
 

C = concentration of pesticide within the capsule (assumed uniform throughout capsule). 
Co = initial concentration of pesticide within the capsule for t ≤ 0. 
Cs = concentration of pesticide at the membrane-environmental interface. 
C∞ = concentration of pesticide within the environment that is not impacted by the 
contribution from the capsule (typically equal to zero). 
L = characteristic length scale for resistance to mass transfer within the environmental 
matrix where Cext ~ C∞. 
Cext= concentration of pesticide outside the membrane wall and within the environment 
a = capsule radius. 
h = membrane thickness. 
t = time. 
 

What follows is a rudimentary, classical first-principles (conservation equations) approach 
for determining release rates from capsule release devices (Collins, 1974).  The concentration 
of the pesticide at the membrane/environment interface (Cs) is approximately zero if mass 
transport away from the capsule is sufficiently rapid, leaving diffusion of pesticide across 
the membrane under these conditions as the rate-limiting step for environmental release. 
 

 
Fig. 1. Idealized cross-section of a spherical microcapsule. 
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The appropriate boundary condition at the membrane-environment interface is given by 
equating the mass flux loss from the membrane to the flux gain into the environment (Eq. 1); 

 Dm [ ]m
r a h

C
r = +

∂
∂

 = -Denv [ ]env
r a h

C
r = +

∂
∂

 (1) 

where:  
Dm = diffusion coefficient of pesticide through membrane [cm2 s-1] 
Denv = diffusion coefficient of pesticide through environmental matrix (air, soil, water) 
[cm2 s-1] 

[ ]m
r a h

C
r = +

∂
∂

  = concentration gradient of pesticide through membrane evaluated at the   

membrane-environment interface (r=a+h) 

[ ]env
r a h

C
r = +

∂
∂

= concentration gradient of pesticide through environmental matrix evaluated 

at the membrane-environment interface (r=a+h). 
The pesticide concentration gradients in the boundary condition of Eq. 1 are approximated 
as linear which, upon simplification, yields the concentration of pesticide at the membrane-
environmental matrix interface (Cs).  
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The parameter α is a measure of the relative diffusion magnitudes across the membrane and 
the environment.  If the resistance to mass transfer within the environment is small (Denv >> 
Dm) then α = 0 and Eq. 2 reduces to Cs = C∞. 
The rate of diffusion (F) from the capsule across the membrane is given by Fick’s first law  

 F = - Dm C
r

∂
∂

= Dm ( )sC C
h
−  (3) 

where 
F = Rate (flux) at which pesticide passes through the membrane [g cm-2 s-1] 

C
r

∂
∂

 = Concentration gradient in radial direction across the membrane. 

If one assumes the capsule keeps its spherical shape as pesticide is released through the 
membrane, the diffusion flux can also be represented as the rate of mass transport (g s-1) 
across the surface area of the spherical capsule (A). The mass of pesticide inside the 
membrane is the volume (V) multiplied by the concentration (C).  Thus, 

 F = - d
dt
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where the volume and surface area of a sphere have been substituted.  Equating Eq. 3 and 
Eq. 4 (and assuming C∞ = 0), yields, upon simplification, a first order, separable, 
homogeneous ordinary differential equation, which simplifies to  

 dC
dt

= - 3
(1 )

mD C
ah α+

. (5) 

The solution to Equation 5 is 

 
0 0

( ) ( )C t M t
C M
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−
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0.693 t
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where 

 τ = 0.693 (1 )
3 m

a h
D

α+ . (7) 

Equation 6 can be multiplied by the capsule volume to yield the mass remaining within the 

capsule. Therefore the dimensionless concentration (
0

( )C t
C

) or mass (
0

( )M t
M

) can be used 

interchangeably (since the capsule is assumed to remain spherical and of constant size over 
time). M(t) is the mass of pesticide remaining within the capsule, and M0 is the initial 
pesticide mass inside the capsule before diffusion losses begin.  Here, τ is the half-life for 
release and is a function of the diffusion coefficient (Dm), membrane thickness (h), and 
capsule radius (a). τ will increase as the capsule radius, membrane thickness, and/or the 
parameter α increases and as the diffusion coefficient across the membrane decreases (Eq. 
7). The diffusion loss from the capsule decreases as the mass transfer resistance in the 
environmental matrix increases (α ↑, Figure 2). The actual amount of pesticide released from 
the capsule [Mr(t)] is determined by difference since the initial starting mass (M0) is known 
and the mass at any time “t” [M(t)] is given by Eq. 6. 

 Mr(t)= M0 – M0 
0.693 t

e τ
−

= M0 (1 –
0.693 t

e τ
−

). (8) 

Pesticide is often exposed to degradation and/or dissipation processes once outside of the 
capsule. Mechanisms for release and degradation/dissipation can be represented using a 
box model (Figure 3). Here, Q and R are the mass of pesticide inside and outside the 
capsule, respectively, and S represents the breakdown products of the pesticide. The mass of 
pesticide in the environment (i.e., R) is required from an efficacy standpoint. Thus, the 
material balance for R is written as 

 dR
dt

= rQ – rR (9) 

where  
rQ = rate of mass transport of pesticide inside capsule to capsule surface/environment 
rR = rate of degradation of pesticide once outside capsule and in the environment. 
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Fig. 2. Dimensionless mass of pesticide remaining in an idealized capsule as a function of 
time (dimensionless). 
 

 
Fig. 3. Simple box model describing release rate and degradation of pesticide in the 
environment. 

The rate of change of mass within the capsule (mass release rate, tM ) is obtained by 
differentiating Equation 6 with respect to time. 

 tM = 00.693M
τ

0.693 t

e τ
−

= rQ (10) 

which is the rate of change represented by rQ in the mass balance equation (Eq. 9).  If the rate 
of degradation for pesticide once released into the environment is assumed to follow first 
order kinetics, then Eq. 9 can be written as 

 dR
dt

 + kR = 00.693 M
τ

0.693 t

e τ
−

. (11) 

Pesticide inside capsule
(Q)

Pesticide outside capsule 
(R)

Pesticide breakdown products

(S)
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Eq. 11 is a first order ordinary differential equation that can be integrated through an 

appropriate choice of an integration factor.  Here, τo = 0.693
k

 is the degradation half-life of 

the pesticide within the environment. The solution to Eq. 11 is 
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1 { 1}
( 1)
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R e e
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τ τ
τ τ τ τ
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− −
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−
. (12) 

For 
0

τ
τ

< 1, diffusion dominates environmental degradation. Similarly, for 
0

τ
τ

> 1, 

degradation dominates diffusion. The maximum mass in the environment is achieved after 
an initial lag time has elapsed (Figure 4). This lag time can be alleviated by adding a 
conventional formulation (e.g., emulsion where the pesticide mass from a conventional 
formulation is assumed immediately available for biological impact following the 
application). The conventional pesticide formulation has no controlled release characteristics 
(eq., τ = 0). The mass of pesticide in the environment is the sum of pesticide from the 
conventional formulation (with degradation processes occurring) and the amount released 
from the microcapsule formulation at any given time, Equation 13. 
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Fig. 4. Example of pesticide mass in the environment (R/M0) for various ratios of capsule to 
degradation half-lives (τ /τ0) as a function of time (t/τ). 
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where Mconv equals the initial mass of conventional formulation added to the system. 
Properties for the solute/polymer interactions can be related by various constitutive 
relationships such that polymer specific attributes of the membrane can also be specified 
(Muro-Sune et al, 2005a, 2005b). 
Equation 13 illustrates the capability of a hybrid microcapsule system (microcapsules, 
conventional formulation) to control the effective half-life of the pesticide within the 
environment, governed by capsule release characteristics (τ) as opposed to environmental 
degradation properties (τo). This provides a clear example of the ability of altering the 
effective degradation (and thus persistence) of a pesticide via controlled release devices, 
where the effective degradation half-life in the environment can be a function of 
manufacturing parameters such as the capsule radius and membrane thickness. 
Equation 13 can be made non-dimensional by representing the amount of conventional 
formulation (Mconv) as a fraction of the controlled release formulation (M0), with β = 

0

convM
M

.  

Since the total mass applied is 

 Mt0 = Mconv+ M0 = M0(1+β),  (14) 
then Eq. 13 reduces to 
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Examples of predicted environmental concentrations (dimensionless, Eq. 15) for pesticide 
released from a hybrid capsule formulation [for different formulation input parameters 
defining the capsule (τ), environmental degradation (τ0), and the ratio of conventional to 
controlled release formulations (β)] as a function of dimensionless time (t/τ) is provided in 
Figure 5. 

3. Polydisperse capsule size distribution 
The previous analysis quantifies release patterns for a single capsule of constant radius and 
membrane thickness with results characterized in terms of a system release half-life (τ).  
However, during manufacturing processes, capsule sizes and membrane thickness can and 
do vary and thus release characteristics for the “effective” controlled release formulation can 
be different. As a first approximation, a heterogeneous capsule mixture can be 
approximated as a series of independent monodisperse mixture of capsules, where each 
capsule size releases mass as governed by Equation 12.  
The mass fraction (fi) for capsules of radius ai is defined as: 
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Fig. 5. Example of mass of pesticide in the environment for various ratios of capsule to 
degradation half-lives and conventional formulation addition (β > 0). 

where 
gi = frequency (volume weighting) for capsules of size ai (and membrane thickness hi) within 
the distribution 
fi = mass fraction of capsule “i” size = (mass of capsules of size ai)/ (total mass of all sizes). 
The total amount of pesticide mass remaining within the capsule, assuming each capsule 
size (ai, hi) emits pesticide characterized by Equation 12, is the sum remaining for each 
unique, discrete capsule size distributions. The dimensionless scaling term γ has been added 
to account for different application rates for the pesticide. For γ = 1, then the scaled 
application rate is used. For γ = 2, then twice the scaled application rate is used, and so on.  
Here, Mt0 is now defined as the total pesticide mass from all capsule sizes within the system 
at the time of application. 
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4. Application of single capsule diffusion equation 
Characterizing pesticide release rates from microcapsules and relating them to biological 
observations provides an avenue to use mathematical models to design optimal release rate 
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characteristics that yield maximum impact on the target pest (e.g., efficacy). To illustrate this 
principle, biological information and microcapsule release characteristics for a commercial 
herbicide for both a target (weed) and non-target plant (crop) species are determined via 
appropriate experimental observations, Figure 6.  Linear regression lines have been drawn 
through each data set. Clearly, as the capsule release half-life increases, both target and non-
target species injury decreases, and ideally, injury to non-target species should be minimal.  
However, efficacy will suffer as reductions in injury to non-target species are sought. The 
slope found in Figure 6 for the target species (e.g., weed) is greater than the slope for the 
non-target species. Thus, a change in τ has a more significant impact on weed species than 
the non-target species, and a conceptual optimal microcapsule release profile is anticipated 
that can maximize efficacy against the weed while minimizing injury to the non-target 
species. 
A release half-life of approximately 400 hours is appropriate for this experimental data set if 
the goal is to have at least 90% control of the weed species (e.g., Figure 6).  However, 
experiments used to generate Figure 6 were performed in controlled environments within a 
greenhouse where the dominant mode of dissipation for this herbicide (aqueous photolysis) 
did not occur. A laboratory aerobic aquatic degradation study yielded a half-life of 21 days, 
and an average soil dissipation half-life of 3.5 days for this herbicide. Thus, degradation is 
more rapid under field conditions then in the greenhouse where efficacy information was 
collected. 
The modeling algorithm previously outlined can be useful to aid in formulation 
development. For this example, τ = 400 hours, but the anticipated degradation half-life once 
released is τ0 = 504 hours (21 days) under aerobic, aquatic conditions. Assume five different 
capsule size distributions are available, as characterized by different size radius, to construct 
the optimal release profile, Figure 7. All distributions are log-normal, characterized by 
different means and standard deviations for capsule diameters. Capsule distribution mean 
radius values range from 2-200 μm, respectively. The diffusion coefficient across the 
membrane used was 3.6×10-13 cm2 hr-1 and the membrane thickness (hi) was approximated 
as 0.001 times the capsule radius (ai). Thus, larger microcapsules had a thicker polymer 
membrane than smaller microcapsules. 
The goal is to maximize efficacy while minimizing injury to the non-target crop, which 
simplifies to a mixing scenario where the unknowns are the volumes or mass fractions for 
each microcapsule size component (e.g., distributions 1-5, Figure 7). Mass fraction 
combinations of the different formulations were determined by a Levenburg-Marquardt 
procedure to minimize the sum of the squared residuals (ψ) between the greenhouse-
measured optimal release profile (e.g. τ  = 400 hours) and the predicted release patterns (Eq. 
15 with β = 0) at selected time intervals ‘i”. 

 ψ = 
1

n

i=
∑ (Biological Observationi - Predictedi)2 (18) 

n = number of discrete time intervals over the mass release interval. 
The greenhouse-determined optimal pesticide release pattern that maximized efficacy but 
minimized non-target plant injury is provided in Figure 8 (i.e., τ = 400 hrs, τ 0 = 21 days), 
along with two different “optimal” combinations of capsule mass fractions for the test 
problem. Here, the actual environmental degradation half-life is set equal to that 
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Fig. 6. Summary of greenhouse biological and laboratory determined release rate (τ= release 
half life) observations of plant injury for a commercial herbicide. 
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Fig. 7. Five capsule size distribution [radius (μm)] used in text example.  The mean (μ) and 
standard deviation (σ) for all five distributions, given in increasing order are (5, 2), (2,2), (15, 
0.5), 75, 25), (200, 5) for distributions 1-5, respectively. 
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approximated in greenhouse trials [e.g., τ0 = 504 h = 21d]. The optimal concentration 
functions seen in Figure 8 represent predictions when γ and β  are allowed to vary, and the 
application rate for field predictions is equal to that of greenhouse trials.  The Solver routine 
of Microsoft excel (Branch and Bound solution technique) was employed to estimate the 
“optimal” parameter combinations for capsule mass fraction (fi), γ, and β such that the 
objective function (Eq. 18) was minimized. 
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Fig. 8.  Greenhouse determined optimal environmental matrix concentration with predicted 
“optimal” capsule formulation combinations when environmental degradation half-life (τ0) 
is 21 or 3.5 days.  γ and β  parameters from Eq. 17. 

Different mass fractions for capsule distributions of various sizes (e.g. Figure 7) ensue for 
each optimal calculation.  Optimization results are summarized in Table 1 with optimal 
selection of mass fractions for the five different size formulations also provided.  However, 
optimal results suggest the amount of conventional formulation added to the capsule 
formulations should be zero (β =0), and the resulting predicted concentration profile is 
similar to the biological optimal.  Thus, one would expect field behavior for the first two 
entries found in Table 1 to yield similar results to greenhouse observations for this choice of 
inputs (assuming field dissipation occurs at a half-life of 21 days). 
For the commercial herbicide used, the field dissipation half-life is approximately 3.5 days, 
while the green house aerobic aquatic half-life was estimated at 21 days.  Therefore, one 
should a priori expect dramatically different behavior will ensue under field conditions.  To 
appropriately mimic field behavior, the dissipation half-life was set to 3.5 days and the 
procedure for selecting mass-fractions of capsule distributions was repeated.  Results of this 
exercise are also represented in Figure 8 and Table 1. What is evident in Figure 8 is the 
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disparity between results for the optimal release (where degradation had a 21-day half-life) 
versus the simulated field trial where the degradation half-life is 3.5 days.  If the same 
amount of mass is used as in the biological trials (α=1, β =0), then the optimal release 
pattern using combinations of 5 different capsule distributions is poor.  One would thus 
anticipate failure in field trials under these conditions before a field study is even initiated. 
 

τ0 [days] β γ Optimal Mass Fraction (fi) ψ 
21 0 1 (0.898, 0, 0.102, 0 , 0) 0.0093
21 0 1.22 (0.653, 0, 0.347, 0, 0) 0.0042
3.5 0.119 1 (1, 0, 0, 0, 0) 0.41 
3.5 0 1 (1, 0, 0, 0, 0) 0.41 
3.5 0 7.76 (0, 0, 1, 0, 0) 0.030 

Table 1. Optimal mass fractions for capsule distribution combinations of text problem, along 
with ratios of conventional formulation (β) and application rate increases above greenhouse 
observations (γ). 

The degradation pattern under field conditions is so rapid that the maximum concentration 
in the environmental matrix never reaches that observed for the biological observation 
studies.  However, this limitation can be overcome if more mass is added into the system.  
When γ and β are allowed to vary, the optimal combination of capsule distributions more 
closely matches results where biological information is available.  In this example, when the 
optimal results of γ = 7.76 and β = 0 are used, one would expect similar biological effects as 
what was observed in the greenhouse trials.  Thus, the amount of mass applied should be 
~7.76 times that used in the biological greenhouse trials, with no conventional formulation 
added.  If the greenhouse trial had an application rate of 10 g ha-1, then the field trial using 
the combination of capsule distributions for this example should have an application rate of 
~ 10×7.76 = 77.6 g ha-1. 

5. Microcapsule clustering 
The prior analysis assumed interactions between neighboring capsules was negligible.  
However, the release rate of pesticide from microcapsules into the environment slows as the 
concentration driving force for mass transfer decreases (e.g. density of neighboring capsules 
increases).  Therefore, quantifying the geometries of microcapsule clusters and the resulting 
pesticide release rate from such clusters is paramount for realistic estimates of pesticide 
release.   
Clustering of solid particles can occur in two phase systems (liquid, solids) where one phase 
(liquid) is responsible for transport of the second phase (solids). Microcapsules are mixed 
with water and delivered to the target site via conventional spray application equipment, 
where the spray drops now contain microcapsules. Following delivery, sessile drops (drops 
resting on a solid surface) containing microcapsules evaporate. During the evaporation 
process, microcapsules within the drop are transported to the drop contact line by capillary-
induced convective flow patterns, thus forming annular rings of microcapsule clusters upon 
drop evaporation.  The phenomena of the “coffee ring”, where macroscopic patterns of fine 
particles arise as a drop containing the particles evaporates, was first explained by Deegan 
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et al (1997). Numerical solutions to this problem have been documented (Hu and Larson, 
2002; Widjaja and Harris, 2008). Solid particle clustering was further quantified by 
alternative mechanisms dictated by hydrodynamics of the liquid phase (Kondic and 
Murisic, 2008). Capillary-induced convection provides a mechanism to organize suspended 
particles that range from nanometers to micrometers (Maillard et al, 2001; Small et al, 2006) 
and has been used to optimize ink jet printing and to create self-assembling micro and nano-
structures (Dufresne et al, 2003; Tsukruk et al, 2004), and in understanding the crystalline 
patterns that form following drying droplets of DNA which are stretched and subsequently 
deposited for gene expression profiling (Smalyukh et al, 2006).  Additionally, the impact of 
Marangoni (surface tension) gradients at the drop interface has been shown to reverse the 
formation of the “coffee-ring” deposits (Hu and Larson, 2006). 
Flow patterns set up within an evaporating sessile drop, responsible for microcapsule 
movement and clustering, have been proposed.  A unidirectional, one-dimensional radial 
flow from the sessile drop center to the drop edge was suggested as being responsible for 
the clustering of solid particles near the pinned, wetted perimeter. This analysis assumes 
lubrication theory and with evaporation described by a Laplace equation (Deegan et al., 
1997; Deegan et al. 2000; Popov, 2003; Popov, 2005). A two-dimensional analytical 
expression for the hydrodynamic potential inside an evaporating spherical sessile drop with 
a pinned contact line, represented as a Fourier-Legendre series expansion, has also been 
proposed (Tarasevich, 2005).  A necessary input parameterizing this velocity potential is the 
rate of change in the spherical cap with respect to time.  Both drop dimensions and the rate 
of change of the sessile drop height over time are easily measured or calculated using 
experimental values (Cryer and Wilson, 2009). 

6. Experimental 
6.1 Microcapsule construction 
Microcapsules were prepared by standard interfacial/condensation polymerization where 
the membrane wall was formed by the reaction of polymeric diphenylmethane-4, 4’-
diisocyanate (polymeric MDI (polymethylene polyphenylisocyanate); PAPI 27 (Dow 
Chemical); oil soluble monomer) with diethylene triamine (DETA; water soluble monomer) 
to form a polyurea. The oil used was Aromatic 100 without any dissolved pesticide to 
produce “blank” microcapsules. Differing amounts of mixing shear were performed to 
create an emulsion (water, surfactant, solvent (oil) and oil soluble monomer) having 
different size distributions. Subsequent polymerization occurs when the water soluble 
monomer was added. A Malvern Instruments Mastersizer 2000 particle size analyzer 
recorded the capsule size distributions for the formulations used in this analysis. Two 
different size distributions, having mean diameters of 2 or 10-μm, respectively, were created 
to approximate size distributions associated with commercial agricultural formulation 
microcapsules, with both displaying multi-modal behavior (Figure 9). 

6.2 Visualization system for microcapsule clustering 
Water drops (0.5μl – 5 μl) containing microcapsules were placed on glass slides using a 10 μl 
syringe. Drop evaporation and microcapsule clustering following evaporation were 
analyzed using an Olympus Privis AX70 Microscope with 10x, 20x, 40x, 60x, and 100x optics 
and a Sony 3CCD color video camera (Model DXC-970MD). A TA instruments TGA 2050 
(Thermal Gravimetric Analyzer) was used to measure water drop evaporation rates.  
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Multiple replications for room temperature evaporative mass losses for several sizes of 
distilled water droplets (1 μl, 5 μl) were measured. Drop volumes were representative of 
volumes of agricultural spray nozzle output. 
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Fig. 9. Capsule particle size distribution for mixtures labeled as either 2- or 10- μm (mean) 
diameter. 

By visual observation, the contact line for a water droplet containing microcapsules was 
pinned during the entire evaporation process, and there were always a higher percentage of 
smaller diameter capsules observed near the perimeter edge post evaporation, Figure 10.  
Microcapsules were generally segregated by size as one travels from the wetted perimeter 
edge toward the center of the wetted area. Of interest was the fact that indeed a “coffee 
stain” shape of a single layer thickness of microcapsules forms following evaporation of the 
water carrier. Only single layers of capsules (e.g., a monolayer of 2-dimensions) were 
observed for all experimental observations. Neutrally buoyant capsules of different sizes 
travel at the same velocity within the water drop flow field, with smaller capsules 
penetrating closer to the drop perimeter edge before eventually succumbing to the 
interfacial force strength once a portion of the capsule extends beyond the water/air 
interface. Larger capsules succumb to the interfacial force before smaller capsules as both 
approach the pinned contact line due to the curvature and depth of the carrier drop along 
the edge (Cryer and Wilson, 2009). 
Experimental observations of microcapsule placement following drop (water) evaporation 
illustrate microcapsules cluster in monolayers at the former (original) pinned contact line  
of the drop. The radius of the pinned contact line is a function of both the solvent/solid 
contact angle and the drop size/volume. Surface tension impacts the starting shape of the 
sessile drop, and thus can impact capsule movement and possible clustering during 
evaporation. 
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Fig. 10. Example of 10 μm (average diameter) capsule clusters near a portion of the wetted 
perimeter edge following evaporation of a 1 μL sessile drop (looking down onto the solid 
surface). 

7. Theoretical 
The sessile drop is approximated as a spherical cap having a pinned contact line. As the 
drop evaporates, the resulting spherical cap is modeled as a series of constrained quasi-
static equilibrium shapes. Mass loss for pure water droplets (evaporation) was linear over 
time (Cryer and Wilson, 2009). This linear rate of mass loss yields the transient rate of 
volume change (dV/dt) and height (dh/dt) of the evaporating drop which was used to 
determine velocities within the drop. The evaporation rate of water was sufficiently small 
that a quasi-static approximation for the dynamic behavior for changes in drop shape 
during evaporation is valid.  The change in the spherical cap height with respect to time for 
a sessile drop having a pinned contact line is linear under quasi-static assumptions, e.g. 

 0( / )f

d h h
d t t

≅ . (19) 

where h0 is the rate of change of the spherical cap height with respect to time (t), and tf is the 
time when the sessile drop fully evaporates. Only for contact angles ≥ 90o do small 
deviations from linearity arise. Thus, the rate of mass loss is proportional to the height of the 
spherical cap (Rowan et al, 1995), and not the spherical radius for the sessile drop. 

7.1 Microcapsules transport via convective patterns from sessile drop evaporation 
Capillary-driven velocity profiles within an evaporating sessile drop require 
characterization if quantitative predictions for microcapsule clustering and subsequent 
pesticide release rate are sought.  The sessile drop was considered a spherical cap since the 
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gravitational effect on small droplets on the order of 5-μL was negligible (Bond Number 
<<1). The spherical cap geometry is dictated by the contact angle of the drop with the soil 
surface, Figure 11 (a), where the volume is held fixed but the contact angle is allowed to 
vary. As θ decreases, the drop spreads more readily on the solid. If the wetted perimeter 
contact line remains fixed as the water evaporates, equilibrium shapes for the drop can be 
calculated, Figure 11 (b). In the nomenclature for a spherical cap, Figure 11 (c), x is the 
radius of the contact perimeter, h is the height of the spherical cap, θ is the contact angle of 
the water drop with the solid surface, and R is the radius of the sphere used to describe the 
drop.  The value of x remains constant for a pinned contact line, and only the values of θ, h 
and R change as the carrier drops evaporate. Geometric constraints dictate  

 h = R (1-cosθ)  (20) 

 x ≡ R sin θ = R0 sin θ0  (21) 

and that time is scaled by volume changes.  Thus 

 
f

t
t

= 1-
0

V
V

 (22) 

where tf = time when all of the liquid within the drop has evaporated, and the volume of 
spherical cap (V) is 

 V = 1
3

π h2(3R-h) = 
3
π R3(1-cosθ)2(2+cosθ). (23) 

 

The initial parameters for the drop volume, spherical cap radius and height, and the contact 
angle (V0, R0, h0, θ0), denote the drop shape at the onset of evaporation (e.g., stationary drop 
immediately following placement on a solid substrate such as a leaf surface) and were 
assumed known via analytical solutions to the spherical cap approximation or the Laplace-
Young equation for a given volume (V0) and contact angle constraint (θ0). 
V0 = volume of the drop at time = 0. 
R0 = Radius of sphere describing drop (spherical cap) at time = 0. 
h0 = height of spherical cap at time = 0. 
θ0 = contact angle of drop at time = 0. 
Velocity magnitudes responsible for microcapsule movement were approximated by the 
Laplace flow generated within the drop (pinned contact line) as it evaporates using the 
analytical flow potential of Tarasevich (2005), Figure 12. Microcapsule trajectories within 
this flow field were coupled with the vertical buoyancy/gravity components for the 
microcapsule to yield the microcapsule trajectory within the evaporating sessile drop. A 
neutrally buoyant capsule will follow the flow streamlines, while a capsule whose bulk 
density is greater or less than that of the carrier will generate patterns that deviate from 
the flow streamlines. It was assumed microcapsules do not significantly alter the 
underlying base flow that was derived for a single phase fluid. Details for the capsule 
force balance within the imposed velocity field is summarized elsewhere (Cryer and 
Wilson, 2009). 
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Fig. 11. Nomenclature for sessile drop approximation as a spherical cap. 
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Fig. 12. Example of equilibrium shape sessile drops for fixed volume but different contact 
angles and for a pinned contact line (a) for evaporating drop.  Analytical solution for 
velocity profile for drying drop simulated as a quasi-static spherical cap.  Initial contact 
angle of 90o (V/V0 = 1) with a drop volume of 2-μl. 

For simulation purposes, an equilibrium-shaped sessile drop at the onset of evaporation had 
1000 microcapsules uniformly distributed within the drop. Each microcapsule location and 
the transient interface shape was tracked over time steps as the drop evaporated. Estimates 
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of the width of the annular ring of microcapsule clustering were obtained by following the 
travel distance of a unique microcapsule until the water fully evaporated and convective 
forces responsible for transport ceased. Thus, the percentage of starting microcapsules that 
are transported to the wetted perimeter following evaporation is known. The numerical 
system was executed for different drop sizes and initial contact angles. 
Larger volume drops typically have 100% of the initial uniformly distributed microcapsules 
transported to the pinned, wetted perimeter edge. The percentage of microcapsules reaching 
the wetted perimeter edge before the drop fully evaporates decreases as the water drops 
decrease in volume, Figure 13. There is a competition between microcapsule transport and 
drop evaporation.  Larger drops take longer to fully evaporate and thus offer more time for 
capsules to reach the pinned contact line. The quasi-static mathematical description used to 
approximate the velocity fields within an evaporating sessile drop suggests microcapsule 
transport and the formation of the annular ring of microcapsules was a function of initial 
drop size, capsule number density, and the equilibrium contact angle, and perhaps the 
locations of microcapsules within the sessile drop as the drop initially comes to rest. 
The droplet size distributions for conventional agricultural nozzles (shaded area, Fig. 13) 
represent the very fine to coarse droplet size distribution classes obtained from atomization  
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Fig. 13. Percentage of uniformly dispersed microcapsules predicted to migrate to pinned 
contact line following solvent evaporation as a function of initial contact angle.  Shaded area 
represents agricultural nozzle droplet sizes classified from very fine to coarse. 



Efficacious Considerations for the Design of Diffusion Controlled Pesticide Release Formulations   

 

121 

experiments (Doble et al., 1985).  Thus, all spray nozzles of agricultural importance yield drop 
diameters of sufficient size where a portion of the microcapsules within these carrier drops 
will cluster near the perimeter edge (observed experimentally and predicted numerically). 
Capsule clustering and the impact on pesticide release rate should not be ignored. 
Often, a formulation that works under greenhouse and lab conditions fails when taken to 
the field.  Microcapsule transport mechanisms in the evaporating sessile drop may provide a 
mechanism to address failure rates partially attributed to reduced pesticide release (and 
thus efficacy) resulting from capsule clustering. Microcapsules are more likely to be 
deposited in a uniform pattern across the entire wetted drop only as the water drop size 
decreases. Conventional microcapsule attributes and the self-assembly of microcapsule 
clustering in evaporating sessile drops can now be used to predict environmental 
concentrations of pesticides following release. 

8. Coupling capsule clustering with pesticide release rate 
Computational fluid dynamics (CFD) software (Fluent 6.3.26, ANSYS 2006) was used with 
the mass conservation equation (diffusion) to simulate pesticide mass transfer losses for 
seven specific clustered microcapsule geometries (Figure 14). Only the immediately adjacent 
capsules were considered in the analysis, thus providing a bound for higher release rate 
predictions.  The darker shaded capsule in Figure 14 is the capsule of interest.  Each capsule 
was assumed to have similar properties (i.e., radius, mass loading, membrane thickness, 
etc.), and the transient pesticide mass remaining within the capsule of interest was 
calculated over time. As the number of surrounding capsules increased, the overall pesticide 
release rate decreased. 
 

1-capsule 2-capsule 3-capsule0-capsule

4-capsule 5-capsule 6-capsule

 
Fig. 14. Single microcapsule surrounded by 0-6 additional capsules. 

The CFD model predicted release rates of decomposed 0-6 surrounding capsule clusters  
follow an exponential decay pattern with time and are summarized in Table 2. A simple 
exponential function (Eq. 24, r2 = 0.97) was found to adequately represents the correlation 
between the number of capsules within a cluster and the scaled mass loss rate constant for a 
specific capsule (ki/k0). 

 ki/k0 = exp[-0.187 * Si)]. (24) 
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Si equals the integer number of surrounding capsules (integer value between 0-6, inclusive) 
since a single capsule rate constant (k0) was theoretically known and is a function of polymer 
properties and membrane thickness (Eq. 7 when characteristic half-life is converted to a rate 
constant).  Thus, different polymers and membrane thicknesses can be assumed, k0 updated, 
and Eq. 24 used to estimate release losses as the number of surrounding capsules increases. 
 

Number of surrounding capsules a ki [d-1] r2 
0 0.8567 0.1467 0.8385 
1 0.8532 0.1168 0.7951 
2 0.8543 9.30E-02 0.7663 
3 0.865 7.83E-02 0.7772 
4 0.8753 6.90E-02 0.79706 
5 0.8847 6.24E-02 0.82506 
6 0.898 5.58E-02 0.8574 

Table 2. Fit of CFD results to 1st order exponential decay model (M/M0 = ik ta e− , where t is 
in days). 

Specific cluster geometries were developed using an empirical random placement approach 
once experimental or numerical observations for representative capsules within a cluster 
were known. The number of individual microcapsules in a cluster (NT) was defined by a 
probability density function (PDF) based upon experimental observations. The cluster was 
randomly grown, as illustrated in Figure 15, with NT selected by Monte Carlo (MC) 
sampling of the PDF. The starting capsule of a cluster was placed at the origin (0, 0). There 
are four possible locations for the next capsule [(-1, 0), (0, 1), (1, 0), (0, -1)]. Each possibility 
has the same probability of being randomly selected for the next capsule location (although 
the probability for future capsule placement can likewise be weighted). For this example, the 
nodal point (1, 0) was chosen for the next capsule placement [Figure 15 (b)]. Now, there are 
six distinct locations where the next capsule can be randomly placed as illustrated by the 
gray nodes in Figure 15 (b). The procedure was numerically repeated until NT capsules were 
contained in the cluster. Each capsule within the two-dimensional cluster has a characteristic 
number of surrounding capsules. Release for any monolayer capsule cluster was 
approximated based upon the decomposed cluster structures (e.g. Figure 14) and a 
weighted linear superposition for all (0-6) sub-capsule geometries represented. 
A 17-cluster example is provided in Figure 16, illustrating the locations for the 3 unique 
capsules surrounded by 6 neighboring capsules contained within this unique cluster. Each 
capsule within the cluster was evaluated for neighbors, and the capsule net rate constant for 
pesticide release (knet) was assumed to be a linear weighting of release rate constants for the 
smaller decomposed capsule geometries (e.g., Fig. 14). 

 
6

1

1
net i i

T i
k N k

N =
= ∑  (25) 

Here, Ni is the total number of unique decomposed capsule geometries having “i” 
surrounding capsules in the cluster, and ki represents the release rate constant for the 
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decomposed capsule cluster geometry “i” estimated by CFD. An entire 2-dimensional 
cluster can be disseminated into unique numbers of individual 0-, 1-, 2-, 3-, 4-, 5-, and 6-
capsule interaction-component building blocks whose CFD-predicted release profiles are 
known. The overall mass loss from the clusters varies depending upon physical properties 
of the capsule and pesticide (e.g. Equations 1-3), and cluster orientation and geometry since 
different cluster orientations (for a fixed NT) can have different fractions (0-6) of capsule 
interaction. 
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                                         (a)                                                                                (b) 

Fig. 15. Two-dimensional cluster formation based upon random placement of capsules with 
spatial coordinates scaled by the microcapsule diameter. 
 

 

 
 
 

Fig. 16. Seventeen-capsule cluster illustrating how a single capsule can be isolated and the 
number of neighboring capsules deduced (a).  Decomposition example for 17-capsule cluster 
into number of capsules surrounded by six neighbors. 
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Figure 17 illustrates results for a 17-capsule cluster using the proposed decomposition 
approach for the mass fraction of pesticide remaining within the capsule over time. The 
concentration gradient driving force for the central capsule of interest decreases as the 
number of surrounding capsules increases, and thus the mass loss for the central capsule 
decreases. Different cluster geometries have different release characteristics, even though 
the total number of capsules (NT) for each cluster remains constant.  In summary, the release 
rate and subsequent environmental concentration is a function of the capsule properties 
such as the initial loading, size, membrane thickness, diffusivities, environmental 
degradation of the pesticide once released, and the clustering of the micro-capsules as 
governed by convective patterns established during droplet evaporation following delivery 
to the target site. 
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Fig. 17. Representative release loss from three different 17-capsule clusters.  Physical 
properties for capsules are identical [only difference is in cluster structure, k0 = 0.405 d-1 (k0 is 
the release coefficient for a single capsule in an infinite medium)]. 
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9. Discussion 
Characterization of diffusion mass loss from a single microcapsule is straight forward and 
easily adaptable to distributions of different microcapsule sizes assuming capsule to capsule 
interactions are negligible. Conventional parameters that impact pesticide release include  
microcapsule size and polymer membrane properties. The modeling approach outlined in 
this chapter describing capsule clustering (e.g. the “coffee stain” following conventional 
application procedures) provides a mechanism to deduce capsule clustering and the impact 
clusters have on the overall pesticide release rate. Thus, optimal release patterns can be 
constructed to yield the desired biological effect that combines both formulation 
characteristics (e.g. capsule size, membrane thickness, pesticide loading) and application 
parameters (e.g. sessile drop size, contact angle with solid surface) since they are not 
mutually exclusive. 
The coffee stain effect for microcapsules was altered by both capsule density and the drop 
size for the water carrier. Annular rings of microcapsules were observed as the carrier drop 
size decreased and/or the number density of capsules within the drop increased.  
Numerical or analytical approaches using the diffusion equation to predict pesticide release 
rates from single capsules would over predict losses from clustered microcapsules. 

10. Conclusions 
Physically-based diffusion models were developed to determine release loss from dilute 
systems of microcapsules of non-uniform radii.  The diffusion coefficient across the capsule 
membrane can be indirectly approximated by these approaches if laboratory release data is 
gathered.  The formulation release pattern is coupled with environmental fate information 
to calculate the transient concentration profile of the pesticide in the environment that can 
be subsequently compared to experimental profiles found to yield the biological effect of 
interest. 
Formulation design was illustrated using a combination of five different microcapsule size 
distributions for a commercial herbicide where the optimal release profile was deduced 
based upon direct measurement of release characteristics and subsequent biological 
observations. This release profile and dissipation pattern under greenhouse conditions 
provided the basis for calculating an optimal environmental concentration profile under 
field conditions that would yield similar biological behavior. The methodology/model 
outlined in this chapter provides a mechanism for increasing the probability for successful 
extrapolation of greenhouse trials to field predictions through combinations of various 
capsule distribution sizes, conventional formulation additions, variable application rates, 
and accounting for environmental degradation/dissipation patterns. Multiple capsule 
distributions can be combined in an effort to mimic various concentration profiles in 
environmental matrices of interest. Conventional formulations (i.e., instantaneous release) 
and linear combinations of different size capsule distributions can be varied to obtain 
different environmental concentration patterns. 
The effect of capsule clustering on release rate is an important mechanism that should be 
included for realistic predictions of pesticide release rates under field conditions. A first 
attempt at accounting for microcapsule clustering in two dimensions was presented. The 
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quasi-static approach used to model the dynamic behavior of the sessile drop shape during 
evaporation proved adequate to address observed clustering of microcapsules. A semi-
empirical diffusion model was developed for estimating pesticide release loss from 2-
dimensional clusters of microcapsules based upon numerical solutions to the diffusion 
equation. Predicted environmental release patterns are combinations of various capsule size 
distributions and geometries, polymer membrane thickness, pesticide loading, and 
environmental dissipation parameters. This coupling of microcapsule formulation 
attributes, formulation design, and capsule placement, with biological observations, can 
increase the likelihood for formulation success under field conditions. “Properly accounting 
for physical phenomena such as microcapsule clustering and its impact on pesticide release 
rate reduces efficacy uncertainty and the likelihood for undesirable behavior under a variety 
of different conditions.” 

11. References 
Akelah, A.  1996.  Novel utilizations of conventional agrochemicals by controlled release 

formulations.  Materials Science and Engineering C.  4:83-98. 
Allan, G.G. C.S Chopra, A.N. Neogi, R.M. Wilkins.  1971.  Design and Synthesis of 

Controlled Release Pesticide-Polymer Combinations.  Nature, Vol. 234, pp 349-351. 
ANSYS, Inc. 2006.  Fluent Computational fluid dynamics software.  Santa Clara, CA. 
Asrar, J.Y. Ding, R.E. La Monica, L.C. Ness.  2004.  Controlled Release of Tebuconozole from 

a Polymer Matrix Microparticle:  Release Kinetics and Length of Efficacy.  J. Agric. 
Food Chem., 52(15):4814:4820. 

Carslow, H.S.; J.C. Jaeger, 1959.  Conduction of Heat in Solids.  Clarendon Press, Oxford, 
England.   

Collins, R.L; S. Doglia, 1973.  Concentration of Pesticides Slowly Released by Diffusion.  
Weed Science.  Vol 21, 4, pp. 343-349. 

Collins, R.L. 1974.  A Theoretical Foundation for Controlled Release.  Controlled Release 
Pesticide Symposium.  Engineering and Science Division, Community and 
Technical College, The University of Akron, Sept. 16-18, 1974. 

Cowsar, D. R., 1981.  Controlled Release:  Benefits vs. Risks.  Controlled Release of Pesticides 
and Pharmaceuticals.  D.H. Lewis (Ed.).  Plenum Press, New York and London. 

Crank, J.  1993.  The Mathematics of Diffusion, 2nd edition.  Clarendon Press, Oxford. 
Cryer, S.A. and S.L. Wilson.  2009.  Modeling Approach to Assess Clustering Impact on 

Release Rates of Pesticides from Microencapsulated Products.  J. Agricul. Food 
Chem.  57, 5443-5451. 

Dailey, O.D., C.C. Dowler, B.G. Mullinix.  1993.  Polymeric microcapsules of the herbicides 
atrazine and metribuzin:  Preparation and evaluation of controlled-release 
properties.  J. Agric. Food Chem.. 41 (9):1517-1522. 

Dailey, O.D. 2004.  Volatilization of Alachlor from Polymeric Formulations.  J. Agric. Food 
Chem., 52(22):6742-6746. 

Deegan, R.D.; O. Bakajin, T.F. ; Dupont, G. ; Huber, S. R. ; Nagel, T. A. Witten.  1997.  
Capillary Flow as the cause of ring stains from dried liquid drops.  Nature 389, 827. 

Deegan, R.D. ; O. Bakajin, T.F. Dupont ; G. Huber, S.R. Nagel; T.A. Witten.  2000.  Contact 
line deposits in an evaporating drop.  Physical Review E, 62, 1, pp. 756-765. 



Efficacious Considerations for the Design of Diffusion Controlled Pesticide Release Formulations   

 

127 

Doble, S.J. ; G.A Mathews, I. Rutherford, E.S.E Southcombe.  1985.  A system for classifying 
hydraulic nozzles and other atomizers into categories of spray quality.  Proceedings 
of the British Crop Protection Conference, Weeds, 3:1125-1133. 

Dowler, C.C., O.D. Dailey, B.G. Mullinix.  1999.  Polymeric Microcapsules of Alachlor and 
Metolachlor:  Preparation and Evaluation of Controlled-Release Properties.  J. 
Agric. Food Chem., 47(7):2908-2913. 

Dufresne, E. R.; E.I. Corwin,. N.A. Greenblatt.; J. Ashmore, D.Y. Young,.A.D. Dinsmore, J.X. 
Cheng, X.S. Xie, J.W. Hutchinson,.D.A. Weitz.  2003.  Flow and Fracture in Drying 
Nanoparticle Suspensions.  Phys. Rev. Lett. 91, 224501 

Hu H.; R.G. Larson.  2002.  Evaporation of a sessile droplet on a substrate.  J Phys Chem B. 
106:1334-1344. 

Hu. H. ; R.G. Larson..  2006.  Marangoni Effect Reverses Coffee-Ring Depositions.  J. Phys. 
Chem. B, Vol. 110, No. 14, 7090-7094. 

Kondic, L., N. Murisic.  2008.  On Modeling Evaporation of Sessile Drops.  AIChE annual 
meeting, Philadelphia, PA.  Nov. 16-21, 2008. 

Kydonieus, A.F. 1980.  Fundamental Concepts of Controlled Release.  Controlled Release 
Technologies: Methods, Theory, and Applications, Volumes I.  pp. 1-19. Kydonieus, 
A.F. (Ed.) CRC Press, Inc.  Boca Raton, Florida. 

Maillard, M., L. Motte, M.P. Pileni.  2001.  Rings and Hexagons Made of Nanocrystals, Adv. 
Mater  13, 3, pp. 200-204. 

Mogul, M.G., H. Akin, N. Hasirci, D.J. Trantolo, J.D. Gresser, D.L. Wise.  1996.  Controlled 
release of biologically active agents for purposes of agricultural crop management.  
Resources, Conservation and Recycling, 16:289:320 

Muro-Sune, N. R. Gani, G. Bell, I. Shirley.  2005.  Predictive property models for use in 
design of controlled release of pesticides.  Fluid Phase Equilibria, 228-229:127-133. 

Muro-Sune, N. R. Gani, G. Bell, I. Shirley.  2005.  Model-based computer-aided design for 
controlled release of pesticides.  Computers and Chemical Engineering 30, 28-41. 

Popov, Y.O.  2003.  Singularities, Universality, and Scaling in Evaporative Deposition 
Patterns  Ph.D. Dissertation, Dept. of Physics, University of Chicago, Chicago, 
Illinois. 

Popov, Y.O.  2005.  Evaporative deposition patterns:  Spatial dimensions of the deposit.  
Physical Review E, 71, 036313. 

Quaglia, F., F. Barbato, G. De Rosa, E. Granata, A. Miro, M. Imacolata La Rotonda.  2001.  
Reduction of the Environmental Impact of Pesticides: Waxy Microspheres 
Encapsulating the Insecticide Carbaryl.  J. Agric. Food Chem., 49(10):4808-4812. 

Rowan, S.M., M.I. Newton, G. McHale.  1995.  Evaporation of Microdroplets and the 
Wetting of Solid Surfaces.  J. Phys. Chem.  99, 13268-13271. 

Small, W.R., C.D Walton, J. Loos, M. in het Panhuis.  2006.  Carbon Nanotube Network 
Formation from Evaporating Sessile Drops.  J. Phys. Chem. B.  110, 13029-13036. 

Smalyukh, I.I, O.V. Zribi, J.C. Butler, O.D. Lavrentovich,. G.C.L. Wong.  2006.  Structure and 
Dynamics of Liquid Crystalline Pattern Formation in Drying Droplets of DNA.  
Physical Review Letters, 96, 177801. 

Tsukruk, V.V., H. Ko, S. Peleshanko.  2004.  Nanotube Surface Arrays:  Weaving, Bending, 
and Assembling on Patterned Silicon.  Phys. Rev. Lett. 92, 065502 



 Pesticides - Formulations, Effects, Fate 

 

128 

Tarasevich, Y.Y.  2005.  Simple analytical model of capillary flow in an evaporating sessile 
drop.  Phys. Rev. E 71, 027301. 

Widjaja, E., M.T. Harris.  2008.  Particle Deposition Study During Sessile Drop Evaporation.  
AIChE J. 54:9, 2250-2260. 



8 

A New Technique for Safe Pesticide  
Spraying in Greenhouses 

Prof. Guido Belforte, Ing. Gabriella Eula and Prof. Terenziano Raparelli 
Department of Mechanics – Politecnico di Torino 

C.so Duca degli Abruzzi, 24 – 10129 Torino  
Italy 

1. Introduction 
Protection from parasites is an important factor in agricultural operations, and calls for 
continual monitoring and prompt action when needed. In many cases, the equipment, 
pesticides and manpower required for this purpose account for the majority of production 
expenses. 
Though the use of chemicals has had a major influence on the development of agriculture in 
the twentieth century, bringing significant benefits, it has also had many side effects on 
human health, animals and the environment. 
The ease with which these substances can be used, their initial low cost and the lack of 
knowledge on the part of growers has led to an overuse of pesticides, with dangerous 
consequences. Only in the last few years have agricultural techniques brought about 
improvements in the pesticides used (Hewitt, 2000). 
There can be no doubt that advances in this field have provided a more effective range of 
choices, for growers and the environment in particular. 
Parasites must thus be combated by producing a climate that is unfavourable for them, as 
well as by using a forceful, accurate and incisive spray technique. 
To reduce pesticides by using more effective treatments, recent studies have investigated 
different spray techniques capable of reducing the pesticide dose with very low waste and 
outflow (Austerweil & Grinstein, 1997).  
Efficacy of crop spraying depends on two main factors: coverage density and uniformity, 
and droplet size. 
For the first factor, it should be emphasised that droplets should reach leaves without any 
overlapping. 
The second factor is important because many studies have shown that coarse droplets 
reduce spraying treatment efficacy. In fact, smaller droplets penetrate the canopy better and, 
transported by air, can reach each part of the crop without dispersion. This is especially true 
in the greenhouse, where wind is not a problem. 
These considerations have spurred interest in the idea of spraying pesticides in a defined 
volume, i.e., a confined area (Moltò et al, 2001) (Ebert et al, 2003). 
The first step in designing an innovative pesticide sprayer is to study various spraying 
techniques. 
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In particular, investigating correct pesticide distribution entails considering the environment 
where the treatment is carried out, the crop growth rate and the characteristics of the 
chemical product used (Gil & Sinfort, 2005).  
Standard atomizers are the most widely used equipment for crop treatments. They are 
based on three different designs: pneumatic atomizers, mechanical atomizers and mix 
atomizers (Cerreto & Failla, 2003) (Braekman et al, 2009).  
These machines are employed both in the open field and in greenhouses, as they are highly 
reliable and easy to use, though their disadvantage is that the operator is directly exposed to 
chemicals. Consequently, the operator is forced to use eye protection, rubber gloves, and 
filter masks. All of this equipment is essential in order to avoid contact between pesticide 
and human skin or airways (Methner & Fenske, 1996) (Paul & Illing, 1997) (Nuyttens et al, 
2004) (Nuyttens et al, 2009). 
Another limitation of these machines consists in the absolute lack of control over the 
sprayed dose, which can be influenced by the nozzles’ height from the ground and their 
orientation. 
In addition, droplet size depends on operating pressure and nozzle type. Though a large 
number of models offering various levels of performance are available on the market, many 
growers base their choices more on economic considerations than on any knowledge of the 
nozzles’ actual technical characteristics (Derksen & Sanderson, 1996) (Briand et al, 2002) 
(Ade et al, 2003).  

2. Greenhouse spraying requirements 
Spraying techniques used by many growers involve a number of significant problems. 
Environment conditions in the greenhouse increase the incidence of plant diseases affecting 
common crops, because of intensive cultivation in an artificial ambient with heavy use of 
plant food. Consequently, the high value of the crops often grown in greenhouses can justify 
the use of more expensive protection treatments (Kondo et al, 1996) (Christensen et al, 2008). 
Moreover, pesticides are used weekly throughout the entire production cycle (Maertens et 
al, 2005) to prevent aphids, mites and fungi. 
In such cases, pesticides are generally atomized by means of mechanical sprayers. 

2.1 Requirements for the new greenhouse pesticide spraying system  
An effective system for treating crops in greenhouses should satisfy the following 
requirements (Naoki et al, 1995) (Mandow et al, 1996) (Acaccia et al, 1998) (Tian et al, 1999) 
(Nuyttens et al, 2003) (Singh et al, 2005) (Solanelles et al, 2006) (Piccarolo, 2008). 
• Quantity and quality of spraying control: the crop must receive the correct dose of 

pesticide, as excessive doses increase costs and can cause damage to the environment 
and the crop. Conversely, insufficient doses cannot provide protection against 
pathogens, especially on the underside of the leaves. Delivering the correct dose is a 
question of controlling droplet size. 

• Efficient treatment with low pesticide doses: it is important to avoid excessive pesticide 
doses, both for the operator and for the environment. This can be achieved by reducing 
pesticide loss by confining the spray within a defined volume where crops can be treated. 

• Operator safety: the danger involved in using pesticides is underscored by the fact that 
operators are required to pass an exam before handling these chemicals. Operator 
safety could be guaranteed by a higher level of automation in pesticide spraying. 
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• Ease of use and reliability: the sprayer must guarantee that the operator’s work can be 
carried on correctly and without difficulty, avoiding overly complex technical 
procedures. As such systems are currently required, it is necessary to develop a new 
device capable of satisfying all of these characteristics. 

• Flexibility: the crop’s volumes, geometries, leaf density, etc., all influence pesticide 
distribution, as do the grower’s specific needs. Accordingly, the new machine must 
feature a wide range of regulations (nozzle orientation and height from ground, 
coverage area, etc…) so that it can be adapted to various cultivars. 

• Economy:  using an automatic pneumatic system makes it possible to obtain easy, 
durable and economical technical solutions. Though the market now provides a wide 
range of choices, few spraying techniques can satisfy all of these requirements together. 

3. Design of the new system 
Development of a new defined-volume sprayer involved the following stages: 
- theoretical and experimental study of very fine pesticide fog generation to cover all 

parts  of the canopy; 
- study of a textile cover sheet capable of enclosing the spray area; 
- construction of preliminary prototypes; 
- design and testing of the system used to move the textile cover sheet; 
- final testing in both the laboratory and the greenhouse. 
All of these steps will now be analyzed. 

4. Fog generation 
The first step in developing an innovative pesticide spraying technique is an efficient and 
reliable fog generation system (Ade & Fabbri, 2000). To this end, many nozzle models were 
tested. All tests used a mixture of water and air, because the viscosity and the surface 
tension properties of this mix are similar to those of pesticide solutions in water (Singh et al, 
2006) (Singh & Kumar, 2007) (Singh, 2007). 

4.1 Atomizer nozzles 
A pneumatic atomizer nozzle is a small mechanical component capable of generating a fine 
fog of droplets using a compressed gas. It has two inlet ports, one for gas and the other for 
liquid, as shown in Figure 1, and an outlet port where the mixture is produced (Tecsi, 2006). 
There are many models of atomizer nozzle. 
a. Internal mix model 
In this case, compressed air and liquid are mixed inside the component. It is suitable for fine 
fog generation (Figure 2a). 
b. External mix model 
In this model, compressed air and liquid are mixed outside the nozzle chamber (Figure 2b). 
c. Jet impact model 
An air stream mixes with the liquid outside the nozzle chamber. Using two nozzles makes it 
possible to reduce droplet dimensions by the impact of the two jets (Figure 2c). 
Each nozzle is then characterized by its spray jet pattern. This pattern is the jet section at a 
plane orthogonal to the jet axis, in a defined outlet position. There are, generally, conical 
spray jets (full or hollow cone) and flat fan spray jets. The pattern which is best for the 
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Fig. 1. Functional schematics of an atomizer nozzle  
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Fig. 2. a) internal mix; b) external mix; c) jet impact mix  

specific application can be chosen. The nozzle spray pattern changes significantly with the 
distance between the target surface and the nozzle: increasing this distance also increases 
spray pattern diameter. In general, full cone jets have a smaller aperture angle than hollow 
cone jets. Atomizer nozzles are then classified by the operating pressure used for both air 
and water. Nozzle selection is also a question of droplet size, which is not an easy parameter 
to measure. 
The basic thing is, obviously, to use the same method to compare droplets from different 
nozzles (Bouse, 1994) (Paice et al, 1995) (Nuyttens et al, 2007). 
Droplets can be classified in three size groups. Droplets less than 10 μm in diameter 
generate what is called “dry fog”, droplets whose diameter is  between 10 and 100 μm form 
“fine fog”, while diameters between 100 and 300 μm form “semi-fine fog” . 
In this investigation, several full cone nozzles were tested, finally choosing the nozzle 
shown in Figure 3. This internal mix model was assembled together with another nozzle to 
obtain a jet impact mix (Figure 4) generating very fine fog (less than 50 μm). 
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Fig. 3. Selected atomizer nozzle section 
 

 
Fig. 4. Spraying technique with jet impact method 

4.2 Experimental tests on nozzles 
On the basis of a method developed at the Politecnico di Torino Department of Mechanics to 
measure atomized oil droplets in pneumatic circuits (Belforte et al, 1996), a special test-
bench was designed for measuring nozzle droplet diameters. The method entails projecting 
a water-air spray against water-sensitive cards (Salvarani, 2006). They have a coated, yellow 
surface that is stained blue through a chemical reaction when contacted by water droplets or 
moisture. The cards are attached to a fixed wall, while a perforated moveable plate is placed 
between the wall and the nozzle in order to regulate spraying time and the surface exposed 
to the spray. The exposed cards are then examined under a fiberoptic microscope at x200 
magnification. To improve analysis, enlarged specimens were also analyzed using imaging 
software (Cruvinel et al, 1996) (Kashden et al, 2006) (Qing et al, 2006). 
The test bench is shown in Figure 5. It consists of a metal frame supporting the nozzles and 
a receiving screen to which the cards to be exposed to the spray are attached. 
A rodless pneumatic cylinder moves the interrupter plate with a central hole measuring 120-
40-26 mm in diameter which cuts the spray jet and establishes the time period for which the 
cards are exposed to the spray. 
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Tests were carried out with different types of nozzle, projecting droplets both horizontally 
and vertically. In this case, spraying conditions are adversely affected by gravity, because 
the highest droplets reach all of the leaves. 
Cards were analyzed to construct graphs as shown in Figure 6, which refer to two nozzles 
assembled as in Figure 4. This graph shows percentage droplet dimensions in five 
consecutive tests: as can be seen, most of the droplets are less 50 μm in diameter, with a 
supply pressure of 1.6*105 Pa for air and 0.5*105 Pa for water. 
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Fig. 5. Test-bench for experimental nozzle validation 
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Fig. 6. Percentage dimensions of droplets 

A Pitot tube was connected parallel to and in front of the spray jet (x axis) to measure spray 
profile and droplet velocity close to the leaf (Figure 7) (Belforte et al, 2009). 
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Fig. 7. Pitot tube results 

4.3 Numerical simulation of leaf spraying 
To assess the efficacy of spraying crops with these nozzle configurations, a numerical 
simulation was conducted to investigate droplet trajectories close to the leaves, in the 
presence of gravity (Lebeau, 2004). 
In addition, an axially symmetric scale model was constructed which reproduces the nozzle, 
a leaf and the confined volume around it which represents the chamber where spraying 
takes place. In this model the leaf is simulated by a rigid 20 mm radius disk placed facing 
the spray jet at a distance of 280 mm from the nozzle outlet port. 
Simulation was carried out by establishing the mass flowrates and the supply pressures 
measured experimentally at the nozzle input port, viz., 0.00018 kg/s and 1.6*105 Pa for air, 
0.00066 kg/s and 0.5*105 Pa for water, temperature 300 K, steady-state flow. 
In particular, simulation used a bi-phasic air-water mixture as the operating fluid to provide 
a better approximation of the experimental results. Droplet velocities near nozzle and leaf 
are shown in Figure 8. 
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Fig. 8. Droplet velocities near leaf, with a bi-phasic air-water mixture 
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4.4 Experimental tests with various crops 
Experimental spraying tests were carried out to assess droplet rebound and the resulting 
pesticide deposition on the top surface and underside of the leaf. 
The test bench used for this purpose is shown in Figure 9. It consists of a rigid chamber of 
defined volume in which both nozzles and leaves to be sprayed are placed. 
Initially, one leaf suspended from a small bar parallel to the ground was placed in the 
chamber and exposed to spray. The spray contained a yellow UV phosphorescent dye. 
After treatment, the leaf was viewed under a UV lamp, where areas covered by the spray 
appear yellow and those that remain uncovered appear violet. 
Surfaces were photographed using a digital camera to compare different crops in various 
test conditions. 
Test parameters included crop type, type of ground surface, distance between leaf and 
ground, exposure time, and spray jet orientation. Tests were carried on using the following 
three types of leaf: flat, oily leaf (Cyclamen); smooth, irregularly shaped leaf (Pelargomium 
domesticum – geranium); flat, velvety leaf (Saintpaulia jonatha – African violet). 
Crops were chosen on the basis of observations of the leaf surface. 
 

 
Fig. 9. Test bench for experimental tests on various crops 

4.5 Test parameters and results 
As the type of material used to cover the greenhouse benches on which potted plants are 
generally placed can influence droplet rebound towards the leaves, four types of surface in 
common use were considered, viz., stainless steel, linoleum, kraft paper and clay. 
The distance between leaf and rebound surface was then varied, with all other parameters 
remaining constant. 
This was done in order to simulate actual exposure conditions, as plants may stand at 
various distances between nozzles and ground. Tests were carried out at distances of h = 
120-180-240 mm. 
As an excessive dose of pesticide can damage leaves (causing spots and drying), it is 
necessary to stop spraying at the right time, before pooling and dripping take place. 
Spraying times used during test were approximately 5 and 10 s. 
Test were carried out both horizontally and vertically. The test bench is shown in Figure 9. 
Experimental results show that: 
- the optimal distance between plant and ground is influenced by plant type, by exposure 

time and by the ground material; 
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- the underside of the leaf is difficult to reach unless vortexes around the leaf can be 
taken advantage of; 

- droplets rebounding off the ground surface can reach the underside of the leaf more 
readily.  

Figure 10 illustrates the results obtained with horizontal spray on various kinds of plant. 
Whether or not leaves are wrinkled affects spray coverage, while droplet rebound is affected 
by the type of ground surface.  
 

 
Fig. 10. Spraying tests on various plants 

5. Defined volume 
To spray pesticide in a confined area (Panneton et al, 2000) (Planas et al, 2002), a closed 
chamber with a metal top cover, pneumatic side walls, and a bottom surface consisting of 
soil or greenhouse bench covering was initially analyzed. Two atomizer nozzles were placed 
inside this chambers. Pneumatic walls are supplied with compressed air, thus producing a 
laminar fluidic layer. A large number of experimental tests were carried out to evaluate the 
behaviour of these pneumatic walls, especially as regards their interaction with the fine fog 
generated by the nozzles. Supplying pneumatic walls at a pressure of 6*105 Pa proved 
unsuccessful, as vortexes generated on the ground interacted with the fog, spreading it all 
over the chamber. This is illustrated in Figure 11, where the arrows show the pesticide fog 
limited only in the upper part of the defined-volume chamber. 
In addition, it was found necessary to supply pneumatic walls around the chamber at 5*105 
Pa for them to be effective. At this pressure, however, the pesticide fog, though limited to 
the chamber, caused too much ground and crop wetting for coalescent droplets to be 
produced. 
Experimental tests thus indicated that pneumatic walls are not a good solution for this kind 
of fog application. 
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Consequently, a new chamber was designed with an rigid upper plate and retractable side 
walls consisting of an appropriate textile material: in this way, the chamber can be retracted 
when it is moved from one work position to the next, or when it is not in use. 
The main requirement for this textile covering is absolute impermeability to air and to 
pesticide vapours, though it must also be lightweight and capable of resisting corrosive 
chemicals. For these reasons, various textile materials impermeable to liquid and to air were 
investigated, also attempting to find ways of guaranteeing these properties at the seams. 
Accordingly, seams were thermally bonded to prevent pesticide loss through needle holes. 
Results of air and water tightness tests on the chosen textile material were good. 
 

 
Fig. 11. Pneumatic walls supplied at 6*105 Pa and 700 mm from ground 

6. Fixed covering prototypes 
Two preliminary fixed covering prototypes were constructed to assess spraying efficacy 
with the selected nozzles. 

6.1 First fixed-covering prototype  
An initial test bench for assessing nozzle efficacy was assembled using a metal frame for the 
textile walls, two pneumatic nozzles, a pneumatic control circuit, water-sensitive cards, 
flowmeters and manometers (class 1). The first step in experimental testing was to perform a 
three-dimensional evaluation of the fog generated in the chamber. A metal tree structure 
with a central trunk and six lateral branches was constructed to support the water-sensitive 
cards. To check plant coverage by the sprayed pesticide, twelve card positions were 
established, at 300-200-100 mm from the ground, at the center and edges of the tree. Cards 
were also positioned to simulate leaf top surfaces and undersides as shown in Figure 12a. 
Card placement on a tree is illustrated in Figure 12b. Using this metal tree, several 
preliminary tests were carried out with different nozzle orientations, varying supply 
pressure and exposure time. In this way, the best spraying conditions were identified 
whereby a very fine and concentrated fog can be produced. Further experimental tests were 
performed using a yellow UV phosphorescent dye in the spray. In this case, tests were 
conducted using real flowers. Results are indicated in Figures 13 and 14, using two nozzles 
assembled as shown in figure 4. 
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                                                  a)    b) 

Fig. 12. a) Card placement on metal tree b) Card numbering on the metal tree 

Test parameters are illustrated in  Table 1, including air and water supply pressure and 
flowrate, exposure time ts, and time following treatment te (time between spraying and off-
target pesticide recovery). 
 

 
Fig. 13. Actual flower sprayed with phosphorescent dye 
 

 
Fig. 14. Enlarged view of a treated crop 
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Air Water 
pa  = 1,6*10-5 Pa  
 

pw= 0,5*10-5 Pa  

Qa= 844*10-3 dm3/s(ANR) Qw = 1,17*10-3 dm3/s 
ts =5s                      te= 30s 

Table 1. Parameters used during tests 

Flowers were adequately sprayed and preliminary results were good. 

6.2 Second prototype with a fixed covering 
As the first prototype demonstrated that the new spraying treatment is effective, a second 
prototype was constructed to simulate a sprayed area similar to an actual greenhouse bench 
measuring around 1x1 m. This prototype is illustrated in figure 15. 
 

 
Fig. 15. Second fixed-covering prototype 
 

 
Fig. 16. Plant placement in the new spray area 



A New Technique for Safe Pesticide Spraying in Greenhouses   

 

141 

The main goal is to achieve uniform pesticide deposition on the plants, thus maximizing 
treatment efficacy and reducing product wastage. 
The first step in experimental tests was to perform a three-dimensional evaluation of 
deposition in the chamber, using five metal tree structures carrying water-sensitive cards as 
shown in Figure 16. During these tests, four nozzles were moved over the plants by means 
of a rodless pneumatic cylinder. This prevents excessive concentration of pesticide on 
flowers and produced a more uniform distribution. Spray patterns produced by these 
nozzles (two nozzles in the first tests and four movable nozzles in final tests) are shown in 
Figure 17. As the nozzles are full cone nozzles, their spray pattern is an ellipse with 500x600 
mm axis. An area measuring around 1 m2 can be covered by moving four nozzles over the 
plants. Operating parameters for the experimental tests carried out with this second 
prototype were as follows: h (distance between nozzles and ground); pa (air supply 
pressure); pw (water supply pressure); nc (number of cylinder cycles on plants - two 
movements of the rodless cylinder); nt (number of treatment cycles); tsp (spraying time). 
The experimental tests were performed with the test bench shown in Figure 15, using cards 
on the metal tree structure as well as UV phosphorescent dye with real plants. In particular, 
tests were carried out both with two and with four nozzles, moved over plants. The latter 
solution proved to be optimal. 

 
Fig. 17. Nozzle spray patterns: a) two fixed nozzles; b) four fixed nozzles; c) four nozzles 
moved over plants 

Experimental results obtained with four nozzles moved in the chamber are shown in Figure 
18. As can be seen, practically all of the cards are effectively reached by sprayed droplets. 
As shown in figure 19, the dye on real flowers is also well distributed. Here, the test 
parameters are: h=0.8 m; pa = 1.9 bar; p w = 0.7 bar; tsp = 14.8 s; nc = 2; nt = 2. 
In particular, the chamber reached saturation earlier with four atomizer nozzles, and 
parameters nc and tsp can be reduced. However, consumption of air and water increases in 
this case. As the figures show, coverage is higher on trees 3 and 5, while deposition on the 
undersides of the leaves is better when four nozzles are used. 
Finally, a comparison of the results obtained from metal tree structures and real plants 
indicates that the more complex geometry of the latter makes it absolutely essential to use 
four movable nozzles. 
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With real plants, in fact, two atomizers are not sufficient to guarantee uniform deposition, 
because in this case only plant 1 is effectively sprayed. When four nozzles are used, very 
good results are obtained on all of the plants in the chamber. 
 

 
Fig. 18. Spraying results with five metal tree structures 

 
4 SPRAYERS AND DYE 

 
Fig. 19. Spraying results with actual plants and phosphorescent yellow dye. 

6.3 Analysis of results 
These experimental results were evaluated by means of a statistical study. 
The first step was to establish a rating scale, where each score is associated with a different 
color. This method makes it possible to compare card level and dye coverage obtained on 
plants, as well as to construct histograms with a readily interpreted chromatic scale as 
shown in Table 2. 
The first group of histograms (figure 20) was constructed by analyzing quality of deposition 
for each test on various tree structures, distinguishing between upper and lower cards. A 
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score was assigned after calculating the arithmetic mean of results obtained from deposition 
evaluation. 
The second series of histograms was constructed to assess the variation in deposition quality 
for each card on each tree structure. Twenty-four cards were analyzed for each tree. 
The third and final group of histograms evaluated a comparison between the cards placed in 
the same position on a tree structure in different tests.  
 

Pesticide deposition 
quality rating Numerical score Card color Color name 

Excessive 6  Blue 
Excellent 5  Dark green 

Good 4  Light green 
Fair 3  White 
Poor 2  Light yellow 

Insufficient 1  Yellow 

Table 2. Qualitative ratings and scores for pesticide deposition using cards 
From this analysis, the mean mx, the variance s2c, the standard deviation sc and the 
probability density f(x) can be calculated using the following expressions: 
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where xi is the sample and n is the sample number. 
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Fig. 20. Example of histograms from the first group 
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These statistic analyses yield the results shown in Table 3, which makes it possible to 
analyze the Gaussian distribution for these experimental results. 
In this table, the mean value and other results refer to the score explained in Table 2. The 
optimum test condition is also indicated. 
 

Tests 
Mean value for 
upper cards in 
each metal tree 

Mean value for 
lower cards in 
each metal tree 

1 2.2 3 

2 1.4 1 

3 1.4 1 

4 2.6 1.8 

5 4.4 2.2 

6 5.2 3 

7 4.2 3 

8 4 1.6 

9 4.2 3 

10 3.4 1.4 

11 4.8 3.2 

12 4.6 3.6 

13 5 4 

14 5 3.4 

15 5 4 

16 5.4 4.2 

17 6 4.4 

18 3.6 1 

19 4.2 1 

20 5 1 

21 1.4 1 

22 4.2 1 

23 4.8 1 

Tests 
Standard 

deviation value 
for upper cards in 

each metal tree 

Standard 
deviation value 

for upper cards in 
each metal tree 

1 0,45 0 

2 0,89 0 

3 0,89 0 

4 1,34 0,45 

5 0,89 0,45 

6 0,45 0 

7 0,45 0 

8 0,71 0,89 

9 0,45 0 

10 1,52 0,89 

11 0,84 1,1 

12 0,89 0,89 

13 0 0 

14 0 0,55 

15 0,71 0 

16 0,55 0,45 

17 0 0,55 

18 0,89 0 

19 1,1 0 

20 0 0 

21 0,55 0 

22 1,3 0 

23 0,45 0  
                                      a)                                                                   b) 

Table 3. a) Mean value for upper/lower cards on a metal tree structure; b) Standard 
deviation for upper/lower cards on a metal tree structure (first group) 

7. Prototype with retractable covering (DeVoPeS) 
As the new technique for spraying in a confined area was found to be effective, it was 
decided to design a retractable covering for the spray chamber. 
Accordingly, a new prototype called the DeVoPeS (Defined Volume Pesticide Sprayer) was 
designed, constructed and tested (Belforte et al, 2008) (Belforte et al, doi 2010). 
The prototype consists of: 
a. a retractable covering enclosing the defined-volume spray chamber and robot docking system; 
b. a pesticide spraying system; 
c. an off-target pesticide recovery system; 
d. a lower sealing system to ensure that the chamber is air tight during spraying. 
These parts will now be described in detail. 
a.  Retractable covering (pantograph and side curtains) 
The DeVoPeS retractable covering system as shown in Figures 21 and 22 consists of: 
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- a structure delimiting the pesticide spray chamber; 
- a series of devices for connecting DeVoPeS to the robot moving over the plants. 
  

    
Fig. 21. Pantograph and plates with actuating cylinder 
 

 
Fig. 22. DeVoPeS structure with robot docking system 

The structure delimiting the DeVoPeS spray chamber consists of a textile cover sheet, four 
corrugating tubes which move the side curtains pneumatically, a pantograph mechanism 
which moves the cover sheet by means of two plates, a stationary plate connected to the 
robot docking system, a movable plate, a pneumatic actuator which moves the two plates 
and associated pantograph mechanism automatically, and metal guards that prevent the 
moving cover from catching on the nozzles (Figure 22). 
 

 
Fig. 23. Corrugating tubes for raising and lowering the side curtains 
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Fig. 24. Example of textile cover sheet retraction/extension in the laboratory 

Side curtains are moved by means of a pneumatic ejector that generates vacuum in the 
corrugating tubes, thus causing it to retract. When the ejector is switched off, the cloth drops 
under the effect of gravity (Figures 23 and 24). Textile characteristics are as described earlier. 
b. Pesticide spraying system 
Various tests were carried out with different nozzles as described above to evaluate product 
deposition. The optimal final configuration features a pair of nozzles tilted towards each 
other at a 130° angle mounted on a rodless cylinder for horizontal movement over the 
plants. 
c. Off-target pesticide recovery system 
This system operates after each treatment, when the spray chamber still contains air with 
pesticide droplets in suspension which have not been deposited on the plants. The system 
uses a tube for conveying air away from the closed chamber, an ejector that aspirates air 
from the chamber and projects it towards a target, and a filter on the ejector suction port. 
It was necessary to study various kinds of filters and ejectors for separating pesticide from 
the air. Specifically, three types of filter were tested: centrifugal condensate separators, 
blade-type mist eliminators, and coalescing filters. 
In view of its low bulk and suitability for the application in question, it was decided to use a 
coalescing filter for the DeVoPeS. 
To evaluate performance of the different filters, the ejector output spray was projected onto 
a metal target carrying water-sensitive cards. A distance of around 420 mm between ejector 
and target was selected after several preliminary tests. In addition, tests were carried out on 
different ejectors with equivalent aspiration properties (Qasp=700*10-6 m3/s with 4*105 Pa 
supply pressure). 
The basic testing procedure was as follows. A spray treatment was first performed by 
opening the main solenoid valves. This creates a mist in the chamber mockup consisting of a 
mixture of air and finely dispersed water droplets. After treatment, these valves are closed 
and the mist is allowed to settle, as the pesticide must have time to act on the plants. In the 
final stage, the ejector inlet air circuit is opened by means of another valve to aspirate the 
excess mist. This mist passes through the filter to separate air and liquid (pesticide). 
The air issuing from the filter, which should no longer contain liquid, passes to the ejector 
and is expelled onto the target, where the color assumed by the water-sensitive cards 
indicates whether air alone, or air mixed with liquid, has been aspirated. 
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Each test was performed twice, first with the filter as described above, and then again after 
removing the filter. In this way, it is possible to evaluate the amount of liquid aspirated: 
with the filter, the liquid drops to the bottom of the filter housing, while if there is no filter 
the liquid is collected on the target. 
The parameters that vary from one test to another are the three time periods mentioned 
earlier: to improve the system’s effectiveness, all of these times should be as low as possible. 
Spraying time t1 depends on the properties of the pesticide used and the type of plant it is 
intended to protect, but cannot drop below a certain minimum threshold. The same holds 
for mist settling time t2, which also varies according to the type of plant and pesticide. Off-
target pesticide recovery time t3 is the magnitude that provides the greatest scope for 
variation: as no data from previous tests are available, different times must be tested until 
the minimum value that optimizes system performance is found. A further parameter that 
can be varied during testing is air pressure at ejector inlet. By varying this parameter, it is 
possible to control the vacuum created by the ejector and thus its aspiration capacity. Mist 
was absorbed both with and without the filter. At this point, the water-sensitive cards 
placed on the target were examined to evaluate the extent of recovery. Depending on the 
type of pesticide treatment concerned, it may not be necessary to allow for a mist settling 
time t2. Consequently, tests were also performed with zero settling time. Where no filter is 
used, it is clear that particles of pesticide are aspirated but not retained, as the color of the 
water-sensitive cards shows.  
The final system used on DeVoPeS to recover off-target pesticide consists of an ejector, a 
coalescing filter and tubes that, aspirating air from the confined area enclosed by the cover 
sheet and side curtains, carry the pesticide to the filter, where it is collected and recovered 
for later reuse. For the DeVoPeS, aspiration time t3 has for the moment been reduced to 10 s, 
in accordance with the type of spray treatment performed (t1=8 s). 
d. Lower sealing system 
Pneumatic sealing is provided along the DeVoPeS system’s lower horizontal edges by 
means of inflatable chambers that can guarantee that the spray area is completely air tight. 
These air chambers inflate inside a metal frame as shown in Figure 25. Their efficacy was 
demonstrated in experimental tests. 
 

 
Fig. 25. Lower pneumatic sealing in DeVoPeS 
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8. DeVoPeS work cycle 
The DeVoPeS work cycle is as follows. 
- The DeVoPeS is positioned over the area to be sprayed. 
- The pantograph cylinder is actuated to spread the cover sheet. 
- The corrugated tubing is extended to lower the side curtains. 
- Pneumatic chambers are inflated at top and bottom. Top chambers stiffen the structure, 

while bottom chambers both stiffen the structure and create a seal. 
- Air and pesticide are supplied to the atomizers. 
- The rodless cylinder moves the atomizers to distribute pesticide uniformly on the plants. 
- The atomizers are automatically shut off after a certain number of passes over the plants. 
- The rodless cylinder stops. 
- The aspiration system is activated to remove off-target pesticide, deflating the bottom 

sealing chambers. 
- The corrugated tubing is retracted to raise the side curtains. 
- The pantograph mechanism closes so that the system can be stowed or moved for a 

further spray cycle in another location. 
The pneumatic control circuit used for DeVoPeS is shown in Figure 26. It consists of two 
pneumatic cylinders, one for the pantograph and the other for moving the nozzles over the 
plants; two ejectors, one for the corrugating tubes and the other for the pesticide recovery 
system; a number of solenoid valves for supplying actuators, ejectors, lower sealing 
chambers and nozzles for both air and water. 

 
Fig. 26. DeVoPeS pneumatic control circuit 
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9. Laboratory testing 
A large number of laboratory tests were conducted on the entire system to assess cycle 
times, air and water consumption, and retractable cover sheet movement. 
The whole work cycle is accomplished in about 1.5 minutes. 
Figure 27 shows overall DeVoPeS consumption during a work cycle. It should be 
emphasized that the largest consumption is due to the ejectors which, however, never work 
together. These ejectors generate a vacuum level of about -0.6*105 Pa when supplied at 4*105 
Pa as supply pressure, with a flowrate of 0.0015 m3/s (ANR). 
The cycle is automated by means of a PLC (Programmable Logic Controller) that receives a 
signal from end stroke actuators and sends commands to valves using timers. This PLC has 
23 inputs and 15 outputs. 
 

 
Fig. 27. DeVoPeS consumption in a work cycle 

10. Greehouse testing 
For greenhouse testing, DeVoPeS was connected to a robot capable of moving it onto plants. 
The DeVoPeS work area on a greenhouse bench is shown in Figure 28, together with the robot 
and the bench dimensions. It should be noted that the DeVoPeS was constructed as a half-scale 
prototype for demonstration purposes. Figure 29 shows the DeVoPeS connected to the robot. 
The robot is controlled by special position control software with NI PXI electronic cards and 
has a maximum acceleration of about 4 m/s2 (Belforte et al, 2006) (Belforte et al, 2007) (Belforte 
et al, 2008). The DeVoPeS flow chart can be divided in two cycles: 
- the first is used to move DeVoPeS by robot to the treatment area on the bench (the cover 

sheet is retracted in this phase); 
- the second is used to carry out the treatment on plants with the work cycle described 

earlier. 
Figure 30 shows DeVoPeS working in a greenhouse. Experimental tests yielded good 
results, demonstrating the usefulness of this new pesticide spraying technique. 
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Fig. 28. DeVoPeS work area 
 

 
Fig. 29.  DeVoPeS  on robot 
 

  
Fig. 30. DeVoPeS working in greenhouse 
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11. Conclusion 
A new spraying technique for safely distributing pesticides was investigated. 
The spraying technique was studied using both numerical and experimental methods. 
Overall results are good and provide an understanding of the interaction between leaf and 
droplets. 
In particular, experimental tests on atomizer nozzles indicated that nozzles must be moved 
over the crop in order to achieve uniform pesticide distribution. 
A new prototype called the DeVoPeS which can spray pesticide inside an enclosed, airtight 
chamber was designed, constructed and tested. 
This machine offers a number of advantages: treatment is fully confined so that it does not 
affect the outside environment; the operator can remain in the greenhouse during spraying; 
pesticide losses are sharply reduced, increasing safety for both growers and the 
environment; the off-target pesticide recovery system provides economic benefits. DeVoPeS 
is currently a half-scale prototype, though its dimensions could readily be increased in the 
future to cover an entire greenhouse bench. 
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1. Introduction     
The current lack of scientific data for effective delivery of pest-control agents for soil pests 
leaves the nursery or greenhouse industries vulnerable to possible crop loss or damage, 
rendering the crop unmarketable either due to appearance or quarantine. Spray is the most 
used method to apply agrichemicals and bio-products because spray application is timely 
and convenient to control pests, but there are several impediments with spraying pesticides. 
For example, pesticides may not be efficiently applied to intended targets because of large 
gaps between trees where pesticides are not needed; spray drift may affect residential areas 
nearby nurseries; plants physically disturbed or damaged by spraying may have lower 
market values; and extensive skills are required for applicators to properly operate sprayers. 
Also, applying pesticides uniformly and sufficiently to target pests under the soil or 
container substrates is a challenging constraint of current spray technologies.   
Drip irrigation, noted for its highly efficient water distribution capability to increase crop 
yields (Grabow et al., 2006; Plaut et al., 1996; Bryla et al., 2003; Lamm and Trooien, 2003; Zhu 
et al., 2004), offers an alternative strategy to carry the label-allowed pest control agents to 
the target areas in the soil for effective insect or disease control (Felsot et al., 1998). Uniform 
chemical distribution pattern in the soil plays an important role to achieve high pest control 
efficiency and a sustainable safe environment. Chemigation includes applications of 
insecticides, fungicides, herbicides, fertilizers, microbial biopesticides and nematicides by 
means of irrigation systems. In production nurseries with drip irrigation systems in place, 
injection of pesticides into irrigation lines (or chemigation) offers an alternative strategy for 
efficient and economical application of pesticides to targeted zones in soil or container 
substrates  The drift problem caused by spraying pesticides and costs associated with 
sprayers can be eliminated by using chemigation. This method has been shown to increase 
crop yields and reduce chemical leaching (Leib et al., 2000).   
Injection of pesticides into drip irrigation lines takes advantage of the fact that active 
ingredients can be carried by water into root zones (Lamm et al., 2007). The ingredient 
distribution pattern in the soil plays an important role in pest control efficacy. Drip 
irrigation was demonstrated as an effective technique to apply water-soluble fumigants to 
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the target soil (Ajwa et al., 2002). Leib and Jarrett (2003) reported limited leaching of 
Imidacloprid with 70% of the pesticide still located in the root zone at the end of the 40-day 
evaluation period when efficacy ended. 
Because leaching potential is a major concern for using drip chemigation to apply 
agrichemicals (Jaynes et al., 1992), only few chemicals such as Imidacloprid are registered 
for drip applications. Delivery of alternative fumigants through drip irrigation system to 
treat soil to kill nematodes, fungi, and weeds greatly reduced use of fumigants and emission 
of fumigants from soil (Schneider et al., 2006; Ajwa et al., 2002). Considerable research has 
been conducted to investigate the efficacy and potential damage to the environments by 
applying Imidacloprid through irrigation systems (Fleischer et al., 1998; Van Iersel et al., 
2000; Felsot et al., 2000; Byrne and Toscano, 2006) after it was released into the market. A 
multi-year field study reported that the level of Imidacloprid aphicide leaching after 
chemigation through a subsurface drip system could be significantly reduced if irrigation 
schedule matched the crop needs (Foslot et al., 2003). This is own to the mobility of 
Imidacloprid in the soil was very low (Leib et al., 2000).   
Due to concerns about health and environmental hazards with traditional pesticides, the use 
of biopesticides to control pests and diseases has been dramatically increased for past 
decades (Fuxa and Richter, 1999; Gopal et al., 2001; Hajek et al., 2007; Dorner and Lamb, 
2006; Grewal et al., 2001).  Lumsden and Locke (1989) reported a very promising control of 
diseases caused by fungal root rot organisms in the greenhouse production of bedding 
plants by adding a microbial pesticide Gliocladium virens into the soilless substrate before 
planting seeds.  
Since the fact that bio pest control agents are friendly to the environment with no leaching 
concerns, drip irrigation has become a convenient method to deliver them in the root zone. 
Entomopathogenic nematodes delivered through drip irrigation had very promising control 
of different soil pests (Wennemann et al, 2003; Ellsbury et al., 1996; Becker et al., 1989; Reed 
et al., 1986; Kramer and Grunder, 1998). Wennemann et al. (2003) applied entomopathogenic 
nematodes through drip irrigation with 2.0 L/h emitters in a vineyard and found the 
recovery rate of nematodes from drip emitters in 51 m long drip lines ranged from 42 to 
92%. Reding et al. (2008) reported that Imidacloprid, clothianidin and entomopathogenic 
nematodes applied through drip irrigation effectively controlled white grubs in the root 
zones of various ornamental nursery trees. They also reported that nematodes applied 
through drip irrigation, injected into the soil, and surface drenched at a curative timing all 
significantly reduced numbers of grubs compared to untreated trees. These data illustrate 
drip irrigation is a viable delivery system for control of white grubs in nursery crop 
production. 
Improving water distribution uniformity of drip irrigation systems has been studied 
extensively (Wu et al., 1979; Lamm et al., 1997; Camp et al., 2003; Clark et al., 2005; Grabow 
et al., 2006). However, the specific evaluation of a designated pest control agent’s uniformity 
throughout drip lines is lacking, especially for the microbial bio-pesticides before they are 
used for field trials. Uniform distribution of the pest control agents throughout drip lines 
and in targeted areas is essential to assure drip chemigation can achieve both efficient 
pest/disease control and environmental safety. Physical properties of pest control agents, 
especially bio-pesticides, are quite variable. There are questions whether drip chemigation 
can uniformly distribute them throughout drip lines and within targeted areas. Efficacy of 
chemical and biopesticides is dependent on the amounts of water applied to facilitate 
movement of the chemical into the root zone. Deliverability and uniformity of many these 
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materials have not been evaluated comprehensively under controlled conditions before they 
are released for field uses. Biopesticides are usually granular compounds or living 
organisms and are normally suspended in water. Their movement and mixture uniformity 
inside drip lines are influenced by fluid motion in either turbulent or laminar flow status, 
which varies with flow rate. Also, water use efficiency and irrigation practice are greatly 
affected by emitter flow capacities. Little information is available on distribution patterns of 
different water soluble or insoluble materials discharged from different flow-capacity (or 
flow-rate) emitters throughout drip lines. A quantitative relationship among emitter size, 
flow rate and chemical type may be helpful to develop strategies to apply suspendible 
granular biopesticides through drip irrigation systems.  
Studies on water soluble agro-chemicals and nematodes injected into drip lines under field 
conditions have been reported, but there is no comprehensive study comparing distribution 
profiles of agro-chemicals and bio-compounds in the soil after they are injected into a 
system with different emitter flow capacities under controlled irrigation conditions. Little 
information is available on distribution patterns of different water soluble or insoluble 
materials in the soil under different emitter sizes and flow capacities. Another important 
consideration is that the chemical and microbial control agents may be less effective when 
surface applied due to active agent becoming bound in organic or other material at the 
surface. Consequently, excessive levels of surface application are required to achieve 
efficacy, at greater expense.  Scientific information on distribution patterns of active agents 
in the soil with different emitter sizes and flow rate is essential to help develop strategies to 
apply suspendible granular biopesticides uniformly by using drip irrigation systems. 
The objectives of this research were: (1) to investigate the capability of drip irrigation 
systems for delivering water soluble chemicals, suspendible microbial bio-insecticides and 
bio-fungicides, and entomopathogenic nematodes; (2) to investigate distribution patterns of 
these chemical and microbial pesticides in the soil. To achieve these objectives, the 
distribution uniformity and recovery rate of these materials throughout drip lines and in the 
soil were evaluated under controlled conditions as they were discharged from emitters of 
three flow capacities, and thus to verify whether increasing emitter flow capacity would 
significantly change distribution patterns of these materials along the drip lines and in the 
soil. 

2. Materials and methods 
2.1 Drip irrigation system design 
A drip irrigation system was developed to test the application uniformity of agrochemicals 
and microbial bio-pesticides throughout drip lines (Wang et al., 2009). Variables including 
emitter flow, amount of injected materials and injection time could be individually controlled 
with the system. The system included three, 79 m long drip lines, a portable chemical injection 
unit, a shutoff valve for pressure control, a pressure sensor (Model 242PC60G, Micro Switch, 
Freeport, IL), a flow meter (Model DFS-2, DGH Corporation, Manchester, NH), and a 
backflow prevention check valve (Model T-413, Nibco Inc., Elkhart, IN). The portable chemical 
injection unit was installed at the beginning (upstream end) of each drip line.  
 The injection unit (fig. 1) included an injection valve assembled with a 1.27 cm (nominal ½ 
inch) thread PVC tee, a nominal 1.27 cm (nominal ½ inch) NPT electric wire connector 
(Kleinhuis North America, Inc., Worthington, OH), a bladder valve removed from a 40 cm 
diameter plastic toy ball (Item# 3314903313, Ball, Bounce, and Sport Inc. Ashland, OH), and 
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a modified 50 ml Pro-PistolTM pistol grip syringe (Model 1005, Neogen Corporation, 
Lexington, KY). The bladder valve performed as a one-way check valve for chemicals 
injected into the drip line with the syringe. After the syringe was removed, the valve 
prevented leakage of the pressurized liquid at the injection point. The backflow prevention 
valve was installed in the drip line upstream of the injection valve, to prevent chemicals 
flowing upstream to the main water line.  The pressure and flow rate near the injection point 
were measured with the pressure sensor and flow meter which were connected to a micro 
data logger (Model CR23X, Campbell Scientific, Logan, UT). The data logger was 
programmed to acquire these data at 1-second intervals during the experiment.  
 

 
Fig. 1. Chemical injection unit assembly used to inject pesticide into drip lines. 

The drip lines were three polyethylene tubes with external pressure-compensating emitters 
(Model WPC, Netafim USA, Fresno, CA) of three different flow capacities. The nominal flow 
capacity of emitters on the three drip lines was 1.9 L/h (line 1), 3.8 L/h (line 2), and 7.6 L/h 
(line 3), which covers the flow capacity ranges normally used for drip irrigation systems in 
ornamental nursery applications. The flow path of pressurized liquids within each emitter 
was controlled with a flexible diaphragm in the center donut-shaped chamber that reduces 
the flow path dimension with increasing pressure and with a series of baffles projecting 
from inside and outside the walls of the chamber. The diaphragm functioned as a variable-
flow storage compartment as well as for a pressure compensation function. The inside and 
outside baffles alternating within the emitter formed a resistive flow path to discharge the 
pressurized liquid. The length, depth and width of the flow path in the chamber of the 
emitters for line 1 were 61, 1.07 and 1.17; for line 2 they were 1, 60, 1.30 and 1.40 mm; and for 
line 3 they were 17, 1.60 and 1.60 mm, respectively. 
Each drip line contained a polyethylene tubing with 13.2 mm nominal inside diameter and 
1.27 mm nominal wall thickness. The total number of emitters on each 79 m drip line was 87, 
spaced at 0.9 m intervals. In nurseries, it is common to grow crops in a row with less than 79 
m length. The barb of emitters was inserted 4.2 mm inside the drip line tubing. Distance 
from the injection point to the first emitter was 0.45 m.  For each replication of the treatment, 
only one line was used while the other two lines were disconnected. 
To determine the flow rate and pressure to be used, water flow rate uniformity from 
emitters throughout each drip line was examined at four pressures of 69, 103, 138 and 276 
kPa, respectively. The amount of water from 7 emitters at 4.1, 17.6, 31.1, 44.6, 58.1, 71.6 and 
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Fig. 2. Measured flow rate vs. pressure of the three different emitter capacities used in this 
study. 

77.9 m (or 13.5 m apart) from the injection point was measured for 10 minutes and repeated 
three times. Figure 2 shows the relationship between the average water flow rate of the 7 
emitters and the operating pressure for the three lines of different nominal flow capacities 
tested. The emitter flow rates on line 1 (nominal flow capacity of 1.9 L/h) and line 2 
(nominal flow capacity of 3.8 L/h) were almost constant over pressure ranging from 69 kPa 
to 276 kPa, but on line 3 (nominal flow capacity of 7.6 L/h) the emitter flow rate increased as 
the pressure increased from 69 kPa to 276 kPa. The measured flow rate at 138 kPa on line 1 
and line 2 was 2.0 and 4.2 L/h respectively which were very close to the nominal values, but 
on line 3 it was 6.9 L/h which was 15% (or 1.14 L/h) lower than the nominal value. Because 
of these preliminary test results, the operating pressure of 138 kPa was chosen for all 
treatments in this research. Also, the pressure 138 kPa was within the pressure range 
between 50 and 310 kPa recommended by the drip line manufacturer. 

2.2 Materials tested 
Tests were conducted with five different materials with different types and formulations 
(table 1): Brilliant Sulfaflavine (BSF, MP Biomedicals, Inc., Aurora, OH), Imidacloprid 
(Marathon II, OHP, Inc., Mainland, PA), an entomopathogenic fungus (EPF) (Novozymes 
Biologicals, Inc., Salem, VA), a microbial soil fungicide (SF) (SoilGuard 12G, Certis USA, 
LLC., Columbia, MD), and entomopathogenic nematodes (EPN, cultured by The Ohio State 
University, Entomology Department, Wooster, OH).   
BSF is a water soluble, non sun-light degradable fluorescent tracer normally used to track 
pesticide deposition (Zhu et al., 2005). Also, the BSF solution has a nearly constant intensity 
over the pH range of 6.9–10.4. It was selected for this test because results of BSF could provide 
a reference to compare performances of other materials discharged through drip emitters.  
Imidacloprid is the active ingredient of Marathon II which is a flowable formulation 
(suspension concentrate dispersible in water) with a viscosity of 84 mPa·s. It is a systemic 
chloronicotinyl insecticide normally applied to the soil for control of root feeding beetles 
such as scarab larvae (white grubs) or foliar feeding insects such as scale and leafhoppers in 
ornamental trees. The concentration of Imidacloprid in Marathon II is 0.24 kg/L. 
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CV (%)*  DU* 
Treatment 2.0 L/h 

emitter 
4.2 L/h 
emitter 

6.9 L/h 
emitter  2.0 L/h 

emitter 
4.2 L/h 
emitter 

6.9 L/h 
emitter 

BSF 2.3 1.7 1.8  0.95 0.97 0.96 
Imidacloprid 43 36 54  0.76 0.80 0.76 

EPF 90 104 119  0.56 0.26 0.33 
SF 98 72 51  0.44 0.62 0.68 

Nematodes 8.8 8.0 4.9  0.80 0.83 0.91 

* Each value of CV or DU is the mean from 7 emitters in each drip line with three replications. CV and 
DU were calculated with equations (1) and (2), respectively. 

Table 4. Mean coefficient of variation (CV) and distribution uniformity (DU) of BSF, 
Imidacloprid, EPF, SF and  nematodes discharged from emitters with three different flow 
capacities (2.0, 4.2 and 6.9 L/h) at 138 kPa pressure. 
EPF is a suspendible conidial powder microbial insecticide. Its active ingredient is Met52G 
and Tick EX EC with 2.0% by weight Metarhizium anisopliae Sorokin strain F52. The conidial 
powder contains approximately 5x1010 conidia per gram. The product has very uniform size. 
The sizes of conidia are typically 3-4 um wide and 7-9 um long while the average length of 
the powder granule is about 0.039 mm. The material is insoluble in water and remains on 
the top of water after standing for 10 minutes. Therefore, for this study, a suspension of 
conidia was made in 0.05% non-ionic surfactant Tween 80 (Sigma-Aldrich, St Louis, MO) to 
improve dispersion. The EPF was a fungus normally used to control insects, primarily beetle 
larvae and ticks on non-food use greenhouse and nursery crops. 
SF is a suspendible, granular formulation of a naturally occurring soil fungus (Gliocladium 
virens strain GL-21), containing 12% by weight fungal fermentor biomass with 2x107 viable 
propagules per gram. The compound was formulated to be applied through irrigation lines 
or drenched into growing media to control diseases caused by fungal root rot pathogens 
such as Pythium and Rhizoctonia. The suspendible granules had irregular shapes with a 
considerably wide range of equivalent diameter: 10% volume less than 0.136 mm, 50% 
volume less than 0.32 mm, and 90% volume less than 1.06 mm. The maximal granule 
equivalent diameter was 1.47 mm, and the average diameter was about 0.345 mm. The 
granules suspend in the water when injected into the drip line. 
Lastly, nematodes used in this study were Heterorhabditis bacteriophora Poinar strain GPS11 
with a concentration of 2.0x106 nematodes per 100 ml of solution, estimated by counting 
with a microscope (Woodring and Kaya, 1988). They are typically 500 to 1000 µm long and 
18 to 50 µm wide, and are normally used to carry and introduce symbiotic bacteria 
(Xenorhabdus spp.) into the body cavities of insects that eventually kill them within 48 hours. 
The species and strain of nematodes has shown efficacy for controlling scarab larvae in 
ornamental nurseries (Reding et al. 2008).  The nematodes can be suspended in water but 
normally settled out within a few minutes if not agitated.  

2.3 Experiments through drip lines 
Drip lines were attached horizontally to three 2.5-mm diameter high-tensile electric fence 
wires suspended over 30 cm above the ground (fig. 3). Only one drip line was connected to 
the water source for each application. In each replication, the tested line was filled with 
water at a stabilized pressure (138 kPa) before injection and water sample collection.   
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Fig. 3. Three drip lines with three different capacity emitters suspended 30 cm above the 
ground used in this study. 

The 50 mL syringe with a 0.9 mm inside diameter needle was modified to inject a fixed 
amount of materials into the drip line through the chemical injection unit (fig. 1). Each of the 
five materials was injected over a 1-minute period for each replication. All materials were 
mixed with water before they were injected into the drip line. Water samples mixed with 
each injected material were collected with 3.8 L plastic bottles from 7 emitters at 4.1, 17.6, 
31.1, 44.6, 58.1, 71.6 and 77.9 m, respectively. The 7 emitters were the same ones at the same 
locations used for the water uniformity distribution test as mentioned above. The water flow 
test verified that the drip lines were able to uniformly distribute water flow through the drip 
lines as discussed in Results and Discussion section. The sampling began one minute before 
the start of injections. The collection time for samples from line 1 was 30 minutes, and 15 
minutes from line 2 and 3. An estimated time for materials to flow from the injection point 
to the last emitter was 16.3 minutes in line 1, 7.8 minutes in line 2, and 4.7 minutes in line 3, 
respectively. These estimated times were calculated with a plug-flow equation similar to the 
flow equation used for boom sprayers (Zhu et al., 1998). The volume of collected sample 
from each emitter in line 1 was 1.0 L, 1.05 L in line 2, and 1.72 L in line 3.  Each sample was 
shaken and sub-samples were decanted into glass bottles, and then taken to the laboratory 
for analysis. After samples were collected, the drip line was flushed by opening the end of 
the line for 10 minutes and a sample of the flush water was collected from the end of the 
drip line at the beginning of the flushing cycle. These flushing water samples were analyzed 
for observation only but not for quantitative comparison because it was very hard to control 
the amount of water collected at the end of lines during the flushing process. The above 
process that included the injection of a material into the drip line, the collection of samples 
and the flushing of drip line was repeated for three times representing three replications for 
each material and each drip line. 
The starting concentration of the BSF solution was 3 g BSF per liter of water which was 
selected based on pre-trial tests for fluorescent intensity, and fell within the detection range 
of the spectrometer (Perkin-Elmer Limited, Beaconsfield, Buckinghamshire, England) used 

Dripline length: 79 m 

Number of emitters: 87 

Line 1 emitter : 2.0 L/h 

Line 2 emitter : 4.2 L/h 

Line 3 emitter : 6.9 L/h 

Pressure: 138 kPa 
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in this research. The viscosity of the solution was 0.887 mPa·s, and the amount of BSF 
solution injected into the drip line for each replication was 50 mL, equaling 0.06 g of BSF. 
Water samples collected from the emitters were taken to the laboratory where the BSF 
concentration was measured with the spectrometer calibrated to detect an emission 
wavelength of 500 nm (Zhu et al., 2005).  
The Imidacloprid mixture for each replication was 13 mL of Marathon II and 25 mL of 
water. This rate was calculated based on the label rate of 50 mL Marathon II per 305 m row. 
After sample collection, the concentration of Imidacloprid was measured by filtering 
samples and adjusting the pH to 2. Aliquots of 2 mL were subsequently analyzed using 
liquid chromatography tandem mass spectrometry (LC-MS/MS). The LC-MS/MS system 
consists of a ProStar® 210 solvent delivery module with a ProStar 430 autosampler and a 
1200L triple-stage quadrupole mass spectrometer with a dual off-axis ESI interface (Varian 
Inc., Walnut Creek, CA).  A standard concentration of 5 mg/L prepared in methanol and 
water was used to optimize the instrument and attain precursor and transition ions using 
argon as the collision gas. A molecular mass to charge ratio of 256 in positive ion mode was 
used with transition ions (collision energy voltages in parenthesis) 208.8 (12.5), 175.1 (12.0) 
and 212.0 (8.5).  Optimized parameters were 350 °C for the drying gas; ion transfer capillary, 
nebulizer needle and shield voltages were 40, 4500 and 200, respectively. Injection volume 
was 20 uL and scan time was 0.1 seconds.  A Nova-Pak® C18 column (4 µm, 150 mm × 3.9 
mm) and packing-matched guard were used for retention of the analyte (Waters 
Corporation, Milford, MA).  A gradient elution using 0.1% formic acid (A) and 0.1% formic 
acid in acetonitrile (B) was used at a flow rate of 0.4 mL/min.  Solvent B was held for one 
minute at 5%, and ramped to 95% over four minutes, held for three minutes, then gradually 
returned to initial conditions over one minute and held for three additional minutes for 
equilibration.  A standard calibration curve, using matrix-matched standards, used the most 
abundant transition ion for quantitative analysis. The remaining ions, along with retention 
time as compared to the spiked matrix samples, were used for further confirmation in the 
sample matrix. The system was calibrated with Imidacloprid at known concentrations 
ranging from 0.036 to 3600 mg/L. 
In the EPF trials, 5.5 g of the EPF formulation was mixed with 50 mL of water and 25 uL of 
Tween 80 for each replication. The mixture was stored at 5 °C for 24 h and then shaken well 
before the injection.  After water samples were collected at seven locations, they were 
shaken and sub-samples were poured into 15 mL plastic vials, then sent overnight with an 
ice pack to a laboratory for analysis. In the laboratory, the water samples were placed in a 
sonicator for 20 minutes, and 1 mL of each sample was added to 99 mL of phosphate buffer, 
then 100 uL of this solution was spread on selective (Veen’s) media for CFU’s incubation 
(Veen and Ferron, 1966).  The media plates were incubated for 4 to 5 days at 27°C and then 
fungal colonies were counted. 
The SF mixture injected into the drip line for each replication was 10 g SF mixed with 100 
mL water, and was shaken well before injecting into the pressurized drip line system. After 
samples were collected from emitters for each replication, they were transferred to the 
laboratory. Each collected sample was diluted two or three times and then 1 mL aliquoits 
from the diluted sample were deposited onto the surface of a semi-selective medium 
containing antibiotics to suppress bacterial growth (3 plates/dilution/sample). Following a 
period of incubation, colonies were counted and calculations made to determine the number 
of units (CFU) of active ingredient that were dispensed through each emitter. 
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The nematode mixture for each replication was 100 mL water and 2.0x106 nematodes. It was 
stored at 5°C for 24 h before the application. After nematode samples were collected, each 
plastic bottle was held at room temperature 20°C for 24 h to allow the nematodes to settle at 
the bottom of the bottles, and then most of the water was poured off.  The solution 
remaining in the bottle was then poured into a glass bottle and allowed to set for another 24 
h until the nematodes again settled at the bottom.  A pipette was then used to remove most 
of the water until 15 mL of nematode suspension remained. Three 10 μL drops containing 
nematodes were taken from this suspension and spread on glass microscope slides, then the 
all the nematodes on a slide were counted under a stereoscopic microscope (Model SZX12, 
Olympus, Japan) at 50× magnification. The mean number of nematodes in three drops was 
reported. 
After all samples were analyzed, the amount of materials discharged from emitters for each 
test was normalized for the specific emitter flow rate tested. To determine the effect of 
emitter flow capacity on the amount of materials discharged throughout the drip line, each 
group of data for the specific material treatments was first analyzed by one-way ANOVA to 
test the null hypothesis that all treatments had equal means of the material quantity with 
Duncan’s methods using ProStat version 3.8 (Poly Software International, Inc., Pearl River, 
NY). If the null hypothesis was rejected, the multiple comparison procedure was used to 
determine differences among means of the material distributed throughout the drip line. 
Multiple comparisons for recovery rates across the drip line were also conducted among the 
five materials and three flow capacities. All differences were determined at the 0.05 level of 
significance. 
Coefficient of variation (CV) and distribution uniformity (DU) were used to quantify the 
uniformity of distribution of each of the five materials throughout the drip line. CV and DU 
were calculated by replacing the flow rate with the amount of materials discharged from 
each emitter defined by ASAE Standards (ASAE EP405.1, 2008), Kruse (1978), and Keller 
and Bliesner (2000), 

 100
ave

sCV
q

= ×  (1) 

 
ave

qDU
q

=   (2) 

where s is the standard deviation of the amount of materials discharged from emitters, qave is 
the mean amount of materials discharged from emitters, and q is the mean of the lowest one-
fourth of the amount of materials discharged from each emitter sampled. These equations 
have also been used for evaluation of fertigation and chemigation performances such as the 
effect of injection methods and injection rates on fertigation uniformity (Bracy et al, 2003; Li 
et al., 2007). Since there were 7 samples of each material collected for each replication, the 
value of q was calculated by the following equation with expansion of the 7 data to 28 data, 

 1 24 3
7

L Lq qq +
=  (3) 

where, qL1 and qL2 are the lowest and second lowest amounts of the material among the 7 
samples, respectively. 



 Pesticides - Formulations, Effects, Fate 

 

164 

2.4 Experiments in the soil 
To test distribution pattern of chemical and microbial pesticides in the soil after they were 
discharged from emitters, four materials were selected for the trials. They were BSF, 
Imidacloprid, EPF, and EPN. SF was not included in the soil test because previous tests 
demonstrated its uniformity and recovery rate through drip lines were very low. 
The distribution patterns of the four materials were determined in a cultivated, 33.5 m long 
and 12.2 m wide field. No insecticides or other chemicals had been applied to this field for at 
least three years. Before the experiment, the plot was plowed and rototilled. Soil samples 
were collected from three depths and bulk density, water holding capacity, porosity, EC 
(electric conductivity), and pH were determined (Table 2). Water holding capacity was 
determined with the method used by Cassel and Nielsen (1986). 
 

Soil Depth Dry bulk 
density (g/ml)

Water holding 
capacity (%) 

Total porosity 
(%) 

EC 
(mS/cm) pH 

Top (7.6-10.2 cm) 1.16 29.8 49.3 601 5.6 
Middle (15.2-20.3 cm) 1.20 30.2 51.8 202 5.8 
Bottom (22.9-30.5 cm) 1.24 28.8 50.2 121 5.6 

* All the values are the mean of three samples. 

Table 2. Properties of the soil used for chemical distribution pattern tests* 

The same drip irrigation system reported above was used to test the distribution pattern of 
agrichemical and microbial materials in the soil. The three drip lines were placed on the 
surface of the soil with the lines 5 m apart. The drip lines were longer than the soil plot so 
the excess tubing was coiled at the downstream border of the plot. The rates of BSF, 
Imidacloprid, EPF, and nematodes used for each trial were 150 mg, 2.8 mL, 5.5 g, and 
2,000,000, respectively (Table 1).  
A modified 50 mL syringe was used to inject a fixed amount of materials into the drip lines 
through a bladder valve. Each material was injected, one material at a time, into each line.  
Only one line at a time was connected to the water source. Irrigation was turned on and 
pressure was allowed to stabilize at 138 kPa before injection of each material.  Injection of 
each material into the drip line took approximately 1 minute, and then the irrigation 
continued for 31 minutes for line 1, 14 minutes for lines 2, and 8 minutes for line 3.  This 
irrigation schedule was repeated every 8 hours for 24 hours before soil samples were 
collected.  A total 3.0 L of water was applied through each emitter with all the three flow 
capacities.  
Soil samples of each material were collected 24 hours after last irrigation at 28 different 
locations near the emitter. A hollow auger with an inner diameter of 25 mm was used to 
take soil cores. Figure 4 shows the soil auger sampling geometry for each test. Soil samples 
were taken directly under emitters and 15, 30, 45 cm upstream and downstream from the 
emitters along the drip line laterally, and from the surface (0 cm depth) and at depths of 10, 
20 and 30 cm vertically, with about 15 cm3 sample from each depth. Thus, for each test, total 
28 soil samples were taken from 28 locations evenly spread in the 30 x 91.2 cm section area 
under the drip line. 
During the test period from injection of materials into drip lines to completion of soil sample 
collection, the ambient temperature ranged from 18° to 29 °C, relative humidity ranged from 
45 to 86%, and soil moisture content at the non-irrigation point ranged from 36 to 41%. The 
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Fig. 4. Locations of soil samples collected for evaluation of chemical distribution patterns in 
the soil. 

moisture content was measured with a Theta probe soil moisture sensor (Delta-T Devices 
Ltd, Cambridge, England) placed 10 cm in the soil at a point 2.5 m away from the drip lines. 
There was no precipitation during the experiments. 
Amount of BSF in soil samples was determined by a method similar to that used by Barber 
and Parkin (2003) for a fluorescent tracer CBS-X. A pre-test was conducted to ensure that the 
concentrations of BSF soil samples obtained from spectrometer were linear with the actual 
BSF concentrations on the soil. An amount of 10 g soil was weighed into six 100 mL glass 
jars with six stock solutions (4 μL, 8 μL, 12 μL, 20 μL, 40 μL and 60 μL) at concentration of 3 
g BSF per liter water and 50 mL distilled water was added, respectively. Samples were 
mixed in a rotating drum for 10 minutes under 500 rpm. To clear the samples after mixing, 
0.5 g gypsum was added to each sample jar, shaken by hand for 10 s, and then left in the 
refrigerator until the supernatant had cleared. Once the supernatant was clear, fluorescence 
concentration readings were taken with the same method as the BSF-water samples 
mentioned above. The linear corresponding curve between readings and actual BSF 
concentrations had been obtained and used as a standard. After all soil samples were 
collected from the field, they were treated using the same methods as used for the pre-test, 
and the actual BSF concentration in the soil was then measured by the spectrometer. 
Soil samples containing Imidacloprid were placed in glass jars, transported to the 
laboratory, and stored in a freezer at -40 °C until analysis.  Methanol was used to extract 
Imidacloprid from the soil samples (Felsot et al., 1998) and ELISA kits (Envirologix, Inc., 
Portland, ME, USA) for Imidacloprid were used to determine the amount of Imidacloprid in 
the soil (Castle et al. 2005).   
Soil samples containing EPF were placed in glass jars, and sent overnight with an ice pack to 
a laboratory for analysis. In the laboratory, the one gram of soil samples were placed in 99 
mL of phosphate buffer, then 100 uL of this solution was spread on selective (Veen’s) media 
for CFU’s (Veen & Ferron, 1966).  The media plates were incubated for 4 to 5 days at 27°C 
and the fungal colonies were counted. 
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Presence of nematodes in the soil samples was detected with larvae of the greater wax moth 
(Galleria mellonella L.), an available test for presence of nematodes in soil (Bedding and 
Akhurst, 1975). Wax moth larvae turned brick red when infected by the strain of nematodes 
used, and thus nematodes were considered present if larvae changed to that color.  Soil 
samples were placed in metal containers (54 mm in diameter, 37 mm in height), and 3 wax 
moth larvae were carefully placed on top of the soil, the lid was placed on each container. 
The containers were incubated in the dark at room temperature for 5 days. During this time, 
color change and death of the larvae were monitored daily. Samples of untreated soil from 
the same field were collected, treated as above, and used for comparison. 
To summarize soil experimental results, the mean concentration was calculated from three 
replications at each sampling point for BSF, Imidacloprid and EPF samples. For nematodes, 
the presence of nematodes was chosen as “Yes” if two or three replications showed the 
presence of nematodes at each sampling point. The presence was chosen as “No” if there 
was no or one replication showed the presence of nematodes. 

3. Results and discussion 
3.1 Water flow rate distribution throughout drip lines 
Figure 5 shows the amounts of water collected from emitters at seven different distances 
from the injection point on line 1 for 30 minutes and lines 2 and 3 for 15 minutes, 
respectively. Data in the figure illustrates that there was little variation in the amount of 
water discharged from emitters along the drip lines 1 and 2 while there was 6% variation in 
line 3. That is, water distribution throughout the 79 m drip line varied very little with the 2.0 
and 4.2 L/h flow rate emitters and varied considerably with the 6.9 L/h flow rate emitters. It 
is understandable that the 6.9 L/h emitters could not maintain a constant flow rate at 
various pressures because their short flow path and limitation of the flexible diaphragm 
limited the pressure compensation capability. Based on Bernoulli’s equation in hydraulics,  
 

 
Fig. 5. Actual amounts of water samples collected from 7 locations throughout the 79 m long 
drip lines for each replication of the tests for the 2.0 L/h (line 1), 4.2 L/h (line 2) and 6.9 L/h 
(line 3) emitters. Error bars represent standard deviations around means. 
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flow rates from any hydraulic components are proportional to the multiplication of a flow 
constant, the cross section area of the flow path, and the squared root of pressure. For 
pressure compensated emitters with low flow capacity, the flexible diaphragm 
automatically maintain the flow constant and cross section area very well, and pressure 
changes within a small range will not produce noticeable changes in the flow rate. 

3.2 Distribution of tested materials through drip lines 
Amounts of measured BSF, Imidacloprid, EPF bio-compound insecticide, SF bio-compound 
fungicide, and nematodes throughout the three drip lines are shown in Figures 6 through 
10. Table 3 shows the predicted and measured amounts of the five materials discharged 
from three different capacity emitters. The predicted amount was calculated by the amount 
of material injected into the drip line divided by 87 (the number of emitters in the drip line). 
The recovery rate shown in Table 3 is the percentage of the average measured amount of 
materials divided by the predicted amount of materials. Table 4 reports the mean CV and 
DU of the five materials throughout the entire drip lines with three different capacity 
emitters, respectively.  
There was no significant difference in the amount of BSF discharged from different flow 
capacity emitters on three drip lines (fig. 6). The recovery rate of BSF was from 86% to 93% 
for the three drip lines (table 3). The average CV and DU of BSF throughout the 79 m drip 
line for all three drip lines was 1.9% and 0.96, respectively (table 4). The flow velocity near   
 

Mean quantity of material per emitter Material Emitter 
flow (L/h) Predicted Measured* Unit 

Recovery 
rate (%)** 

BSF 2.0 1724 1586 (99)A μg 92a 
BSF 4.2 1724 1486 (47)A μg 86a 
BSF 6.9 1724 1608 (98)A μg 93a 

Imidacloprid 2.0 35.9 18.0 (7.5)B mg 50b 
Imidacloprid 4.2 35.9 28.1 (10.7)A mg 78a 
Imidacloprid 6.9 35.9 12.3 (6.6)B mg 34bcd 

EPF 2.0 5.69x107 5.1 x106 (2.8 x106) A CFU 9.0de 
EPF 4.2 5.69x107 3.4 x106 (2.9 x106) A CFU 6.0e 
EPF 6.9 5.69x107 5.4 x106 (6.6 x106) A CFU 9.5de 
SF 2.0 2.3 x106 3.89x105 (3.52x105)A CFU 17cde 
SF 4.2 2.3x106 4.75x105 (3.31 x105)A CFU 21cde 
SF 6.9 2.3x106 2.74x105 (1.45x105)A CFU 12de 

Nematode 2.0 2.3 x 104 9387 (826)A number 41bc 
Nematode 4.2 2.3 x 104 9679 (774)A number 42bc 
Nematode 6.9 2.3 x 104 10754 (528)A number 47b 

* Means for the measured quantity of the same material in a column followed by a different uppercase 
letter are significantly different (p<0.05), but not for the comparison between materials. 

** Recovery rate (%) = Measured quantity x 100 / Predicted quantity. Means for the recovery rate in a 
column followed by a different lowercase letter are significantly different among all the materials 
(p<0.05). 

Table 3. Comparison of predicted and measured amounts of five materials discharged from 
individual emitters throughout drip lines with three different size emitters. Standard 
deviation is presented in parenthesis. 
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Fig. 6. Amounts of BSF discharged from individual 2.0, 4.2 and 6.9 L/h emitters throughout 
three different drip lines. Error bars represent standard deviations around means. 

 

CV (%)*  DU* 
Treatment 

2.0 L/h 
emitter 

4.2 L/h 
emitter 

6.9 L/h 
emitter  2.0 L/h 

emitter 
4.2 L/h 
emitter 

6.9 L/h 
emitter 

BSF 2.3 1.7 1.8  0.95 0.97 0.96 
Imidacloprid 43 36 54  0.76 0.80 0.76 

EPF 90 104 119  0.56 0.26 0.33 
SF 98 72 51  0.44 0.62 0.68 

Nematodes 8.8 8.0 4.9  0.80 0.83 0.91 

* Each value of CV or DU is the mean from 7 emitters in each drip line with three replications. CV and 
DU were calculated with equations (1) and (2), respectively. 

Table 4. Mean coefficient of variation (CV) and distribution uniformity (DU) of BSF, 
Imidacloprid, EPF, SF and  nematodes discharged from emitters with three different flow 
capacities (2.0, 4.2 and 6.9 L/h) at 138 kPa pressure. 

the injection point was 0.38 m/s in Line 1, 0.80 m/s in Line 2, and 1.32 m/s in Line 3. The 
Reynolds’ number was 4807, 10120, and 16697 for the three lines, respectively. The flow near 
the injection point in all three lines was a turbulent flow. The flow rate in drip lines had little 
influence on the amount of BSF discharged from emitters. Therefore, the water soluble 
material could be well delivered throughout drip lines regardless of the emitter capacity. 
The amount of Imidacloprid discharged from individual emitters varied with the emitter 
flow capacity (fig. 7). Emitter capacity also significantly influenced the distribution 
uniformity of Imidacloprid discharged throughout the drip line. The amount of 
Imidacloprid discharged from all emitters throughout drip line 3 (6.9 L/h emitters) was 
significantly lower than the other two drip lines. High concentrations of Imidacloprid were 
found in the flushing water samples collected from drip line 3. A large portion of the 
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chemical injected into line 3 might have been carried by the high-speed water to the end of 
the line and then trapped. Drip line 2 (4.2 L/h emitters) had the highest amount of 
Imidacloprid discharged from emitters and highest recovery rate among the three lines 
(table 3). The average CV and DU of Imidacloprid throughout the 79 m drip line for all three 
drip lines was 44% and 0.78, respectively (table 4). Compared to BSF, Imidacloprid had a 
considerable high variation with the emitter flow capacity and the emitter location 
throughout the drip line.  

 
Fig. 7. Amounts of Imidacloprid discharged from individual 2.0, 4.2 and 6.9 L/h emitters 
throughout three different drip lines. Error bars represent standard deviations around 
means. 

 
Fig. 8. Amounts of EPF discharged from individual 2.0, 4.2 and 6.9 L/h emitters throughout 
three different drip lines. Error bars represent standard deviations around means. 
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The emitter flow capacity did not significantly affect the amount of EPF discharged from 
individual emitters throughout the drip lines (fig. 8), which might be because the recovery 
rate of EPF was very low. Less than 10% EPF was recovered from all three drip lines (table 
3). The low recovery rate might be caused by the adherence of EPF to the wall of drip lines. 
During preparation of the mixture of EPF and water, some suspensions were observed to 
adhere to the wall of plastic cups after standing for several minutes. The hydrophobic 
nature of M. anisopliae conidia combined with an emulsifiable concentrate formulation might 
require greater agitation to maintain suspension in water than that could be provided by a 
drip irrigation system. The CV for the amount of EPF throughout the entire drip line 
increased as the capacity of emitters increased, while the DU tended to decrease as the 
emitter capacity increased (table 4). The average CV and DU of EPF throughout the 79 m 
drip line for all three drip lines was 104% and 0.39, respectively (table 4).  
Similar to the Imidacloprid, the amount of SF discharged from emitters was also affected by 
the emitter flow capacity (fig. 9). The amount of SF discharged from all emitters throughout 
drip line 3 was significantly lower than the other two drip lines while line 2 with 4.2 L/h 
emitter flow capacity had the highest amount of SF discharged (table 3). The recovery rate of 
SF ranged from 12 to 21% for all three emitter capacities. During three replications, there 
were three emitters clogged by materials in line 1, and 3 emitters clogged in line 2, but no 
emitters were clogged in line 3. The clogging problem was caused by particles with sizes 
larger than the depth of emitter flow path. Very high concentrations of SF remained in 
flushed water samples, which indicated that most SF remained in the drip line. Unlike EPF, 
the CV for the amount of SF throughout the entire drip line decreased and DU increased as 
the emitter capacity increased (table 4). The average CV and DU of SF throughout the 79 m 
drip line for all three drip lines was 74% and 0.58, respectively. The lowest and highest 
amounts of SF among all the emitters investigated in this study were 1.22x106 CFU and 
6.67x106 CFU, respectively, both of which occurred on line 1, but the difference was not 
significant at the 0.05 probability level.  

 
Fig. 9. Amounts of SF discharged from individual 2.0, 4.2 and 6.9 L/h emitters throughout 
three different drip lines. Error bars represent standard deviations around means. 
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The average number of nematodes discharged from individual emitters slightly increased as 
the emitter capacity increased, but the differences were not significant (table 3). The 
recovery rate of nematodes discharged from the 6.9 L/h emitters on line 3 was higher than 
that from the 2.0 and 4.2 L/h emitters. The emitter flow capacity influenced the distribution 
uniformity of nematodes throughout the drip lines (fig. 10). The value of CV decreased from 
9.1% to 5.0% and DU increased from 0.80 to 0.91 when the emitter flow rate changed from 
2.0 to 6.9 L/h (table 4).  

 
Fig. 10. Number of nematodes discharged from individual 2.0, 4.2 and 6.9 L/h emitters 
throughout three different drip lines. Error bars represent standard deviations around means. 
Among the five materials tested, BSF had the highest recovery rate, the lowest CV and the 
highest DU across the three 79 m drip lines, followed by nematodes, Imidacloprid, and SF, 
while EPF had the highest CV and lowest DU and recovery rate for all three lines (tables 3, 
4). The amount of BSF and number of nematodes discharged throughout all three drip lines 
had excellent distribution patterns (DU>0.80). The Imidacloprid DU was greater than 0.76 
for all three drip lines. For the suspendible SF and EPF, their DU was less than 0.70, which 
was possibly caused by their particles not easily mixing with water. To compensate for the 
non-uniform delivery and low recovery rate of EPF and SF throughout the drip lines, the 
rate of EPF and SF required for effective insect/disease control must be determined before 
they are used in the field. 
Both BSF and Imidacloprid solutions were soluble in water, but the viscosity of the 
Imidacloprid solution was much higher than the BSF solution. The Imidacloprid did not mix 
as well with the water in the drip line as the BSF after it was injected, which might be the 
reason that the Imidacloprid had higher CV and lower DU throughout all drip lines than the 
BSF. For nematodes and the bio-compound suspensions, the former were tiny worms 
suspended in water, while the latter were suspended organic particles with foam 
presumably from the wetting agent. Although the nematodes behaved as suspendible 
particles in solution, due to their small size and easy flow with water, their recovery rate 
and distribution uniformity throughout the entire drip lines performed much better than the 
two bio-compound suspensions EPF and SF.  
The movement of chemical and microbial pesticides throughout the drip line is a complicated 
two-phase flow. Many factors influence the recovery rate and distribution uniformity of those 
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materials throughout drip lines. The findings in this paper demonstrate the importance of 
evaluating these materials under controlled conditions before they are applied in the field. 
Future studies should further discover the influence of specific physical properties of these 
materials on the chemigation performances, and develop methods to improve the recovery 
rate and distribution uniformity of the suspended powder formulation of the microbial 
insecticide EPF and the suspended granular formulation of the microbial fungicide SF. 

3.3 Distribution of tested materials in the soil 
As mentioned before, BSF was used to track water movement in the soil and determine 
mobility of Imidacloprid, EPF and nematodes. Data in Table 5 illustrate lateral and vertical 
distribution patterns of BSF concentration in the soil for three different emitter capacities. 
BSF was detected at all 28 locations in the soil within the range from -45.6 to 45.6 cm 
laterally and from 0 to 30 cm vertically near each emitter. Within the 30 cm by 91.2 cm area, 
BSF presented the highest concentration at soil depths between 0 and 10 cm directly under 
the emitter. Concentration tended to decrease with the distance from the emitter for all three 
emitters, but the degree of such decrease was not very strong at soil depths of 20 and 30 cm. 
The BSF concentration diffused more evenly as soil depth increased. Within the area tested, 
the coefficient of variation of BSF concentration was 29 % for the 2.0 L/h emitters in line 1, 
33% for the 4.2 L/h emitters in line 2, and 16% for the 6.9 L/h emitters in line 3, respectively. 
Thus, water discharged from the emitters travelled to the entire 91.2 cm by 30 cm area under 
the emitters with 2.0, 4.2 and 6.9 L/h flow capacities, with more water remaining near the 
emitters. 
 

Distance from emitter (cm) Soil 
Depth 
(cm) 

Emitter 
flow 
(L/h) -45.6 -30.4 -15.2 0 15.2 30.4 45.6 

0 2.0 0.215 0.258 0.337 0.492 0.323 0.268 0.230 
10 2.0 0.228 0.241 0.313 0.462 0.380 0.289 0.297 
20 2.0 0.237 0.192 0.316 0.359 0.330 0.253 0.284 
30 2.0 0.199 0.172 0.181 0.212 0.249 0.215 0.171 
0 4.2 0.339 0.318 0.309 0.431 0.310 0.289 0.319 

10 4.2 0.301 0.325 0.424 0.585 0.423 0.330 0.283 
20 4.2 0.252 0.284 0.468 0.408 0.433 0.368 0.267 
30 4.2 0.195 0.162 0.198 0.174 0.184 0.229 0.141 
0 6.9 0.376 0.349 0.370 0.430 0.404 0.419 0.393 

10 6.9 0.332 0.315 0.410 0.415 0.404 0.405 0.321 
20 6.9 0.323 0.279 0.395 0.344 0.339 0.329 0.337 
30 6.9 0.297 0.244 0.288 0.292 0.264 0.253 0.354 

Table 5. Mean BSF concentration (µg/g) in the soil at various depths and lateral distances 
from the emitter with three flow capacities. 

Unlike the distribution pattern of BSF in the soil, most Imidacloprid was distributed within 
a very narrow zone under the emitter (Table 6). Very little Imidacloprid was found at any 
depth when lateral distance from the emitter was greater than 30.4 cm. This was because the 
distribution coefficient of Imidacloprid in the soil was very small Cox et al. 1997). For the 
soil area 30 cm deep, 15.2 cm to the left and 15.2 cm to the right of the emitter, the CV of 
Imidacloprid concentration was 173 % for the 2.0 L/h emitters in line 1, 117% for the 4.2 L/h 



Distribution of Chemical and Microbial Pesticides Delivered Through Drip Irrigation Systems   

 

173 

emitters in line 2, and 110% for the 6.9 L/h emitters in line 3, respectively. That is, higher 
flow provided better Imidacloprid distribution in the section close to the emitter, but the 
lateral distribution was very poor. The contour of Imidacloprid concentration in the soil also 
supported this statement (fig. 11).  
 

Distance from emitter (cm) Soil 
Depth 
(cm) 

Emitter 
flow 
(L/h) -45.6 -30.4 -15.2 0 15.2 30.4 45.6 

0 2.0 0.26 0.64 12.1 2581 3.7 2.62 0.53 
10 2.0 0.24 0.21 1.2 3099 3.1 0.85 0.30 
20 2.0 0.28 0.16 9.5 2379 2.7 0.78 0.41 
30 2.0 0.21 0.17 1.2 296 6.0 0.83 0.33 
0 4.2 0.45 0.45 131.1 1170 957.4 4.05 0.49 

10 4.2 0.25 0.18 4.6 1276 961.1 5.94 0.73 
20 4.2 0.31 0.26 0.5 38 390.9 2.61 0.24 
30 4.2 0.27 0.15 0.3 158 79.9 6.71 0.31 
0 6.9 0.27 0.27 226.5 775 465.8 4.33 0.17 

10 6.9 0.14 0.02 7.7 1066 805.3 8.84 0.68 
20 6.9 0.21 0.09 0.3 11 610.0 2.97 0.17 
30 6.9 0.15 0.02 0.2 140 54.4 10.67 0.12 

Table 6. Mean Imidacloprid concentration (µg/kg) in the soil at various depths and lateral 
distances from the emitter with three flow capacities. 

 
Fig. 11. Contour of Imidacloprid concentration in the soil within the 30 cm by 91.2 cm cross 
section area under the emitters at flow rates of 2.0, 4.2 and 6.9 L/h, respectively. 
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Distance from emitter (cm) Soil 
Depth 
(cm) 

Emitter 
flow 
(L/h) -45.6 -30.4 -15.2 0 15.2 30.4 45.6 

0 2.0 3700 8600 6333 40000 5533 7067 6867 
10 2.0 6467 2733 5150 6000 3733 7800 3867 
20 2.0 2533 2267 800 16067 15800 2200 1867 
30 2.0 1333 933 600 1850 5000 900 467 
0 4.2 18267 1667 6133 18000 4933 7067 5733 
10 4.2 2450 13733 5067 4867 3067 2800 4800 
20 4.2 6667 2267 3467 5200 9933 2800 2400 
30 4.2 2800 14000 1600 1400 1600 1867 933 
0 6.9 7600 5200 7133 6200 7067 7533 9333 
10 6.9 5533 6533 4200 16867 3200 5933 5200 
20 6.9 3733 2467 6267 5000 4733 4000 3067 
30 6.9 467 533 5900 3067 1467 1800 1467 

 

Table 7. Mean EPF concentration (CFU/g) in the soil at various depths and lateral distances 
from the emitter with three flow capacities. (new data) 

The EPF had better distribution uniformity than Imidacloprid. The fungus spores of EPF 
were found at every sampling location for all three emitter flow-capacities (Table 7). Among 
the 28 sampling locations, the minimum number of spores was 467 CFU/g,which was 
located at 30 cm depth and 45.6 cm away from the emitter with both emitter flow-capacities 
of 2.0 and 6.9 L/h. Throughout the entire 91.2 cm wide and 30 cm deep section, the CV of 
EPF concentration was 130, 88, and 64% for the 2.0, 4.2 and 6.9 L/h emitters, respectively. 
Contours of EPF concentrations also showed that 6.9 L/h emitters had a better distribution 
uniformity of EPF than the 4.2 L/h emitters, while the 4.2 L/h emitters had a better 
distribution uniformity of EPF than the 2.0 L/h emitters (fig. 12). Therefore, higher flow 
could reduce variation in EPF distribution in soil. 
Compared to their creamy-white color when healthy (Figure 13a), wax moth larvae turned 
brick red in color when infected with nematodes (Figure 13b). Detection of applied 
nematodes in soil samples was based on color changes in wax moth larvae. No moth larvae 
became infected when exposed to soil samples from untreated locations.  Table 8 shows the 
presence of nematodes at different distances in the soil laterally and vertically away from 
the emitters with three different flow capacities. Among 28 locations, nematodes were found 
at 15 locations for the 2.0 L/h emitters, 15 locations for the 4.2 L/h emitters, and 20 locations 
for the 6.9 L/h emitters. Except for the absence of nematodes at one location 15.2 cm 
laterally and 30 cm vertically away from the 4.2 L/h emitters, nematodes were present at all 
12 locations in the 30.4 cm wide and 30 cm depth area under all three emitter capacities. 
Nematodes moved further laterally in deeper soil locations when discharged from 6.9 L/h 
emitters as compared with 2.0 and 4.2 L/h emitters. Therefore, the higher presence of 
nematodes laterally at greater depths may be related to water application rates. 
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Fig. 12. Contour of EPF concentration in the soil within the 30 cm by 91.2 cm cross section 
area under the emitters at flow rates of 2.0, 4.2 and 6.9 L/h, respectively. 

           

 
 

(a) No nematodes presented in soil 

 
 

(b) Nematodes presented in soil 

Fig. 13. Comparison of wax moth larva color between (a) no nematodes and (b) nematodes 
found in soil samples. The soil sample shown in (a) was taken from the location 45.6 cm 
laterally and 20 cm vertically from the 4.2 L/h emitter. The soil sample shown in (b) was 
taken from the location 15.2 cm laterally and 20 cm vertically from the 4.2 L/h emitter. 
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Distance from emitter (cm) Soil 
Depth 
(cm) 

Emitter 
capacity 

(L/h) -45.6 -30.4 -15.2 0 15.2 30.4 45.6 

0 2.0 No Yes Yes Yes Yes No No 
10 2.0 No Yes Yes Yes Yes Yes No 
20 2.0 No Yes Yes Yes Yes No No 
30 2.0 No No Yes Yes Yes No No 
0 4.2 No Yes Yes Yes Yes No No 
10 4.2 Yes Yes Yes Yes Yes No No 
20 4.2 No Yes Yes Yes Yes No No 
30 4.2 No No Yes Yes No No No 
0 6.9 No Yes Yes Yes Yes No No 
10 6.9 Yes Yes Yes Yes Yes Yes No 
20 6.9 Yes Yes Yes Yes Yes Yes No 
30 6.9 No Yes Yes Yes Yes No No 

Table 8. Presence of nematodes in the soil at various depths and lateral distances from the 
emitter with three flow capacities. 

 
Fig. 14. Percent presence area of tested materials (BSF, Imidacloprid, ERF and nematodes) in 
the 30x91.2 cm2 soil area under emitters with the flow capacities of 2, 4.2 and 6.9 L/h. 
(Change % Area to % Presence Area) 

In the 30 cm by 91.2 cm sampling area under each emitter, percent area of the BSF and EPF 
presence was 100 for all three emitter flow capacities (fig. 14). Of the four materials tested in 
the soil, Imidacloprid had the lowest percent area for all three emitter flow capacities. The 
percent presence area of Imidacloprid was 29, 46 and 46 at 2.0, 4.2 and 6.9 L/h emitter flow 
rates, respectively. Presence area of Imidacloprid at 4.2 and 6.9 L/h was considerably higher 
than that at 2.0 L/h, while the flow capacities of 4.2 and 6.9 L/h did not significantly affect 
the percent presence of Imidacloprid in the sampling area. Flowable Imidacloprid did not 
extend laterally in the soil. More than half the tested area showed the presence of nematodes 
for all three flow rates. The nematode presence area was 71% at 6.9 L/h flow rate while it 
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was 57 and 54% at 2.0 and 4.2 L/h flow rates, respectively. In general, Imidacloprid and 
nematodes could be distributed in a larger area in the soil by higher flow capacity emitters 
while distribution of BSF and EPF in the soil was not apparently affected by the emitter flow 
capacity. Nematodes, as living organisms, travel substantial distances in soil when target 
insects are present (Grewal et al., 2005). Thus, the potential area that nematodes presented in 
the soil should be much larger than the 30 cm by 91.2 cm. 
Previous tests for the distribution throughout drip lines reported that the recovery rate of 
EPF and nematodes were very low for all three flow-capacity emitters. The recovery rate of 
EPF discharged from 2.0, 4.2 and 6.9 L/h flow capacity emitters was 9.0, 6.0 and 9.5%, 
respectively. For the same flow capacity emitters, recovery rate for nematodes was 41, 42 
and 47%, respectively. Presence of EPF and nematodes in the entire area of 30 cm by 91.2 cm 
area under the emitters verified that drip irrigation systems could be an alternative method 
to apply suspendible microbial pesticides. Also, application of these microbial pesticides 
avoids the potential leaching damage normally rendered by the chemical pesticides; 
however, rates of EPF and nematode application that effectively control target pests must 
first be determined to compensate for their low recovery rates.  

4. Conclusions and summary 
Drip irrigation uniformly dispensed the water-soluble BSF, water-dispersible insecticide 
Imidacloprid and suspended nematodes throughout drip lines, but not the suspended 
powder formulation of the microbial insecticide EPF or the suspended granular formulation 
of the microbial fungicide SF. The uniformity of distribution of the various test agents 
throughout the drip line varied with their physical properties of the individual product 
formulation. The distribution uniformity of EPF discharged from emitters throughout the 
drip line was the lowest among the five materials tested, followed by SF, Imidacloprid, 
nematodes, and BSF.  
Except for BSF and Imidacloprid, flow capacity of emitters affected the distribution 
uniformity of the other test agents throughout drip lines. Among the three emitters tested, 
EPF had the highest DU at 2.0 L/h flow rate. The uniformity of SF and nematode 
distribution throughout drip lines increased as the flow capacity of emitters increased. For 
the emitters with flow rates ranging from 2.0 to 6.9 L/h, DU averaged over 0.95 for BSF, 
over 0.80 for nematodes, over 0.75 for Imidacloprid, ranged from 0.44 to 0.68 for SF, and 
ranged from 0.33 to 0.56 for EPF.  
Emitter size and flow capacity affected the recovery rates of Imidacloprid and SF discharged 
throughout the drip line, but not of BSF, EPF and nematodes. The recovery rates greatly 
varied with the physical properties of the individual product formulation. For the emitters 
with flow rates ranging from 2.0 to 6.9 L/h, the recovery rate was below 9.5% for EPF, 21% 
for SF, 50% for nematodes, and 78% for Imidacloprid.  
Active agent distribution patterns in soil varied with the formulation. Water-insoluble 
microbial insecticides, EPF and nematodes, exhibited better distribution patterns than 
water-soluble systemic insecticide, Imidacloprid.  EPF spores were found in the entire 91.2 
cm by 30 cm cross-section under all three emitter flow-capacities. Imidacloprid showed a 
very narrow distribution pattern directly under the emitters.  
Active-agent distribution patterns in the soil also varied with emitter flow capacity.  EPF 
was present in the entire 30 cm by 91.2 cm area under the emitter for all three emitter flow 
capacities. Nematodes presented 57% of the area at 2.0 L/h flow rate, 54% at 4.2 L/h flow 
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rate and 71% at 6.9 L/h flow rate, while Imidacloprid presented 29, 46 and 46% area at 2.0, 
4.2 and 6.9 L/h emitter flow rate, respectively. 
Uniformity of EPF and nematode distributions in the soil improved as emitter flow capacity 
increased. Presence area of Imidacloprid at 4.2 and 6.9 L/h was significantly higher than 
that at 2.0 L/h while there was no significant difference in the presence of Imidacloprid in 
the sampling area between flow capacities of 4.2 and 6.9 L.  
These results demonstrated that drip irrigation could be a viable alternative method for 
water-soluble pesticide applications. However, the use of drip irrigation systems for the 
delivery of suspended powders and granular agents, e.g. EPF and SF, for pest control may 
be limited because of their poor uniformity and low recovery rates throughout drip lines. 
Any materials with sizes larger than the width or depth of emitter flow paths would clog 
emitters and should not be applied through drip irrigation systems. 
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1. Introduction 
Most developing country farmers producing for international markets rely on pesticides for 
agricultural production (Thrupp et al, 1995, Maumbe and Swinton, 2003).  The warmth and 
humidity of tropical climates exacerbates the pest and disease problems (Okello, 2005).  Due 
to standards for cosmetic quality in export markets for fresh fruits and vegetables, the use of 
pesticides has been especially pronounced in production of these products in the tropics.  
Production and export of fresh produce from developing countires have witnessed major 
growth in many developing countries seeking to diversify their production from staples to 
high value commodities. Growth has especially been greatest in the fresh fruits and 
vegetables (FFV) and in the flower subsectors.  In Africa, for instance, exports of FFV 
experienced a spurt in growth in the 1980s and 1990s as markets for major traditional 
exports (e.g., coffee, tea and cocoa) experienced a downturn. Most of these non-traditional 
exports were destined to Europe (with UK, Holland, Germany, and Italy being the leading 
importers) (Okello et al, 2008). Figure 1 presents the trends in exports of green beans, a 
major non-traditional export, by three of the leading exporters of fresh vegetables from 
Africa. It shows an increase in exports of green beans between 2000 and 2006 in all these 
countries.  
Kenya is one of the leading exporters of fresh vegetables to Europe, and especially the 
United Kingdom (UK). Figure 2 shows the recent expansion of green bean exports, 
highlighting the growth in those destined for the UK.  
The strong expansion in green bean exports is largely targeted at European consumers who 
demand aesthetic quality attributes such as spotlessness that generally encourage increased 
use of pesticides (Farina and Reardon, 2000). The demand for cosmetic quality attributes 
(color, shape, spotlessness) has been held responsible for increasing pesticide use in the 
production of fresh exports from developing countries. Thrupp et al (1995) and Ohayo-
Mitoko (1997) document cases of widespread use of pesticides in Asia and Kenya 
respectively. Excessive use of pesticides in Kenyan horticultural industry has also been 
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Source: Adapted from Okello (2010) 

Fig. 1. Trends in green bean exports (‘000 tons) to Europe from some leading African 
countries, 2000-2006 

reported by Mwanthi and Kimani (1990), Okado (2001) and Jaffee (2003). These studies 
suggest that many Kenyan fresh export vegetable farmers used pesticides indiscriminately, 
in some cases, applying pesticides meant for other crops (such as coffee) on fresh vegetables. 
Concern with the health consequences of excessive use of pesticides on consumers’ medical 
health and safety of farm workers and the environment in general led developing country 
governments to revise their pesticide residue standards. These revised international food 
safety standards (IFSS) have introduced a new order in the use of pesticides in production of 
fresh vegetables destined for sale in developed countries.  They require that only pesticides 
that are safe to farmers and farm-workers, other non-target species and the consumers be 
used in production of vegetables for exports. However, the safer pesticides are often either 
more expensive or less efficacious (Jaffee, 2003). At the same time, farmers and pesticide 
applicantors are required, under IFSS, to handle, apply and discard leftover pesticides safely 
in order to reduce the hazards they pose to non-target animal and plant species. These 
requirements are reinforced by farmer training on safe use, storage and disposal of 
pesticides and enforced via close monitoring for compliance.  African analysts have alleged 
that the expected benefits to European consumers would impose unacceptable costs on 
African producers, especially smallholders (Mungai, 2004).  Hence, the welfare effects of 
African producers compliance with European IFSS have been a subject of intense debate. 
Theoretically, IFSS are expected to induce some changes in pesticide usage and in the 
returns farmers receive from beans. Such changes can affect the profit margins earned but 
can also theoretically reduce the costs of health impairments as a result of reduced exposure 
to toxic pesticides. This chapter examines the effect of implementation and enforcement of 
IFSS in the green bean industry in Kenya. It specifically discusses these effects in the context 
of benefits to farm households and the environment and costs of complying with IFSS. The 
chapter focuses on health costs on exposure to pesticides, the use of environmentally-
friendly pest and disease control strategies and the changes in consumer margins resulting 
from compliance with IFSS.  
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Fig. 2. Major destination markets for Kenyan green beans (tons) 1992-2004 

This chapter draws from a study conducted in Kenya in 2003-2004 involving smallholder 
farmers growing green beans for export to the European markets. Kenya is one of leading 
exporters of green beans to Europe, especially the United Kingdom (UK). Europe provides 
an interesting case study because major European retailers (e.g., Tesco, Waitrose, Mark & 
Spencer and Sainsbury’s) have developed some of the most stringent IFSS. The rest of this 
paper is organized as follows. Section 2 provides historical overview of the Kenyan green 
bean industry and highlights the changes in export standards. Section 3 outlines the study 
methods while Section 4 discusses the results. Section 5 concludes.  

2. Historical perspectives of the Kenyan green bean industry and the IFSS 
Kenya’s fresh export vegetable industry is one of the oldest in Africa, having started in the 
1950s with off-season exports of fresh fruits and vegetables (FFV) to the UK (McCulloh and 
Ota, 2003, Okello, 2010). The shipments started with the launch of regular passenger flights 
between Kenya and Western Europe. The first consignment was flown to the UK in 1957. 
Subsequently, few hundred tons of FFV were annually shipped to a single wholesaler in 
London's Convent Garden Market from where they were eventually sold to high-class 
hotels, restaurants and department stores (Okello, 2010). The growth of the horticulture 
industry accelerated considerably during the 1970s. By 1975, annual exports of FFV had 
surpassed 10,000 tons. Trade in fresh vegetables (led by green beans) expanded most rapidly 
during the 1980s and 1990s. By the end of 1990s, Kenya was exporting close to 2 million tons 
of fresh vegetables annually. The expansion in trade was accompanied by the broadening of 
the destinations.  
Kenya traditionally channels virtually all of its fresh vegetable exports to Western Europe, 
with very small quantities going to Australia/New Zealand, South Africa, and Dubai. The 
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bulk of the exports go to the UK, Holland, France and Germany. The UK is still the biggest 
market for Kenyan vegetables absorbing more than 60% of Kenya’s green beans per year. 
Within the UK, the leading retailers of Kenyan beans are Waitrose, Tesco, Marks and 
Spencer, and Sainsbury’s. These major retailers control major share of fresh export business 
especially in the UK. Indeed, retailers/supermarkets control 70% Kenya green bean trade 
and 100% of the high-care pre-packed “ready to eat” fresh vegetable trade in general.  
Majority of the leading European retailers developed very stringent standards relating to 
pesticide usage, among others, in response European food safety scandals of the 1990s. They 
have subsequently passed on these standards to sourcing agents or suppliers in developing 
countries. Developing-country suppliers have in turn developed their own code of practices 
relating to how pesticides may be handled, applied, and stored. Thus a developing country 
farmer is often subject to diverse standards ranging from international to domestic, with the 
latter induced by the former. Table 1 presents the kinds of standards a green bean farmer 
growing beans for a European retailer will typically be subject to. The domestic industry, 
private and public standards are usually drawn from the foreign standards especially those 
of the markets targeted by the exporter. Most green bean family farmers therefore comply 
with standards that encompass the requirements of UK industry standards (e.g., British 
Retail Consortium (BRC) and Global Good Agricultural Practices (GlobalGAP)), private 
retailer standards (e.g., Nature’s Choice and Farm to Fork) and public sanitary and 
phytosanitary standards (SPS).  
 

Foreign standards Domestic standards 
British Retail Consortium (BRC) i) Industry 
GlobalGAP      KenyaGAP 
Ethical Trading Initiative      Horticultural Ethical Business 
Initiative  
HACCP ii) Exporter code of practices 
Tesco’s Nature’s Choice iii) Public 
Marks & Spencer’s Farm to Fork      Kenya Bureau of Standards 
Sanitary and Phytosanitary Standards (SPS)      HCDA code of practices 

Source: Adapted from Okello et al (2008);  
HCCP = Hazard Analysis and Critical Control Points; HCDA=Horticultural Crop Development 
Authority 

Table 1. Array of food safety standards in operation in Kenyan green bean industry  

The diverse standards are primarily aimed at promoting practices that encourage farmers 
and pesticide applicators to adopt practices that protect them and the environment from 
hazards of pesticide exposure. These practices include i) wearing full pesticide protective 
gear, ii) handling pesticides in ways that ensure safety to farm family members and farm-
workers, iii)  bathing immediately after spraying or when pesticides accidentally come into 
contact with the skin, iv) storing pesticides away from foodstuffs in  fully secured pesticide 
storage units with adequate ventilation, v) disposing of pesticide containers and leftover 
pesticides in ways that do not threaten the health of humans or animals, iv) discontinuing 
the use of unapproved (usually more toxic) pesticides, and v) using pesticides only when 
needed (especially when pest scouting reveals the need to apply them).   
Farmers and farm-workers can get exposed to pesticides through four primary routes 
namely ingestion, inhalation, dermal absorption, and absorption through the eyes. Okello 
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and Swinton (2010) highlight the various ways in which individuals in a farm situation can 
get exposed to pesticides. These include entry into freshly sprayed field, eating while 
spraying pesticides, and skin contact with liquid, powder or aerosol forms of pesticides. 
Exposure to toxic pesticides can result in health hazards in the form of acute or chronic 
illnesses (Maumbe and swinton, 2003). Common pesticide induced illnesses include skin 
irritation, eye irritation, gastrointestinal irritation,  respiratory irritation, headaches, 
shortness of breath, dizziness, cancer, neurological problems, stillbirth and abortion.    
The rationale behind enforcing IFSS was that they can help reduce the hazards posed to 
farmers’ health and the environment by pesticides. Past studies have documented strategies 
that avert exposure to pesticides. Such strategies include wearing pesticide protective 
clothing during mixing and application, using properly secured pesticide storage units and 
disposing of pesticides in secured disposal pits (Antle and Capalbo, 1994; Maumbe and 
Swinton, 2003). Other exposure averting strategies include observing the interval between 
the application of pesticides and date of harvest, washing hands before eating, washing the 
protective clothing before next use, and combining pesticide application with other pest and 
disease control strategies. However, farmers can also reduce the health risks of pesticides 
after exposure has occurred by using mitigating strategies such as washing off pesticides 
from skin when there is accidental contact, removing clothes and taking a bath when there is 
accidental leakage of the spray pump, and taking medication. IFSS promote the use of these 
pesticide exposure averting and mitigating strategies. So how does compliance with this 
array of standards affect farmer health costs of exposure to pesticides, the use of 
environmentally-friendly practices and farmer profit margins? We turn to these questions 
after briefly presenting the methods used in this study.  

3. Study methods 
3.1 Theoretical framework 
In order to examine the effect of IFSS on Kenyan fresh produce industry, we categorized 
green bean farmers into two groups namely, growers who supply exporters that monitor 
and enforce IFSS (i.e., monitored farmers) and those that supply non discerning exporters 
(non-monitored farmers).   Pesticide usage may benefit farmers because it enhances the 
aesthetic quality of the produce, potentially enabling farmers to sell more quantity at higher 
prices. However, pesticide exposure may also be harmful to farmer health. The relationship 
between pesticide handling and usage by a farmer and health status (h(.)) can be expressed 
algebraically as a function of farmer specific variables (f), behavioral variables (b), exposure 
to pesticides (e(.)) which increases with pesticide inputs use (x), but decreases with pesticide 
exposure averting (a) and mitigating (m) variables. Health outcome is also assumed to be 
affected by doctor-prescribed and self administered treatment expenses (Φ) and institutional 
factors (z). Thus following previous authors (Cole et al, 1998; Strauss and Thomas, 1998; 
Hurley et al, 2000): 

 h=h[f, b, e(x, a, m), Φ(e), z) (1) 

Equation 1) implies that the health outcome of a farmer depends upon the set of strategies 
employed during pesticide handling and application, among other factors. These strategies 
specifically include pesticide averting (a) (e.g., protecting clothing, secured pesticide storage 
units, fenced disposal pits, and the use alternative pest management strategies) and 
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mitigating (m) strategies (treatment, washing pesticides off the skin when there is accidental 
contact, removing clothes and bathing when there is accidental leakage of the spray pump).  
The farmer uses pesticide and non-pesticide inputs to produce output (q) given by:  

 q=q[x,v,T,k,z] (2) 

where q is the output of beans, x is a vector of pesticide inputs, v are non-pesticide inputs 
(e.g., fertilizer); T is the total effective field labor requirement comprising effective family 
labor, (l(h)) and hired labor (r). Since exposure to toxic pesticides impairs health, we assume 
that effective family labor depends on the health outcomes.  For instance, illness resulting 
from pesticide exposure is likely to cause loss in labor time as the victim recovers. We 
assume that the hired labor bears the cost of health impairments due to exposure to 
pesticide via inability to work when sick. Finally, k is a vector of capital factors, and z is as 
earlier defined.  
Farmers who are monitored for compliance with IFSS produce beans under contracts that 
specify output volume, output price and other non-pesticide inputs; hence these are 
assumed to be predetermined. The farmer’s optimization problem is to choose x, a, m and Φ 
to minimize the combined production and health costs subject to labor availability and 
contracted output level and quantity qo.  The optimization function can be expressed as: 

 ( )
, , ,

,    x a mx a m
Min c x a w x w a w m wΦ

Φ
= + + + Φ  (3) 

s.t.  q ≥ qo 

T ≥ l(h)+ r 
The farmer minimizes the combined costs subject to two constraints namely that, i) it 
produces no less than the contracted output ( 0qq ≥ ) and ii) the total effective field labor is at 
least equal the sum of family and hired labor (T ≥ l(h)+  r ).  This optimization problem can 
be expressed mathematically by a Lagrangean function (L) as:  

 L = wxx + waa + wmm +wΦΦ + φ{q0- q(.)}+λ(T-l(h)-r) (4) 

The Lagrange multiplier φ represents the marginal value of added output while λ is the 
marginal cost of labor. We assume that the cost and production functions are concave and that 
exposure to pesticides leads to poor health while using strategies that avert or mitigate 
exposure to pesticides improves the health status of the farm household. At the same time, 
doctor-prescribed or self administered treatment expenses improve health status.  We further 
assume that improved health outcome increases the availability of effective family labor.   
Solving the Equation 4) yields the medical health and input demand functions (Okello and 
Swinton, 2010; Okello and Okello, 2010). The input demand functions include the demand 
for pesticide exposure averting strategies (a). One such strategy is the use of alternative pest 
management strategies, which reduces overdependence on the chemical control of pests and 
diseases and is therefore friendly to the environment.  Comparative static analysis shows 
that optimal use of pesticides requires consideration of farmer health whose costs can be 
reduced by using less toxic pesticides, employing more pesticide exposure averting and 
mitigating strategies and relying on medical treatment.   
Green bean exporters supplying major EU supermarkets train their farmers on safe use, 
storage, and disposal of pesticides as well as the need to use alternative strategies of 
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managing pests and diseases. As part the training, farmers are educated on health and 
environmental effects of pesticide exposure and on safe use of pesticides. We therefore 
hypothesize that green bean farmers who comply with IFSS benefit by incurring lower health costs of 
exposure to pesticides. In addition, we hypothesize that monitoring compliance with IFSS increases 
the use of more environmentally friendly strategies of managing pests and diseases in green beans. 
The use of alternative pest management strategies and switching to safer approved 
pesticides may however present a challenge to green bean growers. First, the new (safer) 
pesticides may be less effective in controlling the target pests and diseases (i.e., less 
efficacious). Second, the new approved/safer pesticides tend to be more expensive than the 
unapproved ones (Jaffee, 2003; Okello, 2005). Consequently, the switch to new/approved 
pesticides may increase the cost of production. In sum, if the approved pesticides are less 
efficacious and more expensive, the overall effect of complying with the standards will be a 
reduction in margins earned from the sale of the beans.  We therefore hypothesize that farmers 
who comply with IFSS will receive lower margins than their counterparts.  

3.2 Study area and data 
This paper draws from a study based on 180 green bean family farmers in Kirinyaga and 
Kerugoya-Kutus districts (located in Central province of Kenya) and Kangundo district 
(located in Eastern province of Kenya). The study was conducted between October 2003 and 
June 2004. A list of major green bean growing villages (primary sampling units) was drawn. 
From the list, 30 villages having both IFSS compliant and non-compliant farmers were 
randomly selected. Six farmers were then randomly sampled from each of the 30 villages, 
stratified by compliance with IFSS, giving a total of 180 farmers. Information was collected 
through personal interviews using questionnaires. Information on pesticides used was also 
collected.   
Pesticide toxicity of the pesticides reported by farmers was looked up from the World 
Health Organization (WHO) toxicity classification and the pesticides categorized as class 1 
(very toxic), class 2 (toxic), class 3 (slightly toxic) and class 4 (unharmful) (World Health 
Organization, 2005). The WHO class 4 pesticides were omitted from further analysis because 
they are not usually considered hazardous to users (Maumbe and Swinton, 2003).  
Detailed cost and output data was gathered from six carefully selected green bean farmers 
in the study areas. Of the six farmers, three were producing beans for exporters who 
supplied UK supermarkets and hence routinely monitored compliance with IFSS under a 
contract while the other three sold their beans in the spot market, hence no IFSS monitoring. 
All the six farmers had 0.5 acres under green beans, which was the mean farm size for small 
family farms for the last crop of green beans grown in 2003.   

3.3 Empirical methods 
In order to address the three hypotheses above, this study used a combination of 
quantitative techniques. The first technique used was the cost of illness approach. Under 
this approach, health cost of exposure to pesticides is approximated by the direct and 
indirect costs incurred as a result of being sick from pesticide poisoning. Specifically, 
farmers were asked if they experienced pesticide-induced illness symptoms immediately 
following the application of pesticides in beans. When the answer was affirmative, the 
farmer was then asked what the illness was, the time taken to recover, time of travel to 
medical health facility and the cost of medicines. Time lost due to illness was then converted 
into monetary values using prevailing wage rate. Thus both the direct and indirect costs of 
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pesticide exposure were collected. The indirect costs were approximated by the days lost 
(when farmer could not work in the field due to pesticide-induced illness). The direct costs 
were, on the other hand, measured by the medical doctor-prescribed and self-administered 
treatment (including consultation fee and cost of medicine) and the cost of travel to health 
facility. These indirect and direct costs were then summed to obtain the total health costs of 
exposure to pesticides which was then used as a dependent variable in a health cost 
regression model to test the benefit of monitoring farmers for compliance with IFSS on the 
costs of exposure to pesticides.  
The health cost model also included several conditioning variables namely, farmer specific 
variables (e.g., age, gender, and education); farmer’s behavioral characteristics  (alcohol intake, 
cigarette smoking); institutional characteristics (e.g., distance to health facility); pesticide 
exposure enhancing variables (quantity of class 1 pesticides used, quantity of class 2 pesticides 
used, quantity of class 3 pesticides used, and dummies for pesticide applicator and mixer, keeping 
unwashed gear in the house and drink spraying pesticides); exposure averting and mitigating 
variables (e.g., sprayer maintenance, number of gear items used, and dummies for pest scouting, 
change clothes, and washing gear before next use.  
The second technique, the Poisson regression model, was used to test the effect of 
monitoring farmers for IFSS on the use of alternative pest and disease management 
strategies. The dependent variable in this model was the number of alternative strategies 
used by the farmer to manage pests and diseases in green beans. The strategies considered 
included  soil testing for pests, crop rotation, use of pest/disease resistant varieties, 
fallowing, mulching, uprooting/burning infected plants, pest scouting, using trap crops, use 
of biological/natural pesticides, use of beneficial insects/organism. The conditioning 
variables used in this model are similar to those used in the cost of illness model.  
 Both the health cost and the Poisson models used survey regression technique with village 
as the primary sampling unit to control for clustering effect of the variance at the village 
level. Survey regression also has the added advantage of generating estimates that are 
robust to heteroskedasticity (Vittinghoff et al., 2005, pp. 309-310). In estimating both models, 
we dropped the practices variables most emphasized under the IFSS (namely, pest scouting, 
sprayer maintenance, and use of protective gear) because including them alongside the 
monitoring variable resulted in “double counting”. Other variables that added little 
information to the two models were also dropped when a Wald joint exclusion restriction 
tests showed that they had no significant effect on the models’ explanatory power. Some of 
the observations contained zero values hence could not be directly transformed into natural 
logs. These were health cost, class1 pesticides, class 2 pesticides and class 3 pesticides. Less than 
six observations in the health cost and class 2 pesticides had zero observations, hence they 
were log-transformed after first adding 0.5 to all observations. However, class 1 pesticides 
and class 3 pesticides had several zero values and were therefore log-transformed after 
performing Battese (1997) dummy variable transformation method in order to identify zero-
valued observations without bias to the analysis.   
The third technique used was the simple gross margin analysis. It involved computing the 
revenues and costs of producing green beans among the farmers that were monitored for 
compliance with IFSS and their counterparts. The revenues and variable costs of producing 
beans were computed for each of the three selected farmers and then averaged over each 
category of famers to obtain the gross margin/acre. The revenues and costs were measured 
for the last crop of beans grown in 2003. Two sets of prices were used to compute green 
bean revenues namely, the contract price for the monitored farmers (i.e., growing beans 
under contract) and the season’s average spot market price for the non-monitored farmers.  
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Table 2 summarizes the statistics for the key variables and also presents the results of paired 
t-tests of equality of means between monitored and non- monitored farmers.   
 
------------------------------------------------------------------------------------------------------------------------------- 
              Monitored (N=92)          Unmonitored (N=83) Test of Means 
Variable         Mean    Std. Dev            Mean    Std. Dev  t-stat        p-val 
------------------------------------------------------------------------------------------------------------------------------- 
Dependent variables 
log health cost (Kshs*)                    3.25               2.85                   3.88          2.54   1.53         0.063 
skin irritations (count)          1.58          2.79    2.67          4.73   1.89         0.030 
eye irritations (count)            0.84          2.78    1.24          3.23   0.89         0.188 
total irritations (count)+             2.72          5.44    4.34          7.61   1.63         0.052 
apmp (count)      3.82          0.24    2.82          0. 20 -3.23   0.000 
 
Farmer specific and institutional variables 
Female head of household      0.79             0.42      0.80         0.44    0.23         0.411 
log  age (years)             3.65             0.27       3.56         0.31   -1.81         0.964 
log education (years)                   1.95             0.09      2.14         0.39   -1.80          0.036 
log income           11.37             0.10  11.08         0.10   -2.11   0.982 
log distance to clinic (hours)           3.37             0.08       3.47         0.07      0.88     0.190  
cigarette smoking (0,1)                 0.32             0.04        0.30         0.05     0.30         0.616 
alcohol intake (0,1)      0.38             0.05      0.31         0.05    -0.92         0.177 
total income  (‘000 Kshs)             133.6      143.6  95.4     106.5    -1.98    0.025 
marketable bean output (kg/acre)  1706    1258               795     740   -5.73    0.000 
 
Exposure enhancing variables 
log class 1 pesticides (g/farm)         -0.47            0.13     -0.20        0.20   1.14          0.127 
log class 2 pesticides (g/farm)           5.86             0.14    6.12        0.12   1.40          0.082 
log class 3 pesticides (g/farm)            1.11             0.32    1.01        0.37   0.22          0.588 
drinks spraying (0,1)            0.17             0.38    0.13        0.33  -0.89          0.813 
unwashed gear in house (0,1)               0.26            0.50    0.30        0.50    0.55          0.292 
primary applicator (0,1)               0.55             0.50    0.63        0.50    1.25          0.106 
primary mixer (0,1)               0.74             0.46    0.75        0.48    0.12   0.553 
 
Exposure averting and mitigating variables 
wash gear (0,1)                   0.69             0.05    0.67        0.05                -0.30         0.619 
change clothing & wash (0,1)              0.20             0.41    0.22        0.41                 0.17          0.434 
sprayer maintenance (count/year)     1.03             0.15  0.60        0.15                -2.29          0.011 
pest scouting (0,1)                  0.78             0.41    0.61        0.49                -2.46          0.008 
  
---------------------------------------------------------------------------------------------------------------------------------  
 

Source: Adapted from Okello and Swinton (2010) 
* Kenya Shillings (Exchange rate in 2003 was US$ 1 = Kshs 78).  
+ Total includes gastrointestinal irritations, which were too infrequent to count separately.  

Table 2. Summary statistics of key variables used in the analysis 

As shown, monitored farmers experienced lower health costs of exposure to pesticide and 
used, on average, significantly higher number of alternative pest management practices than 
the unmonitored. Mean health costs associated with pesticide exposure were Kshs 186 for 
monitored farmers and Kshs 261 for the non-monitored. At the same time farmers who 
comply with IFSS received higher but more variable bean yield and income than their 
counterparts.  
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Notably, Table 2 shows that there are significant differences in the incidence of acute pesticide-
induce illness between the monitored and non-monitored farmers. The former had lower 
mean number of skin irritations than the latter. Indeed, the average count of total1 acute 
pesticide-induced irritations experienced by green bean farmers was much lower and strongly 
statistically significant among monitored farmers than their counterparts.  
With regard to pesticide use, however, there are no significant differences between 
monitored and non-monitored farmers, except for class 2 pesticides. Indeed t-tests of 
difference in mean quantity of active ingredients per farm applied by monitored and non-
monitored farmers are insignificant. This finding suggests that monitored farmers are still 
using toxic class 1 pesticides as much as their non-monitored counterparts. The continued 
use of class 1 pesticides by monitored farmers in controlling pests and diseases in beans is 
largely due to the dilemma monitored farmers face. The very market that demands the use 
of less toxic (but often less efficacious) pesticides also demands aesthetic quality attributes 
(e.g., spotless and straight beans) which are hard to meet without chemical control of pests 
and diseases. In the section below, we investigate these findings further using regression 
and gross margin analysis to specifically test if they are caused by monitoring farmers for 
compliance with IFSS. 

4. Results 
4.1 Effect of IFSS on pesticide-related cost of illness 
As hypothesized, monitoring farmers for compliance with IFSS significantly reduces 
pesticide related health costs (Table 3).  It reduces the log of health costs of exposure to 
pesticides by 0.80 units. Several other factors also condition the health costs of exposure to 
pesticides. Among the farmer specific variables, education reduces health costs while and 
income increases it. An additional year of education beyond the mean of two reduces health 
costs of pesticide exposure by 18 percent. The elasticity of health cost with respect to income 
is 0.53 implying that income is associated with increased health costs of pesticide induced 
illnesses. That is, farmers who earn greater income from beans (hence likely to have grown 
larger areas) get more exposed to pesticides and hence incur higher health costs.  
As expected, results also show that the primary pesticide applicators incur higher health 
costs. Although not surprising, it corroborates previous findings by Harper and Zilberman 
(1992) from U.S. agriculture. Among the mitigating and averting variables, pesticide 
applicators who change clothing contaminated by pesticides and wash off the pesticides 
from their bodies (change clothing) following accidental leakage by the spray pump 
experience lower cost of pesticide illness than those who do not, presumably because they 
reduce duration of skin contact with pesticides.   

4.2 Effect of IFSS on the use of alternative pest and disease management strategies 
The finding that the use of pesticide averting and mitigating strategies reduces health costs 
of exposure to pesticides led us to investigate further whether monitoring farmers for 
compliance with IFSS increases the use of such strategies. In particular, we focused on 
strategies that are likely to benefit the environment namely, the alternative disease and pest 

                                                 
1 Total irritations is the sum of the count of skin, eye, and gastrointestinal irritation experienced by a 
farmer soon after applying pesticides in green beans  
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management strategies. We therefore estimated survey Poisson regression model to test the 
effect of monitoring farmers for compliance with IFSS on number of such strategies used.  
 

-------------------------------------------------------------------------------------------------------------------
Independent variables   Coefficient  p-value 
-------------------------------------------------------------------------------------------------------------------
Farmer specific and institutional variables 
female head of the household  -0.055   0.923  
log age     -1.524   0.040  
education    -0.184   0.009  
log income     0.539   0.026  
log distance to clinic   -0.444   0.113  
cigarette smoking    -0.708   0.125  
alcohol intake     0.808   0.056  
monitored farm    -0.799   0.055  
 
Exposure enhancing variables 
log class 1 pesticides   -0.098   0.757  
log class 2 pesticides    0.002   0.987  
log class 3 pesticides   -0.535   0.120  
primary applicator   1.184   0.017  
unwashed gear in house   0.294                  0.506 
drinks spraying    0.021   0.965 
 
Exposure averting and mitigating variables 
change clothing & wash   -0.988   0.037  
 
Battese dummy variables 
class 1 pesticides    -1.433   0.513 
class 3 pesticides    -3.524   0.106 
constant     10.900   0.027  
-------------------------------------------------------------------------------------------------------------------
F statistic           2.44    
p-value           0.003    
R-squared          0.194    
------------------------------------------------------------------------------------------------------------------- 

 

Dependent variable: Natural log of farmer’s direct and indirect health costs* of pesticide exposure in 
Kenya Shillings 
* To health cost variable, we added 0.5 KSh to all observations before log transformation to 
accommodate 6 cases of zero health costs; likewise we added 0.5 g/farm to observations of Class 2 
pesticide quantity due to 1 zero value.  For Class 1 and 3 pesticide quantities, we created new dummy 
variables to signal zero values, replacing the pesticide quantity zeroes with 1’s so that their log 
transformed values were zero (Battese, 1997) in order to remove bias from the estimation.  
Source: Adapted from Okello and Swinton (2010) 

Table 3. Determinants of pesticide-related health costs among Kenyan green bean growers, 
2004 – Survey OLS regression  

We selected a Poisson regression model because the dependent variable, namely the number 
of pest and disease management practices (apmp) used by a farmer, is a count variable. The 
results of this exercise are presented in Table 4.   
As hypothesized, monitoring farmers for compliance with IFSS increases the expected number 
of alternative pest and disease management strategies used by the farmers. Other things being 
equal, the expected number of such alternative pest and disease management practices (apmp) 
used by monitored farmers is approximately 30% higher than for those that are not.  
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----------------------------------------------------------------------------------------------------------------
Independent variables   Coefficient  p-value 
----------------------------------------------------------------------------------------------------------------
Farmer specific and institutional variables 
female head of household                 0.280   0.079  
log age      0.202   0.264  
log education     0.102   0.081  
Log plotsize    -0.134   0.225 
Log income      0.022   0.548 
cigarette smoking    -0.061   0.007  
alcohol intake     0.016   0.597  
log distance to clinic    0.197   0.008  
EU-PS comply     0.302   0.005 
Extension      0.005   0.008 
Ownradio     0.206   0.019 
Experience     0.004   0.033 
 
Exposure enhancing variables 
log class 1 pesticides   -0.014   0.669  
log class 2 pesticides    0.068   0.039  
log class 3 pesticides   -0.004   0.798  
----------------------------------------------------------------------------------------------------------------
F statistic     5.19    
p-value     0.001    
N     175  
---------------------------------------------------------------------------------------------------------------- 

Dependent variable: Number of alternative pest and disease management practices used by the farmer 
Source: Adapted from Okello and Okello (2010) 

Table 4. Effect of EU-PS on use of alternative pest management practices, 2004 – survey 
Poisson regression  

A number of the conditioning variables also affect the number of apmp used by farmers. 
Among the farmer specific variables, gender and education increase the expected number of 
apmp used. The expected number of alternative pest management practices used by male 
farmers is approximately 28 percent higher than for female farmers. At the same time, 
increasing the mean years of education from 2 to 3 increases the number of apmp by 10 
percent.  Results also show that cigarette smoking reduces the expected number of apmp 
used by farmers.  
A number of institutional factors also affect the number of alternative pest and disease 
management strategies in green beans. These include distance to clinic, extension, radio and 
experience. These factors increase the expected number of apmp used in controlling pests 
and diseases in beans. Other things being equal, increasing the log of distance to the clinic 
by one hour of travel time increases the number of apmp by about 20 percent while an 
additional contact with public extension personnel increases the expected number of apmp 
by 0.5 percent. The results further show that experience in growing beans increases the 
expected number of apmp used, probably because of familiarity with the hazards of 
exposure to pesticides. Each additional year of farming experience beyond the mean 
increases the expected number of apmp used by 0.4 percent.  Among the exposure enhancing 
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variables, results show that the use of the more toxic class 2 pesticides increases the expected 
number of apmp used.  

4.3 Effect of IFSS on margins earned by green bean farmers  
A major concern of many developing country exporters upon the onset of IFSS was that the 
standards would marginalize the poor family farmers (Mungai, 2004; Okello, 2005). Hence 
we investigated how compliance with IFSS affected the profit margins earned by farmers. 
Figure 2 presents the results of the analysis. As shown, monitored farmers received higher 
revenues from growing beans than their counterparts. The higher revenues obtained by 
monitored farmers resulted primarily from selling more beans due to better access to UK 
market than the unmonitored. Interestingly, monitored farmers did not receive premium 
price from their buyers despite having to comply with the IFSS (Okello, 2005). The average 
price of beans paid to monitored farmers under the contract remained stable at KShs 40/kg 
during the period.  
 

 
Source: Okello and Swinton (2005) 

Fig. 2. Comparison of revenues, costs and gross margins of producing green beans with and 
with IFSS, Kenya, 2005 (in thousand Ksh) 

Monitored farmers incurred higher variable costs of producing beans, as expected. The high 
variable costs likely resulted from new, more expensive pesticide products.  For instance, at 
the time of this study, farmers were required to switch from the use of Dimethoate (a class 2 
fungicide with long required interval between spraying and harvest) to Ortiva (a class 3 
fungicide with a shorter interval). However, Ortiva (the new pesticide) cost 2.5 times as 
much as Dimethoate.  Indeed, switching to approved pesticides contributed to 20% of the 
difference in costs of producing green beans between the monitored and non-monitored 
farmers.  
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Overall, contrary to our theoretical expectations, monitored farmers received higher 
margins from growing beans than their counterparts. The average gross margin for 
monitored farmers was 13% higher than for their counterparts indicating that IFSS does not 
really marginalize the poor family farmers who grow beans under strict monitoring for 
compliance with IFSS.   

5. Conclusions 
This research finds that compliance with international food safety standards (IFSS) reduces 
the incidence of pesticide-induced acute illness and the health costs associated with 
exposure to pesticides. Farmers who were monitored for IFSS compliance incurred much 
lower health costs and also experienced much fewer acute pesticide-induced illnesses than 
those who were not. The paper also finds that compliance with IFSS promotes the use of 
integrated pest and disease management strategies. The judicious use of pesticides has 
implications for sustainable production of non-traditional fresh exports in developing 
countries as it reverses the “circle of poison” pattern reported in Asia and instead promotes 
a circle of virtuous pesticide care in use. We further find that while compliance with IFSS 
increases the cost of green bean production, higher revenues result in the profit margins 
earned by IFSS compliant farmers that exceed their domestic counterparts who are not 
monitored for compliance. These higher margins emanate from greater access to the export 
market by farmers monitored under contracts.  
This study therefore concludes that compliance with IFSS therefore brings health and 
environmental benefits in addition to the acknowledged access to high value overseas 
markets. Contrary to early concerns that IFSS compliance would marginalize poor family 
farmers, IFSS compliance has brought financial gains and many Kenyan smallholder 
farmers have found cooperative ways to gain access to these export markets (Okello and 
Swinton, 2007). Despite the health and financial gains, IFSS compliant farmers do not use 
less toxic pesticide active ingredients in fresh vegetable production than their non-
monitored counterparts. The international market demand for clean, well-formed and 
spotless vegetables continues to require rigorous pest control that favors the use of 
efficacious pesticides.  
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1. Introduction 
In the production of cereals, fruit and vegetables the appropriate protection from harmful 
organisms, which tend to appear in inappropriate places at inappropriate times, is needed. 
At present plant protection is based on the use of plant protection products (PPPs) which, 
when properly used, assure the most economical way of producing adequate quantities of 
high quality food. Incorrect and uncontrolled use of PPPs may cause great harm to people, 
animals and the environment. Agricultural experts have been constantly trying to develop 
new technologies of healthy food production including the development of PPPs which 
would be friendlier to people, animals and the environment.  
The task of the government is to control the proper use of PPPs, which insures healthy food 
on the market (Akiyama et al., 2002; Andersen J. H. & Poulsen M. E., 2001; Dejonckheere et 
al., 1996; Dogheim et al. 2002; Fernandez et al., 2001; Ripley et al., 2000). This is why the 
Agricultural Institute of Slovenia was determining pesticide residues in agricultural 
products of Slovene producers prior to the market, i.e. after picking, digging or harvesting 
and in storage in accordance to Slovenian legislation (RS 1999a; 1999b; 2001; 2004a; 2004b; 
2007a; 2007b; 2009). The samples were taken randomly in eight production areas in Slovenia: 
Celje, Koper, Kranj, Nova Gorica, Novo mesto, Murska Sobota, Maribor, and Ljubljana. Each 
year (except in 2009) analyses of pesticide residues were performed on potato, lettuce and 
apple samples due to the characteristic nutrition of Slovenes (the Slovene Food Basket has 
not yet been demarcated). Selection of other agricultural commodities and active substances 
followed the guidelines given in the European Union monitoring recommendations (EC 
2001; 2002a, 2002b; 2004; 2005; 2006; 2007; 2008a; 2008b). 
Control of pesticide residues in agricultural products prior to the market allows assessment 
of the conformity of production with good agricultural practice and the determination of 
sources and/or causes of residues found. Random choice of producers enables a statistical 
approach to the estimation of food safety on the Slovene market. 
The results are intended to: 
- Determine the conformity with the legally prescribed maximum residue levels (MRLs) 
- Determine the conformity of the conventional, integrated and ecological production 

with good agricultural practice 
- Determine the sources and/or causes of residues found 
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Legally prescribed MRLs are defined on the basis of field trials in accordance with good 
agricultural practice. Consideration of the prescribed way to use PPPs and the pre-harvest 
interval are therefore of key importance. 
For monitoring purposes quick and reliable multiresidual methods are needed that enable 
simultaneous determination of a wide spectrum of active substances. The methods mainly 
use three types of solvents for extraction: ethylacetate (Berrada et al., 2006; Čajka & 
Hajšlová, 2004; Ferrer et al., 2005; Sharif et al., 2006), acetonitrile (method also known as 
QuEChERS method) (Lehotay, 2007; Maštovská et al., 2005) or acetone (Díez et al., 2006; 
Pizzutti et al., 2009; Stan & Linkerhägner, 1996). Our laboratory used acetone because of its 
low toxicity, high volatility and miscibility with water. For better extraction of active 
substances we added petroleumether and dichlorometane to the acetone (Baša Česnik & 
Gregorčič, 2003; Baša Česnik et al., 2006). For the determination of the extracted active 
substances laboratories mainly use gas chromatography coupled to various detections, i.e. 
flame ionisation detection (FID), electron capture detection (ECD), nitrogen phosphor 
detection (NPD) and flame photometric detection (FPD). We have used gas chromatography 
coupled to mass spectrometry (GC/MS) which enables simultaneous and unequivocal 
qualitative and quantitative determination of active substances. In the case of thermally 
labile compounds liquid chromatography coupled to UV detection or fluorescence detection 
is used.  We have used liquid chromatography coupled to tandem mass spectrometry 
(LC/MS/MS) which enables simultaneous and unequivocal qualitative and quantitative 
determination of active substances. 

2. Experimental 
In nine years of monitoring we analysed 1504 samples: 102 cereal samples (9 barley samples, 
72 wheat samples, 1 millet sample, 2 spelt samples, 7 corn samples, 1 triticale sample, 5 rye 
samples and 5 oat samples), 494 fruit samples and 908 vegetable samples. The sampling is 
presented in Table 1.  
For the determination of PPP residues we used four different testing methods: 
• method for the determination of benzimidazoles: tiabendazol and the sum of benomil 

and carbendazim  (in 2001-2007) (van Zoonen, 1996), 
• method for the determination of the maneb group: maneb, mankozeb, metiram, 

propineb, thiram and zineb, the sum is expressed as carbon disulfide (in the years 2001-
2009) (Baša Česnik & Gregorčič, 2006) 

• multiresidual GC/MS method (in 2001-2009) (Baša Česnik & Gregorčič, 2003; Baša 
Česnik et al., 2006) 
In 2001 and 2002 the scope of analyses was: acephate, aldrin, azinphos-methyl, captan, 
carbofuran, chlorpyriphos, chlorpyriphos-methyl, cyhalotrin-lambda, DDT, 
deltamethrin, diazinon, dimethoate, endosulfan, endrin, fenitrothion, fenthion, 
fludioxonil, folpet, HCH-alpha, heptachlor, heptenophos, imazalil, iprodione, lindane, 
malathion, mecarbam, metalaxyl, methamidophos, methidathion, parathion, 
permethrin, phosalone, pirimiphos-methyl, procymidone, pyridaphenthion, 
quinalphos, thiabendazole, triazophos and vinclozolin. 
In 2003 the scope was extended with the following active substances: azoxystrobin, 
bromopropylate, chlorothalonil, cypermethrin, dichlofluanid, omethoate, oxydemeton-
methyl, phorate, propyzamide and tolylfluanid. 
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Commodity 2001 2002 2003 2004 2005 2006 2007 2008 2009 Sum 
Apples 15 30 36 70 17 36 43 38 / 285 
Beans / / / / / / / 8 / 8 
Carrot / / / / 15 / / 17 / 32 
Cauliflower / / 10 / / 11 / / 17 38 
Cereals 31 / 15 / / 26 10 / 20 102 
Cherries / / / / / / 10 / / 10 
Cucumbers / / / / 17 / / 20 / 37 
Eggplant / / / / / / / / 9 9 
Endive / / / / / / / / 28 28 
Grapes / / 15 / / 20 / / / 35 
Head cabbage / / / 15 / / 21 / / 36 
Leek / / / / / / 9 / / 9 
Lettuce 15 30 24 28 17 16 25 24 23 202 
Peaches / / / / / / 20 / / 20 
Pears / 30 / / 12 / / 21 / 63 
Peas / / / / / 4 / / / 4 
Pepper / / 15 / / 16 / / 21 52 
Potatoes 30 30 35 61 16 33 36 32 52 325 
Spinach / / / / 7 / / 6 / 13 
Strawberries 30 / / 13 / 19 19 / / 81 
String beans / 30 / / 14 / / / / 44 
Tomatoes 30 / / 24 / / 17 / / 71 
Sum 151 150 150 211 115 181 210 166 170 1504 

Table 1. Sampling of agricultural products in the years 2001 to 2009 

In 2004 the scope was extended with the following active substances: cyprodinil, 
diphenylamine, kresoxim-methyl, myclobutanil, pyrimethanil and spiroxamine. 
In 2005 the scope was extended with the following active substances: bifenthrin, 
bupirimate, carbaryl, chlorpropham, pirimicarb, propargite, tolclofos-methyl, 
triadimefon and triadimenol. 
In 2006 the scope was extended with the following active substances: cyromazine, 
penconazole, trifloxystrobin. 
In 2007 the scope was extended with the following active substances: boscalid, 
dichlorvos, fenamidone, quinoxyfen, tebuconazole. Cyromazine was removed.  
In 2008 the scope was extended with the following active substances: carboxin, 
chloridazon, clomazone, cyproconazole, diniconazole, fenbuconazole, indoxacarb, 
metconazole, methacrifos, metribuzin. 
In 2009 the scope was extended with the following active substances: acrinathrin, 
dazomet, desmethylpirimicarb, dimethachlor, esfenvalerate, fenvalerate, flonicamid, 
fluquinconazole, HCH-betha, HCH-deltha, hexachlorobenzene, metalaxyl-M, 
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metrafenone, oxadixyl, parathion-methyl, profenofos, quinoclamine, tetraconazole, 
tetradifon. 

• multiresidual LC/MS/MS method (in 2006-2009) (Bossi et al., 2002; Ortelli et all., 2004; 
Lehotay et al., 2005) 
In 2006 the scope of analyses was: aldicarb, bentazone, cymoxanil, difenoconazole, 
fenazaquin, fenhexamid, fluroxypyr, imidacloprid, methiocarb, methomyl, phoxim, 
pymetrozine, spirodiclofen, tebufenozide, thiacloprid, thiamethoxam and zoxamide. 
In 2007 the scope was extended with the following active substances: acetamiprid, 
amidosulfuron, benalaxyl, bitertanol, clofentezine, cyromazine, dimethomorph, 
epoxiconazole, ethofumesate, famoxadone, fenpropidin, fenpropimorph, 
fenpyroximate, flufenacet, fluquinconazole, hexythiazox, iprovalicarb, lufenuron, 
metosulam, pendimethalin, prochloraz, propamocarb, propiconazole, pyridate, 
spinosad, terbuthylazine, thiophanate-methyl and trichlorfon. 
In 2008 the scope was extended with the following active substances: aldicarb sulfon, 
aldicarb sulfoxid, buprofezin, carbendazim, clopyralid, clothianidin, cycloxydim, 
desmedipham, flutriafol, foramsulfuron, iodosulfuron-methyl-sodium, isoxaflutole, 
linuron, malaoxon, metamitron, metazachlor, methiocarb sulfon, methiocarb sulfoxid, 
methoxyfenozide, napropamide, phenmedipham, prosulfocarb, prosulfuron, 
pyraclostrobin, rimsulfuron, tetraconazole, thifensulfuron-methyl, thiodicarb, 
triasulfuron, trifluralin and triflusulfuron-methyl.  
In 2009 the scope was extended with the following active substances: 2,4-D, amitrole, 
azinphos-ethyl, beflubutamid, benalaxyl M, bromoxynil, carbosulfan, chlortoluron, 
cyazofamid, demeton-S-methyl sulphone, dichloprop-P, diflufenican, dimethenamid-P, 
fenarimol, fenoxaprop-P-ethyl, fenoxycarb, fenthion sulfone, fenthion sulfoxide, 
fipronil, florasulam, fluazifop-P-butyl, fluazinam, fluorochloridone, flusilazole, 
hexaconazole, isoproturon, mandipropamid, MCPA, monocrotophos, nicosulfuron, 
oxamyl, paraoxon-methyl, phorate sulfone, phorate sulfoxide, propaquizafop, 
pyrazophos, teflubenzuron, tribenuron-methyl and trinexapac-ethyl. Fluquinconazole 
and tetraconazole were removed. 

The trueness of testing methods was verified by recoveries which had to be from 70% to 
120%. 
The trueness was additionally verified by participation in the French inter-laboratory 
proficiency testing scheme BIPEA (Bureau interprofessionnel d´etudes analytiques) and 
CRL European Proficiency Tests. 
In January 2005 determination of pesticide residues was accredited by the French 
accreditation body COFRAC. 

3. Results and discussion 
During the period, from 2001 to 2009, 1504 samples were analysed. Sample portions below 
reporting level (RL), sample portions below or equal to MRLs and sample portions above 
MRLs are presented in Figure 1, Figure 2 and Table 2.  
In 946 samples (62.9%) PPP residues were not found, in 493 samples (32.8%) PPP residues 
were lower or equal to MRLs and in 65 samples (4.3%) PPP residues were above MRLs. 
The highest portion of PPP residues, 50% and more, was found in fruit. The farmers have to 
protect fruit against rot, mould and insects. The highest portion of determined but not 
exceeding PPP residues, (residues lower or equal to MRLs), was found in cherry samples 
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Fig. 1. Results of monitoring from 2001 to 2009 
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Fig. 2. Sample portions of PPP residues for each analysed matrix from 2001 to 2009 
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Commodity Sample portion <RL 
(%) 

Sample portion ≤MRL 
(%) 

Sample portion >MRL 
(%) 

Apples 20.0 77.9 2.1 
Beans 100.0 0.0 0.0 
Carrot 84.4 15.6 0.0 
Cauliflower 26.3 73.7 0.0 
Cereals 99.0 1.0 0.0 
Cherries 20.0 80.0 0.0 
Cucumbers 86.5 10.8 2.7 
Eggplant 100.0 0.0 0.0 
Endive 85.7 14.3 0.0 
Grapes 8.6 62.9 28.6 
Head cabbage 83.3 16.7 0.0 
Leek 100.0 0.0 0.0 
Lettuce 72.3 25.2 2.5 
Peaches 40.0 50.0 10.0 
Pears 38.1 61.9 0.0 
Peas 75.0 25.0 0.0 
Pepper 88.5 11.5 0.0 
Potatoes 87.1 1.8 11.1 
Spinach 92.3 0.0 7.7 
Strawberries 40.7 58.0 1.2 
String beans 59.1 36.4 4.5 
Tomatoes 74.6 23.9 1.4 

Table 2. Sample portions of PPP residues for each analysed matrix from 2001 to 2009 

(80.0%), apple samples (77.9%), grape samples (62.9%), pear samples (61.9%), strawberry 
samples (58.0%) and peach samples (50.0%). Some fruit samples contained also exceeding 
PPP residues (residues above MRLs), i.e. grape samples (28.6%), peach samples (10.0%), 
apple samples (2.1%) and strawberry samples (1.2%). 
The portion of PPP residues found in vegetables and cereals was less than 50%. Cauliflower 
was the only exception. In cauliflower the same active substance found in 2003, 2006 and 
2009 was dithiocarbamates (maneb group). In cauliflower there are naturally present 
substances that give the same responses as dithiocarbamates. This is why we cannot say that 
cauliflower was really treated with dithiocarbamates. Besides dithiocarbamates, only one 
active substance was found in one sample (difenoconazole in 2006). 
The highest portion of exceeding PPP residues (residues above MRLs) were found in grape 
samples (28.6%) and potato samples (11.1%).  
MRL exceedances in grape samples were found for cyprodinil in 2006 and for fludioxonil in 
2003 and 2006. This suggests that the farmers used PPP Switch authorised for grapes that 
contains both active substances. The national MRL for both compounds was 0.02mgkg-1 in 
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2003 and 2006. Today the European Community MRL for cyprodinil is 5mgkg-1 
(Commission Regulation (EC) No. 459/2010) and for fludioxonil 2mgkg-1 (Commission 
Regulation (EC) No. 822/2009). The highest value obtained in grape samples was 0.40mgkg-1 

for cyprodinil and 0.04mgkg-1 for fludioxonil. Taking into account today's MRLs none of the 
samples would be exceeding. The risk assessment performed with Pesticide Safety 
Directorate (PSD, York, UK), model for acute exposure for cyprodinil at concentration level 
0.40mgkg-1 and Acceptable Daily Intake (ADI) 0.03mgkg-1 body weight-1 day-1 (Acute 
Reference Dose-ARfD for cyprodinil was not determined) showed that the National 
Estimate of Short Term Intake (NESTI) expressed in ADI percentage ranged from 2.5% for 7-
10 years old children to 31.6% for adults. The risk assessment performed with the PSD 
model for acute exposure for fludixonil at concentration level 0.04mgkg-1 and ADI 
0.37mgkg-1 body weight-1 day-1 (ARfD for fludixonil was not determined) showed that 
NESTI expressed in ADI percentage ranged from 0.0% for 7-10 years old children and 
residential elderly people to 0.3% for adults. ADIs were found on the internet 
(http://ec.europa.eu/sanco_pesticides/public/index.cfm?event=activesubstance.detail  
for cyprodinil and 
http://ec.europa.eu/sanco_pesticides/public/index.cfm?event=activesubstance.detail  
for fludioxonil), as well as the PSD model for acute exposure 
(http://www.pesticides.gov.uk/approvals.asp?id=1687). The risk assessment showed that 
the exceeding grape samples did not present any risk for health (NESTI in % of ADI was 
below 100%) and were therefore safe for consumers.  
MRL exceedances in potato samples were found exclusively for dithiocarbamates in 2001-
2004. Dithiocarbamates were the only active substances found in potato in these years. The 
reporting level for dithiocarbamates was 0.05mgkg-1, which was at the same time the MRL 
for potato during these years (Official Gazette of the Republic of Slovenia No. 73/03). In 
January 2005 the MRL was raised to 0.1mgkg-1 (Commission Directive 2004/115/EC) and in 
2008 it was raised to 0.3mgkg-1 (Commission Regulation (EC) No. 839/2008). If MRL 
0.3mgkg-1 were valid from 2001 to 2004 only 8 samples instead of 36 would be exceeding. 
Among dithiocarbamates, ziram has the lowest ARfD 
(http://ec.europa.eu/sanco_pesticides/public/index.cfm?event=activesubstance.selection) 
which is 0.08mgkg-1 body weight-1 day-1. The highest value obtained in potato samples for 
dithiocarbamates during 2001-2004 was   0.51mgkg-1, which is equivalent to 1.02mgkg-1 of 
ziram. The risk assessment performed with the PSD model showed, that for that sample 
acute exposure for ziram was exceeding (NESTI in % of ARfD was above 100%) for infants 
(196.0% ARfD), toddlers (135.6% ARfD) and 4-6 year old children (102.1%ARfD).  Among 
dithiocarbamates thiram has the highest ARfD 
(http://ec.europa.eu/sanco_pesticides/public/index.cfm?event=activesubstance.selection) 
which is 0.6mgkg-1 body weight-1 day-1.  The highest value 0.51mgkg-1, obtained in potato 
samples for dithiocarbamates in the years 2001 to 2004, is equal to 0.81mgkg-1 of thiram. The 
risk assessment performed with the PSD model showed, that for that sample acute exposure 
for thiram was not exceeding (NESTI in % of ARfD was below 100%) for all groups. The 
highest acute exposure was 20.8% ARfD for infants and the lowest was 3.2% ARfD for 
adults. The active substances from the maneb group in potato were not determined 
separately and we cannot conclude if the samples presented any risk for the health of 
consumers. From 2005 to 2009 only two potato samples contained dithiocarbamates: one in 
2006 and one in 2007 (dithiocarbamates content was 0.06 mgkg-1 for both samples). Results 
for 2005 to 2009 show that farmers had learned how to use PPPs containing active 
substances from the maneb group in accordance with good agricultural practice.  
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Annual results for the most frequently inspected commodities, i.e. apple, lettuce and potato, 
are presented in Tables 3-5 and Figures 3-5. Lettuce and potato were sampled each year 
while apples were not sampled in 2009. The highest percentage of apple samples with 
determined but not exceeding PPP residues was found in 2005 (88.2%) and the lowest in 
 
Year  Sample portion <RL (%) Sample portion ≤MRL (%) Sample portion >MRL (%) 
2001 26.7 73.3 0.0 
2002 30.0 66.7 3.3 
2003 16.7 83.3 0.0 
2004 17.1 80.0 2.9 
2005 5.9 88.2 5.9 
2006 16.7 77.8 5.6 
2007 18.6 81.4 0.0 
2008 28.9 71.1 0.0 

Table 3. PPP residues in apple samples for the period from 2001 to 2008 
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Fig. 3. Annual results for apple samples from 2001 to 2008 



Pesticide Residues in Agricultural Products of Slovene Origin Found in 2001-2009   

 

207 

 
Year Sample portion <RL (%) Sample portion ≤MRL (%) Sample portion >MRL (%) 
2001 60.0 26.7 13.3 
2002 63.3 33.3 3.3 
2003 70.8 29.2 0.0 
2004 42.9 57.1 0.0 
2005 94.1 5.9 0.0 
2006 93.8 6.3 0.0 
2007 80.0 16.0 4.0 
2008 83.3 12.5 4.2 
2009 78.3 21.7 0.0 

 

Table 4. PPP residues in lettuce samples for the period from 2001 to 2009 

 

0 10 20 30 40 50 60 70 80 90 100

2001

2002

2003

2004

2005

2006

2007

2008

2009

Y
ea

r o
f d

et
er

m
in

at
io

n

Sample portion (%)

Sample portion <RL (%) Sample portion ≤MRL (%) Sample portion >MRL (%)

 
 

Fig. 4. Annual results for lettuce samples from 2001 to 2009 
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Year Sample portion <RL (%) Sample portion ≤MRL (%) Sample portion >MRL (%) 
2001 80.0 0.0 20.0 
2002 56.7 3.3 40.0 
2003 60.0 2.9 37.1 
2004 91.8 0.0 8.2 
2005 93.8 6.3 0.0 
2006 93.9 6.1 0.0 
2007 97.2 2.8 0.0 
2008 100.0 0.0 0.0 
2009 100.0 0.0 0.0 

 

Table 5. PPP residues in potato samples for the period 2001 to 2009 
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Fig. 5. Annual results for potato from 2001 to 2009 
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2002 (66.7%). The highest MRL exceedances in apple samples were found in 2005 (5.9%), 
exceedances were also found in 2002, 2004 and 2006. The highest percentage of lettuce 
samples with determined but not exceeding PPP residues was found in 2004 (57.1%) and the 
lowest in 2005 (5.9%). The highest MRL exceedances in lettuce samples were found in 2001 
(13.3%), exceedances were also found in 2002, 2007 and 2008. MRL exceedances in potato 
samples were found in 2001 (20.0%), 2002 (40.0%), 2003 (37.1%) and 2004 (8.2%). From 2005 
to 2009 MRL exceedances in potato samples were not found. 
Multiple residues were found in 274 out of 1504 samples (18.2%). Residues of two active 
substances were determined in 125 samples (8.3%), residues of three active substances were 
determined in 86 samples (5.7%) and residues of four or more active substances were 
determined in 63 samples (4.2%). Multiple residues were mainly found in fruit samples, i.e. 
in grape samples (68.6%), in apple samples (55.1%), in pear samples (42.9%), in cherry 
samples (40.0), in strawberry samples (37.0%) and in peach samples (30.0%). According to 
our study the grapes were treated with different active substances, the sample in 2006 
contained residues of nine active substances. In vegetable samples multiple residues were 
found in less than 10% of the matrix analysed. In some vegetable samples (beans, carrot, 
eggplant, head cabbage, leek, peas, potatoes, spinach and string beans) and in cereal 
samples multiple residues were not found.  Results are presented in Figure 6 and in Table 6.  
Details about samples containing 5 or more active substances are presented in Table 7. Most 
of the pesticides, presented in Table 7, were insecticides or fungicides, some acaricides were 
also found. 
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Fig. 6. Distribution of samples with multiple residues from 2001 to 2009 
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Commodity 
No. of

samples
2 a.s. 

Portion
(%) 

No. of
samples

3 a.s. 

Portion 
(%) 

No. of 
samples 

4 or more a.s.

Portion
(%) 

No. of 
samples 

sum multiple 

Portion 
(%) 

 Apples 66 23.2 48 16.8 43 15.1 157 55.1 
 Beans 0 0.0 0 0.0 0 0.0 0 0.0 
 Carrot 0 0.0 0 0.0 0 0.0 0 0.0 
 Cauliflower 1 2.6 0 0.0 0 0.0 1 2.6 
 Cereals 0 0.0 0 0.0 0 0.0 0 0.0 
 Cherries 1 10.0 2 20.0 1 10.0 4 40.0 
 Cucumbers 1 2.7 1 2.7 0 0.0 2 5.4 
 Eggplant 0 0.0 0 0.0 0 0.0 0 0.0 
 Endive 0 0.0 1 3.6 0 0.0 1 3.6 
 Grapes 5 14.3 11 31.4 8 22.9 24 68.6 
 Head 
 cabbage 0 0.0 0 0.0 0 0.0 0 0.0 

 Leek 0 0.0 0 0.0 0 0.0 0 0.0 
 Lettuce 9 4.5 3 1.5 0 0.0 12 5.9 
 Peaches 4 20.0 1 5.0 1 5.0 6 30.0 
 Pears 15 23.8 8 12.7 4 6.3 27 42.9 
 Peas 0 0.0 0 0.0 0 0.0 0 0.0 
 Pepper 2 3.8 1 1.9 0 0.0 3 5.8 
 Potatoes 0 0.0 0 0.0 0 0.0 0 0.0 
 Spinach 0 0.0 0 0.0 0 0.0 0 0.0 
Strawberries 17 21.0 9 11.1 4 4.9 30 37.0 
String beans 0 0.0 0 0.0 0 0.0 0 0.0 
 Tomatoes 4 5.6 1 1.4 2 2.8 7 9.9 

a.s. stands for active substances 

Table 6. Samples with multiple residues from 2001 to 2009 

Active substances found from 2001 to 2009 are presented in Figure 7 and in Table 8. 
Dithiocarbamates were most frequently found (in 21.7% of all samples), followed by 
phosalone (in 7.9% of all samples) and diazinone (in 5.3% of all samples). 
Dithiocarbamates (maneb group) were found each year and were expressed as carbon 
disulfide. Cauliflower and head cabbage naturally contain substances that during 
preparation liberate carbon disulfide and give the same responses as dithiocarbamates. 
Diazinon and phosalone were found each year from 2001 to 2007 but not in 2008 and 2009, 
captan was found each year except in 2003 and in 2009, fludioxonil  each year except in 2005 
and in 2008, folpet each  year except in 2002 in 2008 and in 2009 and procymidone each year 
except in 2007 and in 2009. 
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Active substances exceeding MRLs in the period from 2001 to 2009 are presented in Figure 
8 and in Table 9. Dithiocarbamates were most frequently exceeding (in 2.53% of all samples), 
followed by cyprodinil (in 0.47% of all samples) and tolylfluanid (in 0.40% of all samples).  
Dithiocarbamates (maneb group) were exceeding in 2001, 2002, 2003, 2004 and in 2008, 
tolylfluanid in 2004, 2005 and in 2006, chlorothalonil in 2005 and in 2007, dimethoate in 2001 
and in 2002, fludioxonil in 2003 and in 2006 (Table 9). 
The samples were taken randomly in 8 different production areas in Slovenia. During the 
period from 2001 to 2009 the highest average percentage of active substances was found in 
the region of Nova Gorica (49.9%). In this region mainly fruit is produced. The lowest 
average percentage of active substances was found in the region of Kranj (22.3%). From 2001 
to 2009 a reduced percentage of active substances was noticed in this region in spite of the 
increased number of active substances sought.  Results are presented in Table 10. 
Regional inspection showed that the highest average percentage of active substances 
exceeding MRLs, from 2001 to 2009, was in the regions of Maribor (6.7%) and Kranj (6.7%). 
In Kranj MRL exceedances occurred only in potato samples and did not occur after 2004. 
The lowest average percentage of active substances exceeding MRLs was in the region of 
Nova Gorica (0.5%) in spite of the fact that the same region had the highest average 
percentage of active substances found. Results are presented in Table 11. 
 

Commodity Test 
year Multiple PPP residues from 1 sample (mgkg-1) 

Captan 0.10 (F) Diazinon 0.02 (I) Maneb group 0.06 
(F) Apple 2004 

Phosalone 0.14 (I) Tolylfluanid 0.02 (F)  

Captan 0.21 (F) Chlorpyriphos-methyl 
0.01 (I) Diazinon 0.03 (I) Apple 2004 

Folpet 0.06 (F) Tolylfluanid 0.09 (F)  
Captan 0.17 (F) Cyprodinil 0.02 (F) Diazinon 0.02 (I) Apple 2004 
Maneb group 0.06 (F) Phosalone 0.17 (I) Tolylfluanid 0.18 (F) 
Captan 0.21 (F) Cyprodinil 0.02 (F) Diazinon 0.04 (I) 
Folpet 0.06 (F) Maneb group 0.61 (F) Phosalone 0.15 (I) Apple 2004 
Pyrimethanil 0.03 (F) Tolylfluanid 0.17 (F)  

Chlorpyriphos 0.04 (I) Chlorpyriphos-methyl 
0.03 (I) Cyprodinil 0.02 (F) Apple 2005 

Diazinon 0.02 (I) Maneb group 0.09 (F) Pirimicarb 0.05 (I) 
Captan 0.36 (F) Chlorpyriphos 0.09 (I) Cyprodinil 0.01 (F) Apple 2005 
Diazinon 0.15 (I) Maneb group 0.27 (F) Tolylfluanid 0.73 (F) 
Captan 0.17 (F) Maneb group 0.80 (F) Pyrimethanil 0.02 (F) Apple 2006 
Spirodiclofen 0.02 (A) Thiacloprid 0.01 (I)  

Captan 0.34 (F) Diazinon 0.06 (I) Maneb group 0.23 
(F) Apple 2006 

Tebufenozide 0.01 (I) Tolylfluanid 0.24 (F)  
Captan 0.16 (F) Chlorpyriphos 0.17 (I) Diazinon 0.14 (I) 

Maneb group 0.21 (F) Phosalone 0.01 (I) Spirodiclofen 0.06 
(A) Apple 2006 

Tolylfluanid 0.05 (F)   

Captan 0.26 (F) Diazinon 0.01 (I) Maneb group 0.15 
(F) Apple 2006 

Phosalone 0.02 (I) Spirodiclofen 0.02 (A)  



 Pesticides - Formulations, Effects, Fate 

 

212 

Chlorpyriphos 0.07 (I) Diazinon 0.02 (I) Diphenylamine 0.02 
(F) Apple 2006 

Maneb group 0.26 (F) Phosalone 0.01 (I)  
Captan 0.16 (F) Chlorpyriphos 0.07 (I) Cyprodinil 0.02 (F) Apple 2006 
Maneb group 0.12 (F) Pyrimethanil 0.04 (F)  
Captan 0.16 (F) Cyprodinil 0.02 (F) Diazinon 0.04 (I) Apple 2007 
Maneb group 0.10 (F) Phosalone 0.57 (I)  

Acetamiprid 0.02 (I) Captan 0.51 (F) Chlorpyriphos 0.07 
(I) Apple 2007 

Pyrimethanil 0.03 (F) Spirodiclofen 0.02 (A)  
Diazinon 0.04 (I) Maneb group 0.17 (F) Phosalone 0.13 (I) Apple 2007 
Pyrimethanil 0.01 (F) Trifloxystrobin 0.03 (F)  

Boscalid 0.02 (F) Maneb group 0.12 (F) Methoxyfenozide 
0.01 (I) Apple 2008 

Pyraclostrobin 0.01 (F) Pyrimethanil 0.02 (F)  
Acetamiprid 0.01 (I) Boscalid 0.06 (F) Captan 0.44 (F) Apple 2008 
Maneb group 0.96 (F) Pyraclostrobin 0.02 (F) Pyrimethanil 0.02 (F) 
Azoksystrobin 0.04 (F) Chlorpyriphos 0.04 (I) Cyprodinil 0.10 (F) 
Fenazaquin 0.03 (A) Fenhexamid 0.33 (F) Fludioxonil 0.03 (F) Grape 2006 
Folpet 0.09 (F) Maneb group 0.10 (F) Metalaxyl 0.05 (F) 

Cyprodinil 0.02 (F) Folpet 0.42 (F) Maneb group 0.12 
(F) Grape 2006 

Phosalone 0.02 (I) Pyrimethanil 0.53 (F) Zoxamide 0.07 (F) 
Chlorothalonil 0.17 (F) Cyprodinil 0.25 (F) Fenhexamid 0.05 (F) Grape 2006 
Folpet 0.20 (F) Tebufenozide 0.01 (I)  
Chlorothalonil 0.39 (F) Cyprodinil 0.01 (F) Folpet 0.84 (F) Grape 2006 
Metalaxyl 0.18 (F) Myclobutanil 0.02 (F)  

Captan 0.09 (F) Chlorpyriphos-methyl 
0.03 (I) 

Maneb group 0.07 
(F) Pear 2005 

Phosalone 0.13 (I) Tolylfluanid 0.28 (F)  
Chlorpyriphos-methyl 
0.01 (I) Diazinon 0.04 (I) Maneb group 0.43 

(F) Pear 2005 
Procymidone 0.04 (F) Tolylfluanid 0.17 (F)  

Boscalid 0.36 (F) Difenoconazole 0.01 (F) Fluquinconazole 0.03 
(F) 

Lufenuron 0.09 (I) Maneb group 0.36 (F) Pyraclostrobin 0.13 
(F) 

Pear 2008 

Thiacloprid 0.09 (I)   
Cyprodinil 0.03 (F) Fludioxonil 0.01 (F) Maneb group 0.37 (F) Strawberry 2004 
Metalaxyl 0.04 (F) Pyrimethanil 0.27 (F)  

Azoxystrobin 0.04 (F) Bromopropylate 0.04 
(A) Cyprodinil 0.10 (F) Strawberry 2004 

Fludioxonil 0.11 (F) Maneb group 0.14 (F) Pyrimethanil 0.20 (F) 

Cyprodinil 0.20 (F) Fludioxonil 0.13 (F) Maneb group 0.25 
(F) Strawberry 2006 

Metalaxyl 0.02 (F) Tolylfluanid 0.01 (F)  

A-acaricide, F-fungicide, I-insecticide 
 

Table 7. Agricultural products containing 5 or more active substances per sample from 2001 
to 2009 
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Fig. 7. Sample portion of active substances found in the period from 2001 to 2009 
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 Sample portion (%) 
Active substance 2001 2002 2003 2004 2005 2006 2007 2008 2009 
Acetamiprid n.a. n.a. n.a. n.a. n.a. n.a. 1.9 6.6 n.d. 
Azoxystrobin n.a. n.a. 0.3 0.8 n.d. 2.2 2.4 n.d. 0.6 
Bitertanol n.a. n.a. n.a. n.a. n.a. n.a. 2.9 n.d. n.d. 
Boscalid n.a. n.a. n.a. n.a. n.a. n.a. 1.4 8.4 n.d. 
Bromopropylate n.a. n.a. 0.6 0.3 n.d. n.d. n.d. n.d. n.d. 
Captan 2.6 2.0 n.d. 5.8 7.0 4.4 5.7 3.6 n.d. 
Chlorothalonil n.a. n.a. n.d. 0.3 2.6 5.0 3.3 n.d. 0.6 
Chlorpropham n.a. n.a. n.a. n.a. 0.9 n.d. n.d. n.d. n.d. 
Chlorpyrifos n.d. n.d. n.d. n.d. 3.5 4.4 7.6 3.6 n.d. 
Chlorpyrifos-methyl n.d. 1.3 0.6 1.7 2.6 n.d. n.d. n.d. n.d. 
Clofentezine n.a. n.a. n.a. n.a. n.a. n.a. n.d. 0.6 n.d. 
Cyhalotrin-lambda 0.7 n.d. n.d. 0.3 n.d. n.d. 1.0 n.d. n.d. 
Cypermethrin n.a. n.a. n.d. n.d. n.d. n.d. n.d. 0.6 n.d. 
Cyprodinil n.a. n.a. n.a. 3.3 2.6 10.5 4.8 n.d. 1.8 
Diazinon 4.0 4.7 3.3 6.4 10.4 5.0 4.8 n.d. n.d. 
Dichlofluanid n.a. n.a. 0.6 0.6 n.d. 0.6 n.d. n.d. n.d. 
Difenoconazole n.a. n.a. n.a. n.a. n.a. 1.1 1.9 1.2 n.d. 
Dimethoate 1.3 3.3 0.3 n.d. n.d. n.d. 1.4 n.d. n.d. 
Diphenylamine n.a. n.a. n.a. n.d. n.d. 0.6 n.d. n.d. n.d. 
Fenazaquin n.a. n.a. n.a. n.a. n.a. 2.8 n.d. 0.6 n.d. 
Fenhexamid n.a. n.a. n.a. n.a. n.a. 3.3 4.8 n.d. n.d. 
Fludioxonil 0.7 0.7 1.4 2.5 n.d. 2.8 0.5 n.d. 1.8 
Fluquinconazole n.a. n.a. n.a. n.a. n.a. n.a. n.d. 3.0 n.d. 
Folpet 0.7 n.d. 2.2 1.4 0.9 10.5 0.5 n.d. n.d. 
Imidacloprid n.a. n.a. n.a. n.a. n.a. 1.1 1.0 n.d. n.d. 
Indoxacarb n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.d. 0.6 
Iprodione 2.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.2 
Kresoxim-methyl n.a. n.a. n.a. n.d. n.d. 0.6 n.d. n.d. n.d. 
Linuron n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1.2 n.d. 
Lufenuron n.a. n.a. n.a. n.a. n.a. n.a. 1.4 1.8 0.6 
Maneb group 17.2 42.0 15.0 15.5 20.9 22.7 10.5 12.7 11.8 
Metalaxyl n.d. 1.3 n.d. 0.3 n.d. 2.2 0.5 1.2 n.d. 
Methoxyfenozide n.a. n.a. n.a. n.a. n.a. n.a. n.a. 2.4 n.d. 
Myclobutanil n.a. n.a. n.a. n.d. n.d. 1.1 n.d. n.d. n.d. 
Omethoate n.a. n.a. n.d. n.d. n.d. n.d. 1.9 n.d. n.d. 
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Pendimethalin n.a. n.a. n.a. n.a. n.a. n.a. n.d. 0.6 n.d. 
Phosalone 4.0 17.3 4.4 5.3 7.8 10.5 11.4 n.d. n.d. 
Pirimicarb n.a. n.a. n.a. n.a. 0.9 n.d. n.d. 0.6 n.d. 
Pirimiphos-methyl 0.7 0.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Procymidone 2.0 2.7 0.6 0.6 0.9 1.7 n.d. 0.6 n.d. 
Propyzamide n.a. n.a. n.d. n.d. n.d. n.d. 0.5 n.d. n.d. 
Pyraclostrobin n.a. n.a. n.a. n.a. n.a. n.a. n.a. 8.4 n.d. 
Pyrimethanil n.a. n.a. n.a. 1.7 n.d. 6.6 2.9 3.0 n.d. 
Spirodiclofen n.a. n.a. n.a. n.a. n.a. 3.3 3.8 1.8 n.d. 
Tebufenozide n.a. n.a. n.a. n.a. n.a. 2.2 n.d. 1.8 n.d. 
Terbuthylazine n.a. n.a. n.a. n.a. n.a. n.a. 0.5 n.d. n.d. 
Thiacloprid n.a. n.a. n.a. n.a. n.a. 1.7 2.9 3.6 n.d. 
Thiamethoxam n.a. n.a. n.a. n.a. n.a. n.d. 0.5 0.6 1.8 
Tolylfluanid n.a. n.a. n.d. 7.2 13.9 7.2 n.d. n.d. n.d. 
Trifloxystrobin n.a. n.a. n.a. n.a. n.a. n.a. 0.5 n.d. n.d. 
Vinclozolin 4.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Zoxamide n.a. n.a. n.a. n.a. n.a. 0.6 n.d. n.d. n.d. 

n.a. means not analysed 
n.d. means not detected 

Table 8. Annual sample portions of active substances found in the years from 2001 to 2009 
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Fig. 8. Sample portion of active substances exceeding MRLs in the period from 2001 to 2009 
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 Sample portion (%) 
Active substance 2001 2002 2003 2004 2005 2006 2007 2008 2009 
Acetamiprid n.a. n.a. n.a. n.a. n.a. n.a. 0.5 n.e. n.d. 
Captan n.e. n.e. n.d. n.e. n.e. n.e. 1.0 n.e. n.d. 
Chlorothalonil n.a. n.a. n.d. n.e. 0.9 n.e. 0.5 n.d. n.e. 
Cyprodinil n.a. n.a. n.a. n.e. n.e. 0.3 n.e. n.d. n.e. 
Diazinon n.e. n.e. n.e. n.e. 0.9 n.e. n.e. n.d. n.d. 
Dimethoate 0.7 0.7 n.e. n.d. n.d. n.d. n.e. n.d. n.d. 
Fludioxonil n.e. n.e. 2.0 n.e. n.d. 0.6 n.e. n.d. n.e. 
Folpet n.e. n.d. n.e. n.e. n.e. n.e. 0.5 n.d. n.d. 
Maneb group 4.6 8.0 8.7 2.4 n.e. n.e. n.e. 0.6 n.e. 
Metalaxyl n.d. 0.7 n.d. n.e. n.d. n.e. n.e. n.e. n.d. 
Pendimethalin n.a. n.a. n.a. n.a. n.a. n.a. n.d. 0.6 n.d. 
Phosalone n.e. 0.7 n.e. n.e. n.e. n.e. n.e. n.d. n.d. 
Tolylfluanid n.a. n.a. n.d. 1.4 0.9 1.1 n.d. n.d. n.d. 

 

n.a. means not analysed 
n.d. means not detected 
n.e. means not exceeding 

Table 9. Annual sample portions of active substances exceeding MRLs in the years from 
2001 to 2009  

 
 
  Sample portion of active substances found (%) 

Region / Year 2001 2002 2003 2004 2005 2006 2007 2008 2009 Average 

Celje 35.7 55.0 52.2 48.8 33.3 31.3 23.5 14.3 22.2 35.1 

Koper 21.4 58.3 52.9 41.2 50.0 53.3 52.6 40.0 33.3 44.8 

Kranj 47.6 41.2 22.2 36.4 20.0 10.5 8.7 10.5 4.0 22.3 

Ljubljana 22.2 53.6 29.2 41.7 20.0 39.1 25.7 20.7 23.1 30.6 

Maribor 20.8 59.3 46.7 55.9 31.8 56.8 41.5 41.0 18.5 41.4 

Murska Sobota 15.0 40.0 23.5 55.0 40.0 37.0 30.4 0.0 0.0 26.8 

Nova Gorica 22.2 75.0 50.0 63.6 50.0 78.6 57.1 42.9 9.5 49.9 

Novo mesto 29.0 50.0 66.7 40.0 36.4 53.3 61.3 35.5 15.8 43.1 
 
Table 10. Active substances found in the years from 2001 to 2009 for different regions 
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  Sample portion of active substances exceeding MRLs (%) 

Region / Year 2001 2002 2003 2004 2005 2006 2007 2008 2009 Average 

Celje 0.0 10.0 13.0 0.0 0.0 6.3 0.0 4.8 0.0 3.8 

Koper 0.0 16.7 0.0 0.0 0.0 0.0 5.3 0.0 0.0 2.4 

Kranj 23.8 11.8 11.1 13.6 0.0 0.0 0.0 0.0 0.0 6.7 

Ljubljana 0.0 10.7 12.5 2.8 10.0 4.3 0.0 0.0 0.0 4.5 

Maribor 8.3 7.4 20.0 5.9 3.1 10.8 2.4 2.6 0.0 6.7 

Murska Sobota 0.0 0.0 5.9 10.0 0.0 3.7 0.0 0.0 0.0 2.2 

Nova Gorica 0.0 0.0 0.0 0.0 0.0 0.0 4.8 0.0 0.0 0.5 

Novo mesto 3.2 16.7 11.1 0.0 0.0 6.7 3.2 0.0 0.0 4.5 

Table 11. Active substances exceeding MRLs in the years from 2001 to 2009 for different 
regions 

4. Comparison of Slovenia with the European Union, Norway, Iceland and 
Liechtenstein  
In the European Union, Norway, Iceland and Liechtenstein 58003 of samples were tested in 
monitoring from 2001 to 2006, i.e. 4829 cereal samples (oat, rice, rye, wheat), 20978 fruit 
samples and 32196 vegetable samples 
(http://ec.europa.eu/food/fvo/specialreports/pesticides_index_en.htm). The sampling is 
presented in Table 12. 
Sample portions below reporting level (RL), sample portions below or equal to MRLs and 
sample portions above MRLs are presented in Figure 9, Figure 10 and Table 13.  
PPP residues were not found in 33734 samples (58.2%), in 22782 samples (39.3%) PPP 
residues were lower or equal to MRLs and PPP residues were above MRLs in 1487 samples 
(2.6%).  
 

39.3 %

2.6 %

58.2 %

Sample portion <RL (%) Sample portion ≤MRL (%) Sample portion >MRL (%)

 
Fig. 9. Results of monitoring from 2001 to 2006 in the European Union, Norway, Iceland and 
Liechtenstein 
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Commodity 2001 2002 2003 2004 2005 2006 Sum 
Apples 2641 / / 3133 / / 5774 
Beans / 896 / / 1122 / 2018 
Carrot / 1457 / / 1759 / 3216 
Cauliflower / / 631 / / 1014 1645 
Cereals / / 1656 795 847 1531 4829 
Cherries / / / / / / / 
Cucumbers / / 1150 / 1555 / 2705 
Eggplant / / 706 / / 960 1666 
Endive / / / / / / / 
Grapes 1721 / 2163 / / 2479 6363 
Head cabbage / / / 918 / / 918 
Leek / / / 769 / / 769 
Lettuce 1838 / / 2301 / / 4139 
Peaches/Nectarines / 1190 / / / / 1190 
Pears / 1330 / / 2001 / 3331 
Peas / / 519 / / 853 1372 
Pepper / / 1754 / / 2248 4002 
Potatoes / 1502 / / 1909 / 3411 
Spinach / 644 / / 1010 / 1654 
Strawberries 1652 / / 2668 / / 4320 
String beans / / / / / / / 
Tomatoes 2016 / / 2665 / / 4681 
Sum 9868 7019 8579 13249 10203 9085 58003 

 
 

Table 12. Sampling of agricultural products in the years from 2001 to 2006 in the European 
Union, Norway, Iceland and Liechtenstein 
 

The highest portion of determined but not exceeding PPP residues, (residues lower or equal 
to MRLs), was found in pear samples (68.8%), grape samples (62.2%), strawberry samples 
(58.6%), apple samples (53.5%) and peach/ nectarine samples (45.5%). Fruit samples 
contained also exceeding PPP residues (residues above MRLs), i.e. grape samples (3.5%), 
peach/nectarine samples (3.1%), strawberry samples (3.0%), apple samples (1.5%) and pear 
samples (1.1%). The highest portion of PPP residues was found in fruit, just like in Slovenia. 
The highest portion of PPP residues exceeding MRLs were found in spinach samples (8.9%) 
and bean samples (7.7%). The matrixes with exceeding MRLs were different from 
commodities in Slovenia. 
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Fig. 10. Sample portions of PPP residues for each commodity from 2001 to 2006 in the 
European Union, Norway, Iceland and Liechtenstein  

5. Conclusions 
In Slovenia, during the monitoring from 2001 to 2009 the following samples were analysed: 
- 102 cereal samples: PPP residues were not found in 101 samples (99.0%), 1 sample 

(1.0%) contained PPP residues lower or equal to MRLs, residues exceeding MRLs were 
not determined 

- 494 fruit samples: 19 samples (3.8%) exceeded MRLs, 348 samples (70.4%) contained PPP 
residues lower or equal to MRLs, PPP residues were not found in 127 samples (25.7%) 

- 908 vegetable samples: 46 samples (5.1%) exceeded MRLs, 144 samples (15.9%) 
contained PPP residues lower or equal to MRLs, PPP residues were not found in 718 
samples (79.1%) 

In the European Union, Norway, Iceland and Liechtenstein during the monitoring from 
2001 to 2006 the following samples were analysed: 
- 4829 cereal samples: 21 samples (0.4%) exceeded MRLs, 1024 samples (21.2%) contained 

PPP residues lower or equal to MRLs, PPP residues were not found in 3784 samples 
(78.4%) 
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Commodity Sample portion <RL
(%) 

Sample portion ≤MRL
(%) 

Sample portion >MRL 
(%) 

Apples 45.0 53.5 1.5 
Beans 63.4 28.9 7.7 
Carrot 78.4 20.2 1.4 
Cauliflower 79.9 18.8 1.3 
Cereals 78.4 21.2 0.4 
Cherries 0.0 0.0 0.0 
Cucumbers 70.9 26.9 2.2 
Eggplant 69.9 26.5 3.5 
Endive 0.0 0.0 0.0 
Grapes 34.4 62.2 3.5 
Head cabbage 75.1 22.7 2.3 
Leek 82.4 16.3 1.3 
Lettuce 48.2 48.2 3.6 
Peaches/Nectarines 51.4 45.5 3.1 
Pears 30.1 68.8 1.1 
Peas 77.5 20.3 2.3 
Pepper 57.0 38.6 4.4 
Potatoes 80.4 18.7 0.9 
Spinach 76.8 14.3 8.9 
Strawberries 38.5 58.6 3.0 
String beans 0.0 0.0 0.0 
Tomatoes 64.4 34.4 1.2 

Table 13. Sample portions of PPP residues for each commodity from 2001 to 2006 in the 
European Union, Norway, Iceland and Liechtenstein  

-  20978 fruit samples: 506 samples (2.4%) exceeded MRLs, 12408 samples (59.1%) 
contained PPP residues lower or equal to MRLs, PPP residues were not found in 8064 
samples (38.4%) 

- 32196 vegetable samples: 960 samples (3.0%) exceeded MRLs, 9350 samples (29.0%) 
contained PPP residues lower or equal than MRLs, PPP residues were not found in 
21886 samples (68.0%).   

Levels of pesticide residues in agricultural products in Slovenia from 2001 to 2009 do not 
give any cause for alarm. In general the portion of exceedances is slightly higher (4.3%) than 
in the European Union, Norway, Iceland and Liechtenstein (2.6%) Exceedances in Slovenia 
have been reduced over the years. Otherwise in both monitoring results the highest portion 
of exceedances was found in vegetables and the lowest in cereals.  
Healthy food in the Slovenian market can be achieved by frequent and accurate control of 
agricultural products. In future analytical work should be extended to other active 
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substances, determination of possible metabolites and improvement of sensitivity of testing 
methods, i.e. lowering limit of quantification.  
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1. Introduction 
Food is the basic necessity of life and food contaminated with toxic pesticides is associated 
with severe effects on the human health. Hence it is pertinent to explore strategies that 
address this situation of food safety especially for the developing countries where pesticide 
contamination is widespread due to indiscriminate usage and a major part of population 
lives below poverty line (Kaushik et al., 2009). 
It is therefore of significance to evaluate simple, cost effective strategies to enhance food 
safety from harmful pesticides for poor populace.  
As FAO1 defined, pesticide is any substance or mixture of substances intended for 
preventing, destroying, repelling or mitigating any pest, including vectors of human or 
animal disease, unwanted species of plants or animals causing harm during or otherwise 
interfering with the production, processing, storage, transport or marketing of food, 
agricultural commodities, wood and wood products or animal feedstuffs, or substances 
which may be administered to animals for the control of insects, arachnids or other pests in 
or on their bodies. The term includes substances intended for use as a plant growth 
regulator, defoliant, desiccant or agent for thinning fruit or preventing the premature fall of 
fruit, and substances applied to crops either before or after harvest to protect the commodity 
from deterioration during storage and transport (Food and Agriculture Organization of the 
United Nations, 2002). A pesticide may be a chemical substance, biological agent (such as a 
virus or bacterium), antimicrobial, disinfectant or device used against any pest. Pests 
include insects, plant pathogens, weeds, molluscs, birds, mammals, fish, nematodes 
(roundworms), and microbes that destroy property, spread disease or are a vector for 
disease or cause a nuisance. Although there are benefits to the use of pesticides, there are 
also drawbacks, such as potential toxicity to humans and other animals. 
Pesticides can be classified by target organism, chemical structure, and physical state. 
Pesticides can also be classed as inorganic, synthetic, or biologicals (biopesticides) (Council 
on Scientific Affairs, American Medical Association, 1997), although the distinction can 
sometimes blur. Biopesticides include microbial pesticides and biochemical pesticides (EPA, 

                                                 
1 Food and Drug Administration 
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2009). Plant-derived pesticides, or ‘botanicals’, have been developing quickly. These include 
the pyrethroids, rotenoids, nicotinoids, and a fourth group that includes strychnine and 
scilliroside (Kamrin, 1997). Many pesticides can be grouped into chemical families. 
Prominent insecticide families include organochlorines, organophosphates, and carbamates. 
Organochlorine hydrocarbons (e.g. DDT) could be separated into dichlorodiphenylethanes, 
cyclodiene compounds, and other related compounds. In addition, Pesticides can be 
classified based upon their biological mechanism function or application method. 
Agricultural production has been accompanied by continuous growth in the number and 
quantity of agrochemicals applied to crops. Pesticide use is associated with environmental 
contamination and human health problems worldwide. Pesticides (insecticides, 
fungicides, etc.) are used globally for the protection of food, fibber, human health and 
comfort (Winteringham, 1971). Currently, more than 800 pesticide active ingredients in a 
wide range of commercial products are registered for use in agriculture to meet food 
supply demands. Pesticides are essential in modern agricultural practices but, due to their 
biocide activity and potential risk to the consumer, the control of pesticide residues in 
foods is a growing source of concern for the general population and environment. Over 
98% of sprayed insecticides and 95% of herbicides reach a destination other than their 
target species, including non-target species, air, water and soil (Miller, 2004). Pesticide 
drift occurs when pesticides suspended in the air as particles are carried by wind to other 
areas, potentially contaminating them. Pesticides are one of the causes of water pollution, 
and some pesticides are persistent organic pollutants and contribute to soil 
contamination. 
In addition, pesticide use reduces biodiversity, reduces nitrogen fixation, contributes to 
pollinator decline, destroys habitat (especially for birds), and threatens endangered species. 
It also happens that some of the pest adapt to the pesticide and don’t die. What is called 
pesticide resistance, to eliminate the offspring of this pest, will be needed an new pesticide 
or an increase the dose of pesticide. This will cause a worsening of the ambient pollution 
problem (Rockets, 2007; Hackenberg, 2007; Wells, 2007; Haefeker, 2000; Zeissloff, 2001; 
Palmer et al., 2007; Winteringham, 1971). 
Pesticides can be dangerous to consumers, workers and close bystanders during 
manufacture, transport, or during and after use (U.S. Environmental Protection Agency, 
2007). Particular uncertainty exists regarding the long-term effects of low-dose pesticide 
exposures. Current surveillance systems are inadequate to characterize potential exposure 
problems related to pesticide usage or pesticide-related illnesses. The WHO2 and the UN3 
Environment Program estimate that each year, 3 million workers in agriculture in the 
developing world experience severe poisoning from pesticides, about 18,000 of whom die 
(Winteringham, 1971). According to one study, as many as 25 million workers in developing 
countries may suffer mild pesticide poisoning yearly. There have been many studies of 
farmers intended to determine health effects of occupational pesticide exposure. 
Associations between non-Hodgkin lymphoma, leukemia, prostate cancer, multiple 
myeloma, and soft tissues sarcoma have been reported in studies, with less association 
found for other cancers (Jeyaratnam, 1990; McCauley, 2006).  

                                                 
2 World Health Organization 
3 United Nation 
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We are exposed to pesticides in the food and water we consume and in the air we breathe. 
The three main entry routes for pesticides into the body are dermal, (exposure through the 
skin or eyes), respiratory (inhalation into the lungs), and oral (ingestion by mouth). The 
amounts of pesticides that remain as residues in food are miniscule-sometimes only 1 
millionth of a kilogramme. Thus, contact with the concentrated product during mixing and 
loading presents the greatest risk for exposure. The level of absorption depends on the 
properties of the pesticide, its formulation, and parts of the body exposed. Following 
exposure, human health risks from pesticides and herbicides may be caused by acute (short 
term) or chronic (long term) exposures (Rell & Galvin, 2008). 
However, the chapter tries to analysis of pesticide residues in agricultural products, 
determination of effective methods to reduce the residues, and prevention of food 
contamination, as vital works for worldwide health safety. 

2. Analysis 
In order to be able to set a maximum level, not only do the health risks have to be assessed 
but the residues must also be determinable analytically. Reliable residue analytical methods 
are necessary to measure the magnitude of residue in a commodity, and to enforce legal 
residue limits (tolerances). The Suitable analytical methods for the detection of pesticide 
residues in agricultural products includes the below stages: 

2.1 Sampling, transport, processing and storage of samples 
2.1.1 Sampling 
Laboratory samples should be taken in uncontaminated status and collected in non-
absorbable and non-leakage containers. Where it is impractical to take primary samples 
randomly within a lot, the method of sampling must be recorded.  

2.1.2 Laboratory sample transportation 
Samples must be transported under appropriate conditions to the laboratory in clean 
containers and robust packaging. Polythene bags, ventilated if appropriate, are acceptable 
for most samples but low permeability bags (e.g. nylon film) must be used for samples to be 
analyzed for residues of fumigants. Samples of commodities pre-packed for retail sale 
should not be removed from their packaging before transport. Very fragile or perishable 
products (e.g. ripe raspberries) may have to be frozen to avoid spoilage and then 
transported in ‘dry ice’ or similar, to avoid thawing in transit. Samples that are frozen at the 
time of collection must be transported without thawing. Samples that may be damaged by 
chilling (e.g. bananas) must be protected from both high and low temperatures. 
Rapid transportation to the laboratory, preferably within one day, is essential for samples of 
most fresh products. The condition of samples delivered to the laboratory should 
approximate to that acceptable to a discerning purchaser, otherwise samples should 
normally be considered unfit for analysis. 
Samples must be identified clearly, in a way that prevents inadvertent loss or confusion of 
labelling. The use of marker pens containing organic solvents should be avoided for 
labelling bags containing samples to be analyzed for fumigant residues, especially if an 
electron capture detector is to be used (Pihlström et al., 2009). 
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2.1.3 Sample preparation and processing prior to analysis 
Sample preparation, sample processing and sub-sampling to obtain analytical portions 
should take place before visible deterioration occurs. This is particularly important when the 
analytical result is to be used to assess consumer intake. Canned, dried or similarly 
processed samples should be analyzed within the stated shelf life. 
Sample processing and storage procedures should be demonstrated to have no significant 
effect on the residues present in the analytical sample. Where there is evidence that 
comminuting (cutting and homogenization) at ambient temperature has a significant 
influence on the degradation of certain pesticide residues, it is recommended that samples 
are homogenized at low temperature (e.g. frozen and/or in the presence of ‘dry ice’). Where 
comminuting is known to affect residues (e.g. dithiocarbamates or fumigants) and practical 
alternative procedures are not available, the test portion should consist of whole units of the 
commodity, or segments removed from large units. For all other analyses, the whole 
laboratory sample (in most cases 1-2 kg) needs to be comminuted. All analyses should be 
undertaken within the shortest time practicable, to minimize sample storage. Analyses for 
residues of very labile or volatile pesticides should be started, and the procedures involved 
in potential loss of analyte completed, on the day of sample receipt. In any case, sample 
comminuting should ensure that the sample is homogeneous enough so that sub-sampling 
variability is acceptable. If this is not achievable, the use of larger test portions should be 
considered (Pihlström et al., 2009). 
If a single analytical portion is unlikely to be representative of the analytical sample, 
replicate portions must be analyzed, to provide a better estimate of the true value. 

2.2 Pesticide standards and calibration solutions 
2.2.1 Identity, purity, and storage of standards 
‘Pure’ standards of analytes should be of known purity and each must be uniquely 
identified and the date of receipt recorded. They should be stored at low temperature, 
preferably in a freezer, with light and moisture excluded, i.e. under conditions that 
minimize the rate of degradation. Under such conditions, the supplier’s expiry date, which 
is often based on less stringent storage conditions, may be replaced, as appropriate for each 
standard, by a date allowing for storage up to 10 years. The pure standard may be retained 
if its purity is shown to remain acceptable. The purity should be checked by the allocated 
time after which a ‘Pure’ standard may be retained if its purity is shown to remain 
acceptable and a new expiry date is allocated. Ideally, the identity of freshly acquired ‘Pure’ 
standards should be checked if the analytes are new to the laboratory (Pihlström et al., 
2009). 

2.2.2 Preparation and storage of stock standards 
When preparing stock standards (solutions, dispersions or gaseous dilutions) of ‘Pure’ 
standards of analytes and internal standards, the identity and mass (or volume, for highly 
volatile compounds) of the ‘Pure’ standard and the identity and amount of the solvent (or 
other diluents) must be recorded. The solvent(s) must be appropriate to the analyte 
(solubility, no reaction) and method of analysis. Moisture must be excluded during 
equilibration of the ‘Pure’ standard to room temperature before use and concentrations 
must be corrected for the purity of the ‘Pure’ standard. 
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Not less than 10 mg of the ‘Pure’ standard should be weighed using a 5 decimal place 
balance. The ambient temperature should be that at which the glassware is calibrated, 
otherwise preparation of the standard should be based on mass measurement. Volatile 
liquid analytes should be dispensed by weight or volume (if the density is known) directly 
into solvent. Gaseous (fumigant) analytes may be dispensed by bubbling into solvent and 
weighing the mass transferred, or by preparing gaseous dilutions (e.g. with a gas-tight 
syringe, avoiding contact with reactive metals). 
Stock standards must be labelled indelibly, allocated an expiry date and stored at low 
temperature in the dark in containers that prevent any loss of solvent and entry of water. 
Currently available data show that stock standards of the large majority of pesticides in 
toluene and acetone are stable for at least 5 years in the freezer when stored in tightly closed 
glass containers. 
For suspensions (e.g. dithiocarbamates) and solutions (or gaseous dilutions) of highly 
volatile fumigants that should be prepared freshly, the accuracy of the solution should be 
compared with a second solution made independently at the same time (Pihlström et al., 
2009). 

2.2.3 Preparation, use and storage of working standards: 
When preparing working standards, a record must be kept of the identity and amount of all 
solutions and solvents employed. The solvent(s) must be appropriate to the analyte 
(solubility) and method of analysis. The standards must be labelled indelibly, allocated an 
expiry date and stored at low temperature in the dark in containers that prevent any loss of 
solvent and entry of water. Septum closures are particularly prone to evaporation losses (in 
addition to being a source of contamination) and should be replaced as soon as practicable 
after piercing, if solutions are to be retained. Following equilibration to room temperature, 
solutions must be re-mixed and a check made to ensure that no analyte remains non-
dissolved, especially where solubility at low temperatures is limited. 
At method development or validation, or for analytes new to the laboratory, the response 
detected should be shown to be due to the analyte, rather than to an impurity or artefact. If 
the techniques used can lead to degradation of the analyte during extraction, clean-up or 
separation, and they generate a product that is commonly found in samples but which is 
excluded from the residue definition, positive results must be confirmed using techniques 
that avoid this problem (Pihlström et al., 2009). 

2.2.4 Testing and replacement of standards: 
Whenever any standard is used beyond its expiry date its stability should be verified. 
Existing stock and working solutions may be tested against newly prepared solutions by 
comparing the detector responses obtained from appropriate dilutions of individual 
standards or mixtures of standards. The purity of an old ‘Pure’ standard may be checked by 
preparing a new stock standard and comparing the detector responses obtained from 
freshly prepared dilutions of old and new stock standards. Inexplicable differences in 
apparent concentration between old and new standards must be investigated. 
The means from at least three replicate measurements for each of two solutions (old and 
new) should not normally differ by more than ±10%. The mean from the new solution is 
taken to be 100%. If the mean response of the old standard differs by more than ±10% from 
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the new, storage time or conditions must be adjusted as necessary on the basis of the results 
and should be checked against a second solution independently prepared from the first one. 
The use of an internal standard may reduce the number of replicate injections required to 
achieve a ±10% difference (Pihlström et al., 2009). 

2.3 Extraction and concentration 
2.3.1 Extraction conditions and efficiency 
Test portions should be disintegrated thoroughly during extraction to maximize extraction 
efficiency, except where this is known to be unnecessary or inappropriate (e.g. for 
determination of fumigants or surface residues). Temperature, pH, etc., must be controlled if 
these parameters affect extraction efficiency, analyte stability or solvent volume. To improve 
the extraction efficiency of low moisture containing commodities (cereals, dried fruits), it is 
recommended to add water to the samples before extraction is carried out. However, the 
time between addition of water and extraction should be controlled in order to avoid any 
significant losses of pesticides. For instance in a method, a non-fatty test portion is blended 
with acetone and filtered; pesticides are transferred from aqueous filtrate to organic phase 
by shaking with petroleum ether and dichloromethane (CH2Cl2). After drying, organic 
phase is concentrated in the presence of petroleum ether and then acetone to remove 
dichloromethane; an aliquot of concentrated organic phase is injected into various GC4 
systems for determination of a wide variety of pesticide residues (Dehghan et al., 2010). 

2.3.2 Extract concentration and dilution to volume 
Great care must be exercised when extracts are evaporated to dryness, as trace quantities of 
many analytes can be lost in this way. A small volume of high boiling point solvent may be 
used as a ‘keeper’ and the evaporation temperature should be as low as practicable. 
Frothing and vigorous boiling of extracts, or dispersion of droplets, must be avoided. A 
stream of dry nitrogen or vacuum centrifugal evaporation is generally preferable to the use 
of an air stream for small-scale evaporation, as air is more likely to lead to oxidation or to 
introduce water and other contaminants. 
Where extracts are diluted to a fixed volume, accurately calibrated vessels of not less than 1 
ml capacity should be used and further evaporation avoided. 
Analyte stability in extracts should be investigated during method validation. Storage of 
extracts in a refrigerator or freezer will minimize degradation but potential losses at the 
higher temperatures of an auto-sampler rack should not be ignored (Pihlström et al., 2009). 

2.4 Confirmation of results  
Negative results (residues below the RL5) can be considered confirmed if the recovery and 
LCL6 measurement for the batch are acceptable. Negative results for represented analytes 
are supported only indirectly by the recovery and LCL data for representative analytes and 
must be interpreted with caution. 

                                                 
4 Gas Chromatography 
5 reporting level 
6 Lowest calibrated level 
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Confirmation of positive results (residues at or above the RL) for represented analytes (i.e. 
those with no concurrent calibration and recovery) should be supported by the appropriate 
concurrent calibration and recovery determinations. Confirmation is not mandatory for all 
positive results and must be decided by the laboratory on a case-by-case basis. 
Suspected MRL7 exceeds or unusual residues must be identified. The use of a highly specific 
detection system, such as mass spectrometry, is recommended (Pihlström et al., 2009). 

2.4.1 Identification 
Selective detectors employed with GC or LC8 such as ECD9, FPD10, NPD11 and fluorescence, 
offer only limited specificity. Their use, even in combination with different polarity 
columns, does not provide unambiguous identification. These limitations may be acceptable 
for frequently found residues, especially if some results are also confirmed using a more 
specific detection technique. Such limitations in the degree of identification should be 
acknowledged when reporting the results. 
The common identification and measurement systems are listed below: 

i. Chromatographic separation system (GC or LC such as ECD, FPD, NPD and fluorescence): 

Generally, chromatography is a method for physically separation of components of mixtures 
and substances, based on differences in distribution in mobile and solid phases. Separation 
is resulted from different tendency of components to solid phase. Gas chromatography and 
liquid chromatography are the most common methods for pesticide residues analysis. In 
Gas-Liquid Chromatography (GLC) method, identification and detection of pesticide 
residues via standard detectors (ECD, FPD, NPD and fluorescence)are confirmed followed 
by extraction with a suitable solvent, volatile derivation, injection of the volatile derivate to 
the GC instrument and gaseous mobile phase pass from the column. Hence, GC can be 
combined with mass spectrometry to achieve high quality chromatograms with no 
interferences caused by overlapping/unresolved peaks from co-extracted compounds 
(Shokrzadeh, 2007).  
ii. Mass spectrometry (MS) coupled to chromatography (GC-MS and LC-MS): 

Mass spectrometry technique in combination with chromatography is the most common 
and proper identification method, which has a high selectivity and specificity. Mass 
spectrometry coupled to GC can identify and measure the low residue level of insecticides 
and poisons (Shokrzadeh, 2007). 
For GC-MS procedures, the chromatographic separation should be carried out using 
capillary columns. For LC-MS procedures, the chromatographic separation can be 
performed using any suitable LC column. In either case, the minimum acceptable retention 
time for the analyte(s) under examination should be at least twice the retention time 
corresponding to the void volume of the column. The retention time (or relative retention 
time) of the analyte in the sample extract must match that of the calibration standard (may 
need to be matrix matched) within a specified window after taking into consideration the 
                                                 
7 maximum residue limits 
8 Liquid chromatography 
9 Electron Capture Detection 
10 Flame Photometric Detection 
11 Nitrogen-Phosphor Detection 
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resolving power of the chromatographic system. The ratio of the chromatographic retention 
time of the analyte to that of a suitable internal standard, i.e. the relative retention time of 
the analyte, should correspond to that of the calibration solution with a tolerance of ±0.5% 
for GC and ±2.5% for LC (Pihlström et al., 2009). 
iii. UV-spectrometry: 

The residues of insecticides and pesticides can be analyzed by UV spectrometry system. The 
limiting factor for use of this analyzing system is its unspecificity for some insecticides 
(Shokrzadeh, 2007). 

2.5 Reporting of results 
2.5.1 Expression of results 
Results should normally be expressed as the chemical name defined by the MRL and in 
mg/kg. Residues below the Reporting Limit should be reported as <RL mg/kg. 

2.5.2 Calculation of results 
In general, residues data are not to be adjusted for recovery. If they are adjusted for 
recovery, then this must be stated. In this case they should be adjusted using the mean value 
from 3 recoveries performed in the same matrix, and analyzed in the same batch of samples.  
Where confirmed data are derived from a single test portion (i.e. the residue is not 
violative), the reported result should be that derived from the detection technique 
considered to be the most accurate. Where results are obtained by two or more equally 
accurate techniques, the mean value may be reported.  
Where two or more test portions have been analyzed, the arithmetic mean of the most 
accurate results obtained from each portion should be reported. Where good comminuting 
and/or mixing of samples have been undertaken, the RSD of results between test portions 
should not exceed 30% for residues significantly above the LOQ12. Close to the LOQ, the 
variation may be higher and additional caution is required in deciding whether or not a 
limit has been exceeded (Pihlström et al., 2009). 

2.5.3 Rounding of data 
It is essential to maintain uniformity in reporting results. In general, results ≥0.01 and <10 
mg/kg should be rounded to two significant figures; results ≥10 mg/kg may be rounded to 
three significant figures or to a whole number. Reporting limits should be rounded to 1 
significant figure at <10 mg/kg and two significant figures at ≥10 mg/kg. These 
requirements do not necessarily reflect the uncertainty associated with the data. Additional 
significant figures may be recorded for the purpose of statistical analysis. In some cases the 
rounding may be specified by, or agreed with the customer/stakeholder of the monitoring 
(Pihlström et al., 2009).  

2.5.4 Qualifying results with uncertainty data 
To this end, laboratories should have available sufficient data derived from method 
validation/verification, inter-laboratory studies (e.g. proficiency tests) and in-house quality 
control tests, which are applied to estimate the uncertainties.  

                                                 
12 Limit of quantization 
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Measurement uncertainty is a quantitative indicator of the confidence in the analytical data 
and describes the range around a reported or experimental result within which the true 
value can be expected to lie within a defined probability (confidence level). Uncertainty 
ranges must take into consideration all sources of error (Pihlström et al., 2009). 

3. Reduction 
Pesticide residues in or on plants may be unavoidable even when pesticides are used in 
accordance with Good Agricultural Practice (Uysal-Pala & Bilisli, 2006; Processing studies 
(Appendix E), 1997). Further while remarkable progress has been made in the development 
of effective pesticides, the fact remains that a very small fraction of all applied pesticides is 
directly involved in the pesticidal mechanism. This implies that most of the applied 
pesticides find their way as ‘residue’ in the environment into the terrestrial and aquatic food 
chains where they undergo concentration and exert potential, long term, adverse health 
effects (Winteringham, 1971). 
Pesticide residues are influenced by processing or household preparation stages such as 
washing, peeling and cooking etc. (Dikshit et al., 2003; Petersen et al., 1996). Processing 
studies allow a better estimate of the consumer exposure to the residues (Uysal-Pala, & 
Bilisli, 2006). Studies into effects of storage and some commercial processing techniques on 
residues in food are a part of the registration requirements for pesticides in many countries. 
Reviewing the extensive literature showed that in most cases these steps lead to large 
reductions in residue levels in the prepared food, particularly through, washing, and 
peeling, fermentation, refrigeration and some other operations. The behaviour of residues in 
storage and processing can be rationalized in terms of the physico-chemical properties of the 
pesticide and the nature of the process. Recommendations are provided for the conduct of 
storage or processing studies on fate of pesticide residues in food so that data obtained is 
relevant, comparable and may be extrapolated to other situations (Holland et al., 1994). 
Food processing techniques implies the set of methods and techniques used to transform 
raw ingredients into food or to transform food into other forms for consumption by humans 
or animals either in the home or by the food processing industry. The most common food 
processing techniques can aid in pesticide reduction. The techniques are described: 

3.1 Baking 
Baking is the technique of prolonged cooking of food by dry heat normally in an oven. It is 
primarily used for the preparation of bread, cakes, pastries and pies, tarts, and quiches. It is 
also used for the preparation of baked potatoes; baked apples; baked beans. For instance, 
commercially produced bread is an important component of every day diet in many 
countries. During bread making process, flour is subjected to biological (fermentation) and 
physical (baking) transformation (Sharma et al., 2005). 

3.2 Dairy product manufacture 
Milk and milk products form a main constituent of the daily diet. Butter, cheese and yoghurt 
are the popular dairy products (Abou-Arab, 1999). Hence it is important to study the effect 
of milk products manufacture on the concentration of pesticides and their metabolites. 

3.3 Drying 
Drying is the oldest method of preserving food. As compared with other methods, drying is 
quite simple. Food can be dried in several ways, for example, by the sun or in an oven or a 
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food dryer can also be used. Drying has been found to reduce the pesticide residues 
considerably (Kaushik et al., 2009). 
 

  
a1 a2 

  
b1 b2 

  
c1 c2 

 

Fig. 1. The Gas chromatography (GC), Gas chromatography-Mass spectroscopy (GC-MS), 
UV-spectroscopy schematics and instruments: (a1) GC components, (a2) GC instrument, (b1) 
GC-MS components, (b2) GC-MS instrument, (c1) UV-spectroscopy components, (c2) UV-
spectroscopy instrument. 
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3.4 Fermentation 
Fermentation is a simple process during which the enzymes hydrolyze most of the proteins 
to amino acids and low molecular weight peptides; starch is partially converted to simple 
sugars which are fermented primarily to lactic acid, alcohol and carbon dioxide (Pardez-
Lopez et al., 1991). Fermentation has been studied for reduction in pesticide residues. 
In a fermentation method, the vegetables and fruits (e.g. cucumbers) are fermented in 
experimental, closed-top and dark fibreglass tanks. The surface halophilic and acid-tolerant 
bacteria (i.e. Lactobacillus plantarum) and fungi were as starter to establish lactic acid 
fermentation. 
In a study, Fermentation of cucumbers lead to significantly lower amount of benomyl and 
mancozeb, compared with nonshrub cucumbers (Shokrzadeh & Saeedi Saravi, 2008). 

3.5 Freezing and refrigeration 
Freezing food is a common method of food preservation which slows both food decay and 
most chemical reactions (Kaushik et al., 2009). In refrigeration method, the samples which 
were subjected to cold storage procedure were kept at +4 °C in the refrigerator in 
polyethylene bags and darkly condition. 
In a study it was found that when cucumbers contaminated at level of 2 L / 1000 L in water 
were refrigerated the reduction of residues were 5.3%, 22.4%, 43.7%, 52% and 68.2% after 2, 
4, 6, 8 and 10 days with diazinon and 14.7%, 28.2%, 49.1%, 63% and 74.7% loss after these 
specific days with malathion, respectively (Dehghan et al., 2010). 

3.6 Infusion 
Tea and coffee are popular beverages throughout the world. A cup of tea that cheers can 
also be an important route of human exposure to pesticide residues. It is therefore important 
to evaluate the percent transfer of pesticide residue from dried (made) tea to tea infusion, as 
tea is subjected to an infusion process prior to human consumption (Jaggi et al., 2000). 
In addition, this procedure can be occurred to reduce the heavy metal residues in 
agricultural products. For example, despite of a high level of heavy metals, such as lead and 
Cadmium in dried tea leaves, the possibility of the entry of these metals into the tea infusion 
was minimal. There was an excessive amount of lead and Cadmium in all dried leaf 
samples, but these levels were not found in the tea infusions, as the time of infusion was less 
than 1 hour, which was not sufficient to release metals from leaves (Shokrzadeh et al., 2008). 

3.7 Juicing 
Commercial juicing operations generally use whole fruit. The residue levels in juices from 
fruit will depend on the partitioning properties of the pesticide between the fruit skins/pulp 
and the juice. The pulp or pomace by-products, which often include the skin, retain a 
substantial proportion of lipophilic residues. Thus, moderately to highly lipophilic 
pesticides such as parathion, folpet, captan and synthetic pyrethroids are poorly transferred 
into juices and the residues are further reduced by clarification operation, such as 
centrifugation or filtering (Holland et al., 1994). 

3.8 Malting 
Malting is a process applied to cereal grains; it is a combination of two processes, notably 
germination and the kiln-drying process. The fate of pesticides was determined from barley 
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to malt. The amount remaining after malting ranged from 13-51% for fenitrothion and 
nuarimol. The stages of malting steeping, germination and kilning contributed to loss of 
pesticide residues (Navarro et al., 2007). 

3.9 Milling 
The milling of grains substantially removes the pesticide residues. Most residues are present 
in the outer portions of the grain, and consequently levels in bran are consistently higher 
than in wheat. Even for the pesticides which can enter the grain by translocation, residues 
are higher in the bran than in the flour (Holland et al., 1994). 

3.10 Peeling 
Peeling is an important step in the processing of most fruits and vegetables. Chemical 
peeling (mostly lye peeling), mechanical peeling (mainly abrasion peeling), steam peeling 
and freeze peeling are conventional methods for peeling in the processing of fruits and 
vegetables (Toker & Bayindirli, 2003). A majority of the insecticides or fungicides applied 
directly to crops undergo very limited movement or penetration of the cuticle. It therefore 
follows that residues of these materials are confined to the outer surfaces where they are 
amenable to removal in peeling, operation. Peeling fresh fruits such avocado, bananas, 
citrus, cucumber, kiwifruit, mango and pineapple achieves virtually complete removal of 
residues from the fruit. For instance, removal of the skin, by peeling, leaves cucumber tissue 
below the waxy layer, therefore resulting in reduction of diazinon and malathion residues 
by more than 45.9% and 60.6% (Dehghan et al., 2010). 

3.11 Storage 
Grains are frequently stored long term (3-36 months) at ambient temperatures in bulk silos 
where insecticides may be applied post-harvest to reduce losses from storage pests (Holland 
et al., 1994; Joint Meeting on Pesticide Residues (JMPR), 1981). Grain based foods therefore 
have the potential to be a major source of residues in the diet for these insecticides. Studies 
on grain following post-harvest treatments with insecticides have generally shown that 
residues only decline rather slowly (Holland et al., 1994; Snelson, 1987). Residues of the 
more lipophilic materials tend to remain on the seed coat although a proportion can migrate 
through to the bran and germ which contain high levels of triglyceride (Anderegg & 
Madisen, 1983; Holland et al., 1994).  
For example, a post-harvest interval (storage for 10 days) reduced diazinon in cucumbers by 
94.7%. Overall disappearances of 97.8% of initial dose of malathion from cucumbers 
respectively were obtained (Dehghan et al., 2010). 

3.12 Thermal processing (canning, cooking) 
Application of heat to food commodities is commonly done through ordinary cooking, 
pressure cooking, microwave cooking, frying, sterilization and canning. 
The commercial canning process in its various forms combines elements of washing, 
peeling, juicing, cooking and concentration. 
Cooking is the act of preparing food for eating by the application of heat. It encompasses a 
vast range of methods depending on the customs and traditions, availability and the 
affordability of the resources. Literature is replete with work on effect of cooking on 
pesticide residues dissipation. 
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3.13 Washing 
Washing is the most common form of processing which is a preliminary step in both 
household and commercial preparation. Loosely held residues of several pesticides are 
removed with reasonable efficiency by varied types of washing processes (Street, 1969). The 
effects of washing depend on location of the residue in cucumbers, water solubility of the 
pesticide, temperature and type of wash. Polar, water soluble pesticides are more readily 
removed than low polarity materials (Kaushik, et al., 2006; Elkins, 1989). The Samples were 
washed following two washing procedures, soaking and dipping in water (at temperature 
25-30 °C for 10 minutes) and detergent-washing.  
For example, washing of cucumbers by dipping in water for 10 minutes reduced diazinon 
and malathion residues to 81.8% and 65.6% of initial concentration. Also, 34.6% and 44.2% 
loss in residues obtained with detergent-washing. Thus, washing with detergent was more 
effective to reduce the pesticides residue than water-washing. The investigation indicated 
that washing with water and or detergent solutions were necessary to decrease the intake of 
pesticide residues (Dehghan et al., 2010). 

3.14 Wine making 
During the manufacture of wine in addition to the transfer of residues from the grapes into 
the must, stability of residues to the fermentation and fining processes are important factors. 
Fermentation on the skins as carried out in red wine production is likely to lead to higher 
residues in raw wine. Residues in must may be absorbed to the solids produced during 
fermentation and thus be lost in the fining processes. However, a range of pesticides with 
suitable solubility and stability can give rise to residues in wine (Holland et al., 1994). This 
process usually is less used in some Muslim societies and countries; because wine 
consumption is banned for Muslims, based on the religious principles and costumes. 

4. Prevention 
In assessing dietary exposure to the chronic toxicological effects of pesticides, most 
regulatory authorities consider some measure of typical food intake, such as mean or 
median food consumption values. But for compounds that might be acutely toxic, it is 
important to know if the dietary intake over a relatively short period of time (such as a day) 
is safe. By examining exposure at such an extreme, acute assessment protects the safety of 
people who ingest more pesticide residues than virtually anyone else in the population.  
The risk from pesticide residues is evaluated on the basis of two toxicological limit values: 
the ADI and the ARfD. ADI stands for ‘Acceptable Daily Intake’. It indicates the amount of a 
substance which can be ingested daily over a lifetime by consumers without any appreciable 
health risk. The ADI is used to assess the chronic risk and the Acute Reference Dose (ARfD) 
to assess the acute risk. The ARfD is a comparatively new risk assessment tool. It is defined 
as the amount of a substance which a consumer can ingest from one meal or several meals 
spread over the day without any appreciable health risk (Whitford et al., 2006).  
The chapter emphasizes the fact that the advantages associated with the application of 
pesticides in enhancing the agricultural productivity must be weighed against the possible 
health hazard arising from the toxic pesticide residues in food. First and foremost the 
application of pesticides should be in compliance with good agricultural practices, using 
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only the required amounts. Further the current shift in world opinion from ‘chemical 
farming’ towards ‘organic farming’ is a sustainable approach to minimize the damage 
posed by widespread contamination of environment by pesticides. However, the 
challenge lies in achieving food safety in developing countries where the indiscriminate 
application of pesticides results in the presence of residues in food commodities. 
However, due to several socio-cultural and technical reasons, diffusion and acceptance of 
this approach among the farming community in developing countries like India has been 
very slow. Hence, it becomes urgent and important in the transient phase that some 
pragmatic solution should be developed. So in the transitory phase it is important to 
address the concern of food safety through suitable processing techniques and 
appropriate storage period that enhance food safety even in developing countries 
especially for the poor populace which cannot afford the expensive organic food. In this 
background common and simple processing techniques acquire significance for reducing 
the harmful pesticide residues in food. The effects of processing pesticide residues in food 
is an area where available information should be consolidated and missing information 
needs to be obtained through further research. 
The following suggestions are presented for safety improvement along with daily progress 
of industries and industrial pollution: 
- Initial focus on dietary risks and food chain; 
- Determination of hazard effects of pesticides on human and animal health; 
- Determination of standard limit values, such as ADI and ARfD; 
- Frequent measurement of pesticide residues in agricultural products; 
- Attention shifts to occupational risks; 
- Public scrutiny over residential risks; 
- Early federal laws (landscape and grounds management policy, pesticide reduction 

strategies); 
- Study requirements and scientific education (to farmers, industries, etc.); 
- Determination of testing guidelines; 
- Establishment of reference laboratory equipped with analytical apparatuses, such as 

GC, GC-MS, HPLC13, etc; 
- Optimization the food processing techniques (with regard to pesticide residue 

dissipation and nutrient content); 
- Informing people about the reductive effects of house holding procedures (i.e. storage, 

washing, peeling, fermentation) on pesticide residues in agricultural products; 
- Use of biological pest controls (such as pheromones and microbial pesticides), genetic 

engineering, and methods of interfering with insect breeding, as safer alternatives to 
chemical pesticides.  

Overall, the chapter concerns to determine pesticide residue levels in agricultural products 
and compare it with standard limit values. The safety assessments can manifest the status of 
pesticide contamination in agricultural products, which is affected by water, soil and air 
pollution, and lead to apply prevention methods supported by governments (Shokrzadeh et 
al., 2009). 

                                                 
13 high performance liquid chromatography 



Pesticides in Agricultural Products: Analysis, Reduction, Prevention   

 

239 

 
 

 
 

Fig. 2. Different processes for reduction of pesticide residues in agricultural products: (a) 
baking, (b) drying, (c) fermentation, (d) freezing, (e) infusion, (f) juicing, (g) malting, (h) 
milling, (i) peeling, (j) storage, (k) canning, (l) washing, (m) wine making. 
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1. Introduction 
The aim of this chapter is to describe the presence of pesticide residues in fruits and 
vegetables, mainly how they are introduced, dissipated, degraded, affected by food 
processing techniques and their risk assessment. 
Fruits and vegetables are important components of the human diet since they provide 
essential nutrients that are required for most of the reactions occurring in the body. A high 
intake of fruits and vegetables (five or more servings per day) has been encouraged not only 
to prevent consequences due to vitamin deficiency but also to reduce the incidence of major 
diseases such as cancer, cardiovascular diseases and obesity. Like other crops, fruits and 
vegetables are attacked by pests and diseases during production and storage leading to 
damages that reduce the quality and the yield. In order to reduce the loss and maintain the 
quality of fruits and vegetables harvest, pesticides are used together with other pest 
management techniques during cropping to destroy pests and prevent diseases. The use of 
pesticides have increased because they have rapid action, decrease toxins produced by food 
infecting organisms and are less labour intensive than other pest control methods. However, 
the use of pesticides during production often leads to the presence of pesticide residues in 
fruits and vegetables after harvest.  
The presence of pesticide residues is a concern for consumers because pesticides are known 
to have potential harmful effects to other non-targeted organisms than pests and diseases. 
The major concerns are their toxic effects such as interfering with the reproductive systems 
and foetal development as well as their capacity to cause cancer and asthma (Gilden et al, 
2010). Some of the pesticides are persistent and therefore remain in the body causing long 
term exposure. The concern has led to governments setting up monitoring systems in order 
to assess the safety situation and make informed decisions when passing legislation. 

2. Pesticides fate after application to fruits and vegetables 
Fate refers to the pattern of distribution of an agent, its derivatives or metabolites in an 
organism, system, compartment or (sub) population of concern as a result of transport, 
partitioning, transformation or degradation (OECD, 2003). After pesticides are applied to 
the crops, they may interact with the plant surfaces, be exposed to the environmental factors 
such as wind and sun and may be washed of during rainfall. The pesticide may be absorbed 
by the plant surface (waxy cuticle and root surfaces) and enter the plant transport system 
(systemic) or stay on the surface of the plant (contact). While still on the surface of the crop, 
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the pesticide can undergo volatilization, photolysis chemical and microbial degradation. 
These processes are illustrated in Figure 1. All these processes can reduce the original 
pesticides concentration but can also introduce some metabolites in the crops.  
Volatilisation of the pesticide usually occurs immediately after application in the field. The 
process depends on the vapour pressure of the pesticide. Pesticides with high vapour 
pressure tend to volatilize rapidly into the air while those with low vapour pressure remain 
longer on the surface. Volatilization rate also depends on the environmental factors such as 
wind speed and temperature. The faster the wind speed and the higher the temperature the 
more the pesticide will evaporate. Photolysis occurs when molecules absorb energy from the 
sunlight resulting in pesticide degradation. The indirect reaction can also be caused by some 
other chemicals being broken by the sunlight and their products reacting with pesticides in 
turn. Some pesticides may be degraded by microbial metabolism. Micro-organisms can use 
pesticides as nutrients thereby breaking them into carbon dioxide and other components 
(Holland and Sinclair, 2004). Because of difference between naturally occurring organic 
chemicals and pesticide structures, they cannot be assimilated by the microbes but they may 
be altered at reactive sites. The products formed may be less or more toxic than the parent 
chemical. 
 

Pesticide on plant 
surface (leaf or 

fruit)

Photolysis

Microbial 
degradation

Volatilization

Penetration into the 
plant surfaceTransport in

the plant

Rain wash off

 
Fig. 1. Fate of pesticides in plant surfaces chemical 

Although degradation of pesticides is influenced by different environmental processes, 
Celik et al, (1995) concluded that under natural field conditions volatilization is the main 
process that affects pesticides. These researchers applied six pesticides (azinphos-methyl, 
ethion, diazinon, methidathion, phosalone and pirimicarb) to apples and found that 
volatilization was the dominant process followed by solar irradiation. Bacterial degradation 
had the lowest influence except for phosalone. Pirimicarb was highly degraded by solar 
irradiation. Rain wash off can also be very important when it occurs shortly after 
application. 
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3. Monitoring  
The purpose of pesticide monitoring programs is to ensure that in fruits and vegetables do 
not exceed maximum residues levels (MRLs) allowed by the government, no misuse of 
pesticides that could result in unexpected residues in food and that good agricultural 
practices (GAP) are maintained. Some programmes, mostly in developing countries, are 
carried out due to the demands by international trade. The results from these monitoring 
programmes are also used by regulatory bodies for future developments in setting MRLs 
and risk assessment exercises for public health. In most countries, the monitoring programs 
are organised by a single agency designated as the competent authority. The agency designs 
a monitoring plan based on the previous data available from dietary consumption and risk 
assessment exercises or pesticide usage in the available fruits and vegetables. In the 
European Union (EU) there is a coordinated programme for all the member countries to 
follow from the European commission and the member states national programs. The 
results are then yearly as a single report by the European Food Safety Authority (EFSA).  
In the case of international trade, the monitoring plan is also influenced by the trading 
partners. For example, partners trading with the EU (normally referred to as third countries) 
have to incorporate EU standards to their food control programmes. In addition to 
monitoring, the agencies can engage in follow up sampling (enforcement actions) where 
some discrepancies had been observed. Laboratories carrying out pesticide residues analysis 
should be accredited or have started accreditation procedures to some quality standard. 
Pesticide legislation in developing countries is generally lacking or not implemented and 
this also affects pesticide monitoring since it relies on legislation to be effective (Ecobichon 
2001). The other problem is lack of trained personnel to enforce laws and monitor the use of 
pesticides and residue levels in food and the environment. However, pesticide monitoring 
in some developing countries with high agricultural output is driven by international trade. 
Failure to adhere to trade standards can result in a loss of revenue for the population 
supported by the affected agricultural industry. This can be illustrated by using the Kenya’s 
green bean farmers. These Kenyan bean farmers implemented developed country pesticide 
standards and are required by the UK retailers to show evidence of compliance with UK 
pesticide legislation (Okello 2001). In the same study, it was also noted that since the 1990s 
the arrangement saw Kenya increasingly becoming one of the leading countries in green 
bean production and supplier to developing countries. This also saw the benefits of reduced 
pesticide related cost of illnesses and incidences of acute symptoms of pesticide exposure in 
monitored farmers than compared to unmonitored farmers. This was attributed to the 
education the farmers received about the use and handling of pesticide as well as adhering 
to protective measures. 

4. Maximum residue level  
Maximum residue levels are the highest levels of residues expected to be in the food when 
the pesticide is used according to authorised agricultural practices (EFSA 2010). The MRLs 
are always set far below levels considered to be safe for humans. It should be understood 
that MRLs are not safety limits, a food residue can have higher level than MRL but can still 
be safe for consumption. Safety limits are assessed in comparison with acceptable daily 
intake (ADI) for short term exposure or acute reference dose (ARfD). MRLs are subject to 
legal requirements in most of the countries. In developed regions like Europe the 
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responsibility of the legislation is lead by the European Commission (EC) with input from 
the member states, EFSA and the standing committee on the Food Chain and Animal 
Health. In the US, the leading agency is Environmental Protection Agency (EPA) with input 
from the United States Department of Agriculture (USDA) and the Scientific Advisory Panel 
while in New Zealand the leading agency is the New Zealand Food Safety Authority 
(NZFSA) with input from the Environmental Risk Management Authority. 
MRL setting can be the responsibility of one or more authorities in a country and normally 
involves the health, agriculture and environmental agencies. MRL enforcement can be a 
responsibility of one or more agencies and may also depend on different food types. MRL 
setting is based on the national registered good agriculture practice (GAP) data combined 
with the estimated likely residue from the supervised trials mean residue (STMR), ADI and 
ARfD. The information is then evaluated by the risk assessment agency like EFSA in EU or 
JMPR for CODEX Alimentarius. The JMPR procedure is shown in Figure 2. Where national 
or regional MRLs are not available, internationally recognised bodies such as the United 
Nations Codex Alimentarius Commission MRLs can be used as guidance. MRLs are 
generally published in open literature or websites of the regulatory bodies for public usage. 
MRLs may be exceeded because of pesticide misuse, false positives due to naturally 
occurring substances, differences in national MRLs, lack of registered pesticides and 
incorrect pesticide application (EFSA, 2010). 
 

Accept national registered
Uses as GAP

Estimate likely residues (STMR)
And max residues (MRL) for GAP

Review pesticide toxicology

Estimate values for 
ADI and ARfD

RISK ASSESSMENT
Are the toxicology and dietary
intake of residues compatible ?

Set Codex MRL

GAP – Good Agriculture Practice
STMR – Supervised Trials Mean Residue  

Fig. 2. Procedure for setting JMPR MRLs 

The emerging trend is to harmonize MRL in each region or globally and is highly supported 
by international organisations such as FAO, WHO, CCPR and OECD. In the EU the MRLs 
are already harmonised as from the beginning of September 2008 under the new regulation 
EC No. 396/2005 (OECD 2010). In developing regions like Africa, efforts were initiated 
under the Global MRL Harmonization Initiative – Africa Project that was supported by US 
Department of Agriculture – Foreign Service, IR-4 Project and USEPA. A summary of the 
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questionnaire from the same project indicated that most of the African countries have 
adopted the CODEX MRLs with South Africa establishing some of its own in addition 
(Anonymous 2009). 

5. Food processing 
Fruits and vegetables like other foods pass through culinary and food processing treatments 
before they are consumed. The effects of these culinary and food processing techniques have 
been investigated by various researchers and they have been found to reduce the pesticide 
residue levels except in cases where there is concentration of the product like in juicing 
frying and oil production. Some toxic metabolites may be produced during processing 
treatments, especially thermal processing. One of the extensively studied metabolite is ETU 
that result from thermal processing of dithiocarbamates. However, the consumers can still 
be encouraged to employ those processing methods that reduce pesticide residues. 
Food processing studies often results in transfer factors or food processing factors (PF) of the 
pesticide residue in the transition from raw agriculture commodity to the processed 
product. These processing factors are expressed as the concentration of pesticide after 
processing divided by the concentration before processing. Some processing factors are 
available in public literature while others are only available from the pesticide registering 
bodies. Processing studies have become a part of pesticide registration requirements. Effect 
of processing in fruits and vegetables are said to be influenced by the physico-chemical 
properties of the pesticide as well as the processing method (Holland et al., 1994). 
Processing factors for a particular processing technique and a group of pesticides are not 
easily available in literature. These become important when researchers want to perform 
risk assessment for a group of pesticide in the population. An example can be illustrated by 
risk assessment of exposure of organophosphorus pesticides in the Dutch diet (Boon et. al, 
2008). The authors could not find the general processing factor for a group of 
organophosphorus pesticide. However, they managed to derive the general processing 
factors for washing (0.76), peeling (0.44) and canning(0.74) for fruits and vegetables. The 
authors could not find the general processing factor for a group of organophosphorus  
 

Processing R* 95% CI 99.5% CI 

Baking 1.38 0.91 -2.09 0.76 - 2.51 

Blanching 0.21 0.10 - 0.44 0.07 - 0.61 

Boiling 0.82 0.58 - 1.15 0.50 - 1.33 

Canning 0.71 0.46 - 1.09 0.38 - 1.31 

Frying 0.1 0.02 - 0.46 0.01 - 0.90 

Juicing 0.59 0.32 - 1.09 0.24 - 1.42 

Peeling 0.41 0.30 - 0.54 0.27 - 0.61 

Washing 0.68 0.52 - 0.82 0.52 - 0.89 
R* - processing factor 
CI – confidence interval  

Table 1. Average processing factors for different processing methods 
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pesticide their risk assessment, however, they managed to derive the general processing 
factors for washing (0.76), peeling (0.44) and canning(0.74) for fruits and vegetables. We 
attempted to summarize the processing factors for fruits and vegetables according to 
different processing methods using meta-analysis (Keikotlhaile et al, 2010). The results are 
shown in Table 1. However, the results were generalized and we recommended that the 
same procedure could be used for a group pesticides applied to similar vegetables for more 
refined processing factors. 

6. Risk assessment 
Risk assessment of chemicals is described as a process intended to calculate or estimate the 
risk to a given target organism, system or (sub) population, including identification of 
attendant uncertainties, following exposure to a particular agent taking into account the 
inherent characteristics of the agent of concern as well as the characteristics of the specific 
target system (OECD 2003). Risk assessment process includes four steps: hazard 
identification, hazard characterisation (dose-response assessment), exposure assessment and 
risk characterisation. In that context the risk assessment of pesticide residues in fruits and 
vegetables is tackled. 

6.1 Hazard identification 
Hazard identification is the first step in risk assessment and it involves the identification of 
the type and the nature of adverse effects that an agent has as inherent capacity to cause in 
an organism, system or (sub) population (OECD 2003). Recent regulations require that 
hazard identification be performed before a pesticide can be approved for usage in 
agriculture or other areas. Therefore the information on hazards posed by pesticides is 
readily available from the pesticide registering bodies and on their websites for public 
usage. Most of the information is also available from international organisations such as 
JMPR, OECD and EC. The hazards that have been identified concerning pesticide include 
reproductive and endocrine disruption, neurodevelopmental delays, immune system, 
cancer and respiratory distress (Gilden 2010). Studies are carried out in test organisms 
(microbial, cells or animals) and the exposure level is increased until an adverse effect is 
produced. The highest dose of the pesticide that does not cause detectable toxic effects on 
the test organisms is called the no-observed-adverse-effect-level (NOAEL) and is expressed 
in milligrams per kilogram of body weight per day (WHO 1997)). This is important because 
it is used in calculation of the ADI or the ARfD. 

6.2 Hazard characterisation 
Hazard characterisation is the qualitative and, wherever possible, quantitative description 
of the inherent properties of an agent or situation having the potential to cause adverse 
effects. This should, wherever possible, include a dose response assessment and its 
attendant uncertainties (OECD 2003). Hazard characterisation involves comparing the 
pesticide exposure concentration with the ADI or the ARfD. The ADI is the estimate of the 
amount of a substance in food (mg/kg body weight/day) that can be ingested daily over 
a lifetime without appreciable health risk to the consumer (WHO 1997). ADI is calculated 
by dividing the NOAEL for animal studies with an uncertainty factor of 100 to convert to 
a safe level for humans. A factor 100 (10 x 10) mostly used to account for species 
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differences and individual variability in sensitivity to the chemicals (Renwick 2002). ARfD 
is the estimate of the amount of a substance in food that can be ingested over a short 
period of time, usually during one meal or one day, without appreciable health risk to the 
consumer (WHO 1997). 

6.3 Exposure assessment 
Evaluation of the concentration or the amount of a particular agent that reaches a target 
organism, system or (sub) population in a specific frequency for defined duration (OECD 
2003). The potential intake or consumption of pesticide residues is divided by the body 
weight and compared to ADI or ARfD in exposure assessment. 

Exposure = (Concentration of pesticide residue x Food consumed)/ body weight 

The input data used in exposure assessment comes from supervised field residue trials, 
national pesticide monitoring programs and food consumption surveys. The residue levels 
from pesticide monitoring programs mighty not cover the whole food supply but they are 
always available in most countries and they reflect samples available for consumers. 
However, targeted sampling data may over-estimate exposure because it is biased against 
suspect samples.  

6.3.1 Consumption data 
Food consumption data are essential component of dietary risk assessment. The data used 
depend upon the type of population being assessed: children, special ethnic groups, 
geographical regions and estimation of the quantity of food eaten. Food consumption data 
may be obtained during food supply surveys (food balance sheets), household 
inventories, household food use and individual food intake surveys (Hamilton, 2004). 
According to EFSA guidance document on collection of food consumption data (EFSA, 
2009), there are four types of dietary assessment methods, namely: diet history, food 
frequency, dietary records and dietary recall. In diet history, the history of the whole daily 
food intake of an individual and the usual meal pattern is assessed over a period of days, 
months and up to one year. Food frequency involves asking the consumers to estimate the 
usual frequency of consumption during a specified time for the foods that are listed on 
the questionnaire. In dietary records, the consumers weigh and record all the food 
including beverages before eating and also the leftovers after eating. Dietary recall 
involves asking the consumers to recall the actual food intake for the past 24 or 48 hours 
or previous days. The quantities are described using household measures, food models or 
photographs. The most common dietary recall method is the 24-hour recall. The methods 
that are suitable for both acute and chronic risk assessment are dietary records and 
dietary recall. 
The most appropriate source is the one that measures actual consumption instead of 
available food supply. Average daily consumption is the most used in exposure assessment 
calculations, however there are others such as percentile consumption values, average 
consumption (weekly, monthly, etc) and long term consumption habits. The latter is mostly 
important in calculation of chronic exposure. In cases where national food consumption 
data are not available, food balance sheets from FAO can be used even though they might be 
too generalised. 
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6.3.2 Dietary exposure models 
Dietary intake exposure models are mainly conducted in deterministic and probabilistic 
assessment. Deterministic exposure assessment is based on single point estimate, usually the 
mean or worst case scenario (97.5 percentile). Probabilistic exposure assessment is based on 
the probability of occurrence of the risk and results in a distribution of risk values. 
Deterministic exposure is generally used as a low tier approach to determine whether there 
is a course for concern for the defined exposure. It is easy to perform and requires less time 
to complete. The disadvantage is that it gives single estimate of the risk and does not give an 
insight of other possible risks for lower levels. Therefore it does not contain information 
about variability in potential exposure to the exposed population. Probabilistic assessment is 
based on simulations of potential exposures using computer software and allows  more 
inputs to come up with the final exposure. Most of these distributional models are based on 
Monte Carlo simulations and are referred to as Monte Carlo models (Hamilton, 2004). These 
distributional models provide a range of risks throughout the population distribution and 
provide quantitative information about variability and uncertainty. The disadvantage is that 
they require time and resources for additional data generation. A brief overview is outlined 
by Hamilton et al., (2004). Since deterministic models gives an over-estimated exposure 
assessment by assuming all time consumption of higher concentration the pesticide a more 
realistic approach of probabilistic assessment is preferred when resources allow. 

6.4 Risk characterisation 
The qualitative and, wherever possible, quantitative determination, including attendant 
uncertainties, of the probability of occurrence of known and potential adverse effects of an 
agent in a given organism, system or (sub) population, under defined exposure conditions 
(OECD 2003). The international estimate daily intake (IEDI) has been used to characterise 
the risk of pesticides. It is expressed as: 

IEDI = ∑ STMR x E x P X F 

Where 
STMR = supervised trial median residue level 
E = Edible portion 
P = processing factor 
F = consumption of the food commodity 
When the IEDI is more than the ADI the food involved is considered a risk to the concerned 
consumers. For the national estimated short term intake (NESTI), the risk characterisation is 
compared with the ARfD. 

7. Future work 
In pesticide residues research, future work involves mainly the improvement of risk 
assessment of dietary exposure methods and harmonisation of data collection in as many 
countries as possible. The methods are also aimed at incorporating all the factors that 
contribute to exposure assessment in the final model predictions so that it can be realistic. 
Common methods of dietary exposure assessment were based on deterministic calculations 
and those have been found to have short comings of only providing exposure for average 
consumers while excluding higher consumers. The most preferred method is the 
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probabilistic risk assessment since it considers all exposure throughout the entire consumer 
distribution. Recently risk assessment studies have focused on simultaneous exposure to 
multiple pesticides instead of only on a single pesticide (Van Klaveren and Boon, 2009). In 
their paper, the authors discuss the risk trade-offs, risk benefits and the use of integrated 
probabilistic risk assessment model (IPRA). The model integrates exposure and health effect 
modelling while incorporating variability and uncertainty. 
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1. Introduction  
The term Mediterranean diet refers to the diet regime adopted by people living around the 
Mediterranean Sea, and especially Greeks and Cretans. This diet regime allows the daily 
consumption of bread, cereals, pasta, rice, potatoes, pulses, nuts, vegetables, milk, cheese, 
yogurt, olives and olive oil. Consumption of eggs, chicken, fish and sweets is allowed a few 
times weekly, while consumption of red meat is allowed only a few times monthly. 
Moderate consumption of wine is allowed daily with the meals. Overall, the Mediterranean 
diet is characterized by low consumption of fats, especially saturated fats and a high 
consumption of carbohydrates that come from cereals, bread, rice, pasta, fruits and 
vegetables. Milk products are consumed regularly in small quantities.  
One of the major diet components, especially in the summer, is grapes. They are 
characterized by high nutritional value as they supply several antioxidants and 
polyphenolic compounds to human organism. Many published papers report high 
concentrations of phenolic compounds such as flavonoids and resveratrol, especially in the 
red varieties (Dani et al., 2007). 
The main source of fat is olive oil, which is rich in monounsaturated fatty acids. As already 
mentioned fruits and vegetables are major constituents of the Greek diet, and although high 
consumption of these components is thought to be beneficial for the human organism, it is 
also a source of exposure to the various pesticides used for the protection of the crops 
(Coxam & Puel, 2010) (Roche et al., 2000).  
Many insects and pathogens (i.e. Botrytis cinerea, Uncicula necator and Plasmopara viticola, 
Dacus olea) affect the aforementioned cultivations and their occurrence demands the use of 
pesticides in order to eliminate economic losses. The key issues during crop protection 
planning are to use the pesticides at the right stage of crop (i.e flowering) and to keep the 



 Pesticides - Formulations, Effects, Fate 

 

254 

levels of pesticides residues below the Maximum Residues Limits (MRLs) at harvest stage. 
Pesticide residues in fruits, vegetables and their processed products may also appear as a 
result of contaminated agro-inputs, drift from adjoining fields, as well as inappropriate or 
abusive treatments. Residual pesticides present in agricultural products may result to health 
hazards and affect the sensory quality of processed products. In the case of wine for 
example, they interfere with fermentative micro flora (Patil et al., 2009). It is therefore 
evident that it is necessary to monitor the levels of pesticide residues in specific agricultural 
products, in order to avoid risks for consumers.  
Currently used pesticides differ from those used in previous decades. New groups of 
pesticides are developed and tested for plant protection, such as strobilurins (i.e 
azoxystrobin and pyraclostrobin) and imidazolinones (i.e fenamidone). Developed countries 
have established new laws in order to: 1) scale down the use of pesticides 2) protect the 
consumers (lower concentration limits in food) 3) protect farmers during application 
(reduced risk to humans) and 4) protect the environment (non target organisms and 
environmental resources). According to current tendency pesticides characterized by broad 
spectrum of action (fungicides), are more focused to target organisms (insecticides), and 
characterized by special penetration and redistribution properties. Additionally due to the 
withdrawal of many active ingredients as a result of the review process based on Council 
Directive 91/414/EEC, the use of remaining pesticides is more intensive compared to 
previous years.    
Due to globalization, agricultural products with pesticides residues may travel all over the 
world. Thus consumers are increasingly conscious of the potential environmental and health 
problems associated with the build-up of toxic chemicals, particularly in food products. 
Exposure to pesticides through consumption of fruits, vegetables and olive oil is almost 
continuous, especially for Mediterranean people. In the recent years conventional 
cultivation of fruits is replaced by more controlled systems such as Integrated Crop 
Management (ICM) and biological (organic) cultivation in order to eliminate the exposure 
(Tsakiris et al., 2004) (Tsatsakis & Tsakiris, 2010).  
Hereby, the status of pesticides residues in grapes, olive oil and vegetables (peppers, 
cucumbers, tomatoes and eggplants) is presented, focusing in organic (grapes, olive oil) and 
ICM cultivation (vegetables). Moreover monitoring results are used in order to estimate the 
dietary intake and cumulative risk from the detected pesticides in Greek people. Our data 
are based: 1) on the results reported by certification organizations in Greece and 2) on the 
unpublished results from monitoring programs of Toxicology Laboratory of the University 
of Crete.  

2. Critical points for the determination of pesticides in agricultural products  
Pesticide monitoring is performed by National and private laboratories, operating in each 
European country. National laboratories monitor pesticides and inform the European Union 
in order to publish specific pesticide reports. Private laboratories in each country perform 
routine analysis for major pesticide categories, with agricultural samples originating from 
independent farmers, farmer groups, super-markets or factories that export vegetables to 
other European countries. The majority of samples are analyzed as a prerequisite for 
certification purposes. Hence, when all agricultural products exported to other European 
countries are certified and the requirements of each certification scheme are strictly 
followed, public health is not jeopardized.  
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A great number of analytical methods for the determination of pesticide residues in 
agricultural products, especially in those that are extensively used by the Mediterranean 
diet, have been published up to now.  
The analysed agricultural products may be divided into the three following categories: 1) 
Fresh fruits and vegetables 2) Alteration products of fruits and vegetables i.e. wine 3) Olive 
oil. Each category requires a different sample treatment process and presents a variable 
degree of difficulty in the analysis of residues.  
Analytical methods for determining pesticide residues in two first categories involve several 
extraction and purification steps in order to remove the huge amount of potentially 
interfering compounds that are present at higher concentrations than the pesticides residues 
themselves. Many of them are characterized by laborious and time consuming sample 
preparation and also require non-environmentally friendly solvents. What’s more, some of 
them demand expensive analytical instruments (i.e. LC-MS/MS) and this reduces their use 
for screening purposes.  
For the detection of volatile and thermally stable pesticides gas chromatography (GC) in 
combination with appropriate detectors such as electron-capture (ECD), nitrogen-
phosphorus (NPD) and mass spectrometry (MS) is most commonly used. On the other hand, 
for the detection of pesticides with low volatility and high polarity, methods based on liquid 
chromatography (LC) coupled to mass spectrometry are more common (Venkateswarlu et 
al., 2007).  
The most widely used method for multi-class residues analysis is the QUECHERS method 
(Paula et al., 2007). The extraction procedure is based on liquid–liquid partitioning with 
acetonitrile followed by a cleanup step with dispersive-SPE. The great advantages of this 
method are the simplicity, the low cost of implementation and the short analysis time. A 
new method based on QUECHERS was developed for the evaluation of multiple pesticide 
residues in grapes, must and wine using the similar extraction procedures and low-pressure 
gas chromatography coupled to mass spectrometry (Cunhaa et al., 2009). Olive oil is a more 
difficult sample compared to the other products of this study, not only because of the 
relatively high amount of lipids that elute from the clean up system, but also because of the 
potential lipid interference at the GC determinate step (Lentza-Rizos, 1994). Another 
problem faced during olive oil analysis for pesticide residues is the fact that multiresidues 
analytical methods are highly desirable, although the different natures, classes and 
physicochemical properties of pesticides used in olive groves eventually hamper the 
development of such methodologies (Garcia-Reyes et al., 2007).  

3. Pesticides residues in fruits, vegetables and olive oil 
3.1 Monitoring data   
Grapes peppers, tomatoes, cucumbers eggplants and olive oil were selected for pesticide 
monitoring and risk assessment since large amounts of these products are consumed daily 
in Mediterranean countries, especially during the summer period. The target of the study 
was not only to confirm that consumption of these products was safe for adults, but also for 
more sensitive population groups such as children. The first step of this study was to collect 
the raw data from pesticides residues analysis. Part of the results (olive oil and grapes) was 
obtained from Bio-Hellas monitoring program. Bio-Hellas is the biggest Control and 
Certification organism in Greece which supervises a great variety of agricultural products 
such grapes, olives, olive oil, fresh fruits, vegetables etc. Monitoring for grapes was 
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performed for 381 pesticides by GC/MS-MS and HPLC/MS-MS. During 2005-2009, some 
234 samples were analyzed. Monitoring in olive oil from biological cultivation of olives was 
performed during 2008 - 2009 for the following, most frequently used pesticides in 
conventional cultivation: Chlorpyriphos, Cyfluthrin, a-Cypermethrin, Cyhalothrin, 
Deltamethrin, Diazinon, Dimethoate, Endosulfan (Endosulfan-a, Endosulfan-b, Endosulfan 
sulfate), Fenthion (Fenthion oxon, Fenthion sulfone, Fenthion sulfoxide, Fenthion o sulfone, 
Fenthion o sulfoxide), Malathion/Malaoxon, Methidathion, Methomyl, Parathion. The 
results for peppers (60 samples), tomatoes (45 samples), cucumbers (50 samples) and 
eggplants (45 samples) came from the monitoring program of Laboratory of Toxicology. 
Monitoring was performed for 175 pesticides by HPLC/MS-MS. The monitoring period for 
vegetables was 2008 – 2009 and the results are unpublished. All samples were analyzed in 
line with National Accreditation System SA ESYD laboratories (EN ISO/IEC 17025:2005) in 
accordance to standard official analytical methods. 
As stated at 834/2007 EC biological products should be free of pesticides residues. 
Moreover according to 396/2005 EC the levels of detected pesticides residues should not 
exceed the MRLs. Thus the monitoring for pesticide residues is a crucial part of the 
inspection procedure in every cultivation system (biological cultivation, ICM and 
conventional cultivation). A very important stage of this procedure is the selection of the 
appropriate pesticides in the monitoring program. The available new analytical techniques 
allow the supervising agronomist to select multiresidue methods enabling simultaneous 
analysis of pesticides from different groups. This is very important because certification 
authorities are able to detect apart from the pesticides used in specific cultivations other 
pesticides used in wide spectrum of other crops. In this way contaminated samples (bad 
agricultural and industrial practice, drift etc) are more easily detected. Thus the reliability of 
the system is increased and the risk assessment studies are enhanced with a great amount of 
crucial data.   

3.2 Monitoring results 
A total of 815 samples from the selected agricultural products were analyzed during the 
monitoring period. The prevalence of positive samples of pesticide is shown in table 1. The 
percentage of residual pesticide detection was very low (4.62% was the maximum value) in 
samples from biological cultivations (grapes and olive oil) compared to vegetables (55.56% 
was the maximum value).  
The levels of detected pesticides residues exceeded the MRLs only in the cases of 
dimethoate (1 grape sample), endosulfan (3 samples in olive oil), a-cypermethrin (2 samples 
in olive oil), chlorpyrifos (1 sample in olive oil), diazinon (1 sample in olive oil), in oxamyl (2 
samples in peppers, 4 samples in tomatoes and 7 samples in cucumbers) and 
methamidophos (5 samples in cucumbers). According to these data only 3.06% of samples, 
from all food commodities, exceeded the MRLs.  
In grapes dithiocarbamates and benzimidazoles (carbendazim and benomyl) were the most 
frequently detected pesticide categories. Fenthion and endosulfan were the most frequently 
detected pesticides in olive oil. Thiacloprid, spinosad, oxamyl and pyrimiphos methyl were 
detected in peppers, oxamyl, diethofencarb and carbendazims were detected in tomatoes, 
endosulfan, spinosad, azoxystrobin, metalaxyl and pyrimethanil in cucumbers and 
carbendazims and thiamethoxam in eggplants were the most frequently detected pesticides 
in the vegetable group of commodities. 
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Food 
commodity Pesticide Pos % 

Average 
concentration   

(mg/kg) 

Max 
value 

(mg/kg) 

MRLs 
(mg/kg) 

Grapes 
(n=234) Diothiocarbamates 8 3.42 0.274 0.84 5 

 Carbendazim + 
Benomyl 4 1.71 0.055 0.1 0.3 

 Iprovalicarb 2 0.85 0.032 0.04 2 
 Myclobutanil 2 0.85 0.035 0.04 1 
 Fenbutatin oxide 2 0.85 0.095 0.14 2 
 Fenarimol 1 0.43 0.010 0.01 0.3 
 Penconazole 1 0.43 0.020 0.02 0.2 
 Pirimiphos methyl 1 0.43 0.010 0.01 0.05 
 Deltamethrin 1 0.43 0.020 0.02 0.2 
 Dimethomorph 1 0.43 0.050 0.05 3 

 Dimethoate-
omethoate 1 0.43 0.060 0.06 0.02 

 Tetraconazole 1 0.43 0.010 0.01 0.1 
 Boscalid 1 0.43 0.260 0.26 5 
 Kresoxim methyl 1 0.43 0.010 0.01 1 
 Tebuconazole 1 0.43 0.010 0.01 2 
 Endosulfan sulfate 1 0.43 0.010 0.01 0.5 

 Endosulfan a and 
b 1 0.43 0.020 0.02 0.5 

Olive oil 
(n=381) Fenthion 13 4.62 0.015 0.038 1 

 Endosulfan sulfate 11 2.88 0.034 0.071 0.05 
 Endosulfan-total 10 2.62 0.034 0.079 0.05 
 Fenthion total 10 2.62 0.022 0.035 1 
 a-Cypermethrin 7 1.83 0.055 0.200 0.05 
 Chlorpyrifos 3 0.78 0.027 0.055 0.05 

 Fenthion 
sulphoxide 2 0.52 0.022 0.022 1 

 Fenthion o 
sulphoxide 2 0.52 0.022 0.022 1 

 λ-cyhalothrin 1 0.26 0.050 0.050 0.5 
 Diazinon 1 0.26 0.024 0.024 0.01 
 Endosulfan-a 1 0.26 0.006 0.006 0.05 
 Endosulfan-b 1 0.26 0.002 0.002 0.05 
 Methidathion 1 0.26 0.021 0.021 1 

Peppers 
(n=60) Thiachloprid 31 51.67 0.026 0.04 1 

 Spinosad A+D 16 26.67 0.310 0.61 2 

 Oxamyl+Oxamyl-
Oxine 10 16.67 0.018 0.09 0.02 

 Pyrimiphos 10 16.67 0.020 0.020 1 
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Food 
commodity Pesticide Pos % 

Average 
concentration   

(mg/kg) 

Max 
value 

(mg/kg) 

MRLs 
(mg/kg) 

methyl 
 Pyriproxyfen 7 11.67 0.020 0.020 1 
 Indoxacarb 5 8.33 0.020 0.020 0.3 
 Pymetrozine 5 8.33 0.050 0.050 1 
 Thiamethoxam 5 8.33 0.010 0.010 0.5 
 Fenarimol 4 6.67 0.020 0.020 0.5 
 Malathion 3 5.00 0.010 0.010 0.1 
 Endosulfan a 2 3.33 0.010 0.010 1 
 Endosulfan b 2 3.33 0.020 0.020 1 
 Endosulfan sulfate 2 3.33 0.090 0.090 1 

Tomatoes 
(n=45) 

Oxamyl+Oxamyl-
Oxine 25 55.56 0.009 0.12 0.02 

 Diethofencarb 16 35.56 0.015 0.02 1 

 Carbendazim + 
Benomyl 10 22.22 0.030 0.04 0.5 

 Famoxadone 5 11.11 0.030 0.030 1 
 Mepanipyrim 5 11.11 0.030 0.030 1 
 Pyrimethanil 5 11.11 0.050 0.050 1 
 Thiacloprid 3 6.67 0.020 0.020 0.5 

Cucumbers 
(n=50) Endosulfan sulfate 15 30.00 0.030 0.040 0.05 

 Spinosad A+D 12 24.00 0.060 0.060 1 
 Endosulfan b 11 22.00 0.010 0.010 0.05 
 Azoxystrobin 10 20.00 0.010 0.010 1 
 Diothiocarbamates 10 20.00 0.330 0.330 2 
 Endosulfan a 10 20.00 0.010 0.010 0.05 
 Metalaxyl 10 20.00 0.026 0.030 0.5 
 Pyrimethanil 10 20.00 0.245 0.43 1 
 Iprodione 8 16.00 0.050 0.050 2 

 Carbendazim + 
Benomyl 7 14.00 0.020 0.020 0.1 

 Oxamyl+Oxamyl-
Oxine 7 14.00 0.04 0.040 0.02 

 Bifenthrin 5 10.00 0.020 0.020 0.1 
 Dimethomorph 5 10.00 0.020 0.020 1 
 Methamidophos 5 10.00 0.020 0.020 0.01 
 Tolyfluanid 3 6.00 0.001 0.010 2 

Eggplants 
(n=45) 

Carbendazim + 
Benomyl 11 24.44 0.030 0.030 0.5 

 Thiamethoxam 10 22.22 0.010 0.010 0.2 
 Thiacloprid 9 20.00 0.032 0.06 0.5 
 Fludioxonil 6 13.33 0.030 0.030 1 
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Food 
commodity Pesticide Pos % 

Average 
concentration   

(mg/kg) 

Max 
value 

(mg/kg) 

MRLs 
(mg/kg) 

 Cypermethrin 5 11.11 0.020 0.020 0.5 
 Iprodione 5 11.11 0.130 0.130 5 
 Myclobutamil 5 11.11 0.020 0.020 0.3 
 Cyprodinil 4 8.89 0.070 0.070 0.5 

Table 1. Positive (pos) and  %positive (%) detections of pesticide residues, average 
concentrations, max values and MRLs in grape samples from organic cultivations during 
2005-2009, in olive oil samples from organic  cultivations of olives and in vegetables (pepper, 
tomatoes, cucumbers and eggplants) from ICM cultivations during 2008-2009 (all samples 
are from Greece) 

Table 2 presents the pesticides detected in two or more specific food commodities. 
Endosulfan was detected in all food items except tomatoes and eggplants. In biological 
cultivations it was detected only during 2008. Benzimidazoles represented by carbendazim 
and benomyl were detected in all food commodities except olive oil and peppers. The most 
frequently detected chemical categories, among all monitoring products, were 
organophosphates, organochorides, carbamates and pyrethrins.  

4. Risk assessment  
4.1 Dietary intake and cumulative risk assessment by Greek consumers 
The results from monitoring program were used for the assessment of Greek consumers’ 
risk. The risk assessment was performed for the four most frequently detected chemical 
categories. The assessment of consumers’ exposure was based on Estimated Daily Intake 
(EDI) which was compared to Acceptable Daily Intake (ADI) and was expressed as a 
percentage of it (chronic dietary exposure). The calculation of EDI, expressed in mg/kg 
body weight/day, was based on the following equation:  

EDI = R(mean concentration of the residue in the food commodity in mg/kg) *C(daily 
consumption kg/person/day)*EP(edible portion, 0 to 1 values) *PF(Processing factor for the 

specific food commodity, 0 to 1 values)/BW(body weight, kg) 

All calculations for the determination of EDI were according to international guidelines 
(Iñigo-Nuñez et al., 2010). Residue levels used were those derived from the mean of detected 
samples for each food commodity.  The average daily intake used for grapes was 82.19 g, for 
olive oil was 43.56 g, for tomatoes 258.35, and for the cucumbers, peppers and eggplants 
360.27g. These intakes were based on FAO foodbalance sheet for 2007  
(http://faostat.fao.org/site/368/DesktopDefault.aspx?PageID=368#ancor, Accessed in 
23/08/2010). The value of EP for all food commodities was 1 in order to represent the local 
practice in food consumption.  
Moreover the effects of processing factors were not taken into account in any case (PF=1). 
The body weight used for all calculations was 60 kg. The ADI values for pesticides were 
taken from official EU Pesticides Database.  
The Hazard Index (HI) method was used for risk assessment of the mixtures of the detected 
pesticides belonging to the same chemical group (organophosphates, organochoride, 
carbamate and pyrethrins).  HI was calculated according to the following equation: 
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EDIi is the EDI of each active ingredient of each chemical group and ADIi is the 
corresponding acceptable daily intake (Amvrazi & Albanis, 2009). If the hazard index 
exceeds 1, the mixture has exceeded the maximum acceptable level (e.g. ADI or ARfD) and 
there might thus be a risk. The fractions (EDI1/ADI1 etc.) are sometimes called the hazard 
quotients, HQ.  
Based on the reported calculations, table 3 presents the cumulative risk assessment of the 
intake for the monitored food commodities. In the case of endosulfan where the MRLs were 
expressed as the sum of alpha- and beta-isomers and endosulfan-sulphate, the EDI was 
based on the average values of the reported values in table 1. The same practice was 
followed for fenthion and its metabolites (oxygen analogue, their sulfoxides and sulfone).   
As can been seen in table 3 consumers exposure to pesticides do not exceeded the ADI in 
any of the reported cases. The hazard index of carbamates (cumulative risk) estimated for 
the adults (60kg) do not exceeded the value of 1 (0.38993) but because of the high value may 
constitute a risk for the consumers. The hazard index of organophosphorus pesticides 
estimated for the Greek adult population was 0,34361. The EDI/ADI values for 
organophosphorus pesticides ranged from 0.001 (fenthion) to 0,12 (methamidophos). 
Hazard indexes of organochlorine pesticides and pyrethrins were 0,08840 and 0,05288 
respectively.  Results indicate that there is a negligible risk associated with the exposure via 
the consumption of selected agricultural products for orgaclorines and pyrethrins. Special 
attention should be given to organophosphates and carbamates. 
An acute dietary exposure assessment was also performed based on the monitoring results. 
 

Food Commodity 
 

Pesticide 
Grapes Olive 

Oil Peppers Tomatoes Cucumbers Eggplants 

Carbendazim + 
Benomyl + nd nd + + + 

Endosulfan + + + nd + nd 
Oxamyl nd nd + + + nd 

Thiachloprid nd nd + + nd + 
Dithiocarbamates + nd nd nd + nd 

Iprodione nd nd nd nd + + 
Pyrimethanil nd nd nd + + nd 

Spinosad nd nd + nd + nd 
Thiamethoxam nd nd + nd nd + 

Table 2. Pesticides detected in more than two food commodities. 
[n.d: not detected, +:detection] 

In this case intake for each pesticide was compared to an acute reference dose (ARfD). The 
estimated short-term intake (ESTI) was used to estimate acute dietary exposure. For the 
calculation of intake the maximum reported values of residues for each pesticide (in mg/kg) 
were multiplied by previously reported food consumption for each food commodity and 
was divided by body weight (60 kg) as described by following equation (Tsoutsi et al., 2008):  
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ESTI = HR(Highest residue value in mg/kg) *  C(daily consumption kg/person/day) / 
BW(body weight, kg) 

The risk of exposure was considered as insignificant in the cases where the estimated 
exposure was equal or lower than to ARfD. Table 4 presents the estimated short term intake 
of pesticides residues by adults in Greece. In this table values for dithiocarbamates and 
benzimidazoles were not estimated due to the fact that the parent compound was not 
possible to be determined. In the case of metabolites the ARfD of mother compound was 
used. The ARfD values for pesticides were taken from official EU Pesticides Database. 
In samples from biological cultivations (grapes and olive oil) the values of ESTI as a 
percentage of ARfD ranged from 0.01 up to 0.82 indicating a minimum acute risk from the 
detected pesticides. Despite the fact that the same values were estimated for vegetables, the 
reported values of ESTI as a percentage of ARfD for methamidophos in cucumbers and  of 
oxamyl in peppers, tomatoes and cucumbers point out an acute risk for the consumers.   

4.2 Case study: dietary exposure of Greek consumers to dithiocarbamates by 
consumption of grapes 
The levels of dithiocarbamate residues in grapes, which are the most frequently detected 
class of pesticides, were used for further research and preliminary assessment of consumers 
risk resulting from exposure via grapes consumption. According to previously published 
papers, in order to evaluate the potential risk of dietary exposure to dithiocarbamates, the 
estimated intakes need to be compared to a toxicological reference value of one compound 
within the dithiocarbamate class or to a group of compounds with the same mechanism of 
toxicity, that are present in the analyzed food (Caldas et al., 2004) (Caldas et al., 2006). 
The registered dithiocarbamates in Greece are mancozeb, maneb, metiram, propirined, 
thiram, ziram, and metam sodium. Ziram and metam sodium were not register for grapes.  
Thiram is only registered for grapes used for the production of wine. Mancozeb, maned and 
metiram belong to Ethylen bis-dithiocarbamate (EBDC) group, propineb in Propylene bis- 
dithiocarbamate and thiram in dimethyl dithiocarbamate. 
According to local grape protection practice, the chemical groups of compounds and the 
toxicological profiles, the following exposure scenarios were visualized: The CS2 detected in 
the samples was derived from the use of a) thiram or propineb alone, b) of at least one 
compound of mancozeb, maned and metiram. 
Residue levels used for the risk assessment were those derived from mean, median and 90th 
percentile in mg/kg. According to EFSA statement for the table grapes, the most critical 
European consumer was identified as a German child with body weight 16.15 Kg, eating in 
one occasion 211.5 g of table grapes (13.1 g table grapes per kg body weight) 
(http://www.efsa.europa.eu/en/scdocs/doc/1590.pdf, Accessed in 23/08/2010). In the 
same report it was also stated that for adult population the intake was less critical 
(maximum food intake for adults 6.35 g /Kg body weight, for a consumer with 63 kg body 
weight). Thus our exposure calculations were based on previously reported body weight 
and consumption data. 
The risk assessment again was performed by the HI method. As can been seen in table 5, 
chronic dietary intake of dithiocarbamates by children and adult population did not 
overcome the ADI for any one of the suggested scenarios, except in the case of propineb in 
children population, with the EDI estimated as the 90th percentile value of pesticides 
residues levels.  
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Chemical Group Pesticide 
ADI in 
mg/kg  / 
bw/day 

EDI in 
mg/kg  / 
bw/day 

EDI/ADI Food 
Commodity 

Carbamate Oxamyl 0.001 0.00004 0.03875 Tomatoes 
 Oxamyl 0.001 0.00111 0.10808 Peppers 
 Oxamyl 0.001 0.00024 0.24018 Cucumbers 
 Iprovalicarb 0.015 0.00004 0.00292 Grapes 

EDI HI
ADI

=∑  0.38993  

Organophosphate Methamidophos 0.001 0.00012 0.12009 Cucumbers 
 Diazinon 0.0002 0.00002 0.08712 Olive Oil 

 Dimethoate-
omethoate 0.001 0.00008 0.08219 Grapes 

 Pirimiphos 
methyl 0.004 0.00012 0.03002 Peppers 

 Methidathion 0.001 0.00002 0.01525 Olive Oil 

 Pirimiphos 
methyl 0.004 0.00001 0.00342 Grapes 

 Malathion 0.03 0.00006 0.00200 Peppers 
 Chlorpyrifos 0.01 0.00002 0.00196 Olive Oil 
 Fenthion 0.007 0.00001 0.00156 Olive Oil 

EDI HI
ADI

=∑  0.34361  

Organochlorine Endosulfan 0.006 0.00026 0.04253 Cucumbers 
 Endosulfan 0.006 0.00024 0.04003 Peppers 
 Endosulfan 0.006 0.00002 0.00342 Grapes 
 Endosulfan 0.006 0.02000 0.00242 Olive oil 

EDI HI
ADI

=∑  0.08840  

Pyrethrins a-Cypermethrin 0.015 0.00040 0.02686 Olive oil 
 Bifenthrin 0.015 0.00012 0.00801 Cucumber 
 a-Cypermethrin 0.015 0.00012 0.00801 Eggplants 
 λ-cyhalothrin 0.005 0.00004 0.00726 Olive oil 
 Deltamethrin 0.010 0.00003 0.00274 Grapes 

EDI HI
ADI

=∑  0.05288  

 
 

Table 3. Cumulative intake of carbamate, organophosphate, organochlorine and pyrethrins 
pesticides detected in all samples during monitoring period based on HI method.[n.a: not 
available, n.e: not estimated] 
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Food 
Commodity Pesticide ARfD in 

mg/kg/ bw/day 

ESTI in 
mg/kg/ 
bw/day 

ESTI as % 
of ADI 

Grapes (n=234) Dimethoate-
omethoate 0.01 0.00008 0.82 

 Deltamethrin 0.01 0.00003 0.27 

 Endosulfan a and b 0.02 0.00003 0.14 

 Fenarimol 0.02 0.00001 0.07 

 Endosulfan sulfate 0.02 0.00001 0.07 

 Tebuconazole 0.03 0.00001 0.05 

 Tetraconazole 0.05 0.00001 0.03 

 Penconazole 0.5 0.00003 0.01 

 Pirimiphos methyl 0.15 0.00001 0.01 

 Dimethomorph 0.6 0.00007 0.01 

 Diothiocarbamates n.a 0.00115 n.e 

 Carbendazim + 
Benomyl n.a 0.00014 n.e 

 Iprovalicarb n.a 0.00005 n.e 

 Myclobutanyl n.a 0.00005 n.e 

 Fenbutatin oxide n.a 0.00019 n.e 

 Boscalid n.a 0.00036 n.e 

 Kresoxim methyl n.a 0.00001 n.e 

Olive oil (n=381) λ-cyhalothrin 0.0075 0.00004 0.48 

 a-Cypermethrin 0.04 0.00015 0.36 

 Endosulfan-total 0.02 0.00006 0.29 

 Fenthion 0.01 0.00003 0.28 

 Endosulfan sulfate 0.02 0.00005 0.26 

 Fenthion total 0.01 0.00003 0.25 

 Fenthion sulphoxide 0.01 0.00002 0.16 

 Fenthion o 
sulphoxide 0.01 0.00002 0.16 

 Methidathion 0.01 0.00002 0.15 

 Diazinon 0.025 0.00002 0.07 

 Chlorpyrifos 0.1 0.00004 0.04 

 Endosulfan-a 0.02 0.00000 0.02 
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Food 
Commodity Pesticide ARfD in 

mg/kg/ bw/day 

ESTI in 
mg/kg/ 
bw/day 

ESTI as % 
of ADI 

 Endosulfan-b 0.02 0.00000 0.01 

Peppers (n=60) Oxamyl+Oxamyl-
Oxine 0.001 0.00054 54.04 

 Endosulfan sulfate 0.02 0.00054 2.70 

 Thiachloprid 0.03 0.00024 0.80 

 Fenarimol 0.02 0.00012 0.60 

 Endosulfan b 0.02 0.00012 0.60 

 Pymetrozine 0.1 0.00030 0.30 

 Endosulfan a 0.02 0.00006 0.30 

 Indoxacarb 0.125 0.00012 0.10 

 Pyrimiphos methyl 0.15 0.00012 0.08 

 Malathion 0.3 0.00006 0.02 

 Thiamethoxam 0.5 0.00006 0.01 

 Pyriproxyfen 10 0.00012 0.00 

 Spinosad A+D n.a 0.00366 n.e 

Tomatoes (n=45) Oxamyl+Oxamyl-
Oxine 0.001 0.00052 51.67 

 Carbendazim + 
Benomyl 0.02 0.00017 0.86 

 Thiacloprid 0.03 0.00009 0.29 

 Famoxadone 0.2 0.00013 0.06 

 Diethofencarb n.a 0.00009 n.e 

 Mepanipyrim n.a 0.00013 n.e 

 Pyrimethanil n.a 0.00022 n.e 
Cucumbers 

(n=50) 
Oxamyl+Oxamyl-

Oxine 0.001 0.00024 24.02 

 Methamidophos 0.003 0.00012 4.00 

 Endosulfan sulfate 0.02 0.00024 1.20 

 Carbendazim + 
Benomyl 0.02 0.00012 0.60 

 Bifenthrin 0.03 0.00012 0.40 

 Endosulfan b 0.02 0.00006 0.30 

 Endosulfan a 0.02 0.00006 0.30 
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Food 
Commodity Pesticide ARfD in 

mg/kg/ bw/day 

ESTI in 
mg/kg/ 
bw/day 

ESTI as % 
of ADI 

 Metalaxyl 0.5 0.00018 0.04 

 Dimethomorph 0.6 0.00012 0.02 

 Tolyfluanid 0.25 0.00006 0.02 

 Spinosad A+D n.a 0.00036 n.e 

 Azoxystrobin n.a 0.00006 n.e 

 CS2 n.a 0.00000 n.e 

 Pyrimethanil n.a 0.00258 n.e 

 Iprodione n.a 0.00030 n.e 

Eggplants (n=45) Thiacloprid 0.03 0.00036 1.20 

 Carbendazim + 
Benomyl 0.02 0.00018 0.90 

 Cypermethrin 0.04 0.00012 0.30 

 Thiamethoxam 0.5 0.00006 0.01 

 Fludioxonil n.a 0.00018 n.e 

 Iprodione n.a 0.00078 n.e 

 Myclobutamil n.a 0.00012 n.e 

 Cyprodinil n.a 0.00042 n.e 

Table 4. Estimated short term intake of residual pesticides by Greek adults (60 kg bw) 
expressed as percentage of ARfD 
The lowest value of EDI% of ADI was obtained when median value of pesticides residues 
levels was used in the calculation and increased when the mean value was used. The highest 
value was observed when 90th percentile was used. The exposure of children population 
was always higher than that of an adult. 

5. Conclusions 
• Only 3.06% of total samples (815) exceeded the MRLs. The problem occurred in the case 

of dimethoate (1 grape sample), endosulfan (3 samples in olive oil), a-cypermethrin (2 
samples in olive oil), chlorpyrifos (1 sample in olive oil), diazinon (1 sample in olive oil), 
in oxamyl (2 samples in peppers, 4 samples in tomatoes and 7 samples in cucumbers) 
and methamidophos (5 samples in cucumbers). 

• The most frequently detected pesticides for each food commodity were 
dithiocarbamates for grapes (3.42%), fenthion in olive oil (4.62%), thiacloprid in peppers 
(51.67%), oxamyl in tomatoes (55.56%), endosulfan sulfate in cucumbers (30%), and 
carbendazim group in eggplants (24.44%). 

• The most frequently detected chemical categories, among all monitored products, were 
organophosphates, organochlorine, carbamate and pyrethrins.  



 Pesticides - Formulations, Effects, Fate 

 

266 

 
Dithiocarbamate Risk assessment parameters 

EBDC Propineb Thiram 
ADI (in CS2 mg/kg / bw/day) 0.0169 0.0036 0.0063 

EDImedian 0.0025 
Child EDImedian % of 

ADI 15.07 69.32 40.35 

EDImedian 0.0012 
Adult EDImedian % of 

ADI 7.30 33.60 19.56 

EDImean 0.0035 
Child EDImean % of 

ADI 21.09 97.04 56.49 

EDImean 0.0017 
Adult EDImean % of 

ADI 10.22 47.04 27.38 

EDI90th 0.0061 
Child EDI90th % of 

ADI 36.24 166.71 80.82 

EDI90th 0.0029 
Adult EDI90th % of 

ADI 17.56 80.82 47.04 

Table 5. Risk assessment of exposure of child (16.15 Kg body weight) and adult (63 Kg body 
weight) population to the dithiocarbamate pesticides (mean, median and 90th percentile 
value of pesticides residues values) in EDI% of ADI based on 211.5 g and 400g consumption 
respectively, of table grapes originate from biological cultivations. [The transform of ADI of 
each dithiocarbamate to CSs was based on molecular weight factor reported in E.D Caldas 
et. al 2004., CS2: Carbon disulfide, EDImean,mediam,90th :Estimated Daily Intake in CSs (mg/ kg /  
bw /day) based on mean, median and 90th percentile value of pesticides residues levels 
respectively. ] 

• According to selected parameters for the risk assessment (food commodities, 
consumption, body weight,) pyrethrins (HI value 0.05288) and organochlorine (HI 
value 0.08740) present a negligible hazard for the consumers. Organophoshates with 
estimated HI value of 0.34361 and carbamates with estimated HI value 0.38993, which 
were also far below 1, do not expect to constitute a risk but further attention should be 
given. A long term monitoring program from different areas and different times of 
sampling is necessary in order to reach more accurate conclusions.  

• All samples from biological cultivations (grapes and olive oil) presented a minimum 
acute risk from detected pesticides.  

• The acute risk from methamidophos in cucumbers (ESTI was 4% of ARfD) and 
especially from oxamyl in peppers(ESTI was 54.04% of ARfD)and in tomatoes (ESTI 
51.67% of ARfD) is high.   

• The chronic dietary intakes of dithiocarbamates by adult and children through the 
consumption of grapes originating from organic cultivations did not overcome the 
toxicologicaly acceptable levels. 
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• Grapes originating from organic cultivation may consist a reliable choice for the 
consumers and especially for the most sensitive groups such as children.  

• A wide spectrum of pesticides should be included in monitoring programs in order to 
eliminate the possibility of contaminated samples to reach the markets store. The usage 
of multiresidue methods characterized by simultaneous analysis of pesticides from 
different groups could enchase the risk assessment studies with a great amount of 
crucial data. 
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1. Introduction 
The occurrence of pesticides in drinking water is a matter of growing concern in several 
parts of the world, mainly in developing countries, due to the possible adverse effects on 
human health and the environment. Pesticides applied in the agriculture, important source 
of contamination, can persist for several years in soil, be retained in agricultural products, be 
dispersed by the wind or reach the surface and ground waters (Tomita & Beyruth, 2003). 
Traces of pesticides can be found, both in soil and water sources, depending on their 
physical and chemical properties, their application and dose patterns, as well as the local 
environmental characteristics. 
In Brazil, pesticide monitoring in surface water, both by water supply operators and health 
authorities, is still rare and insufficient for assessing health risks, often not accomplishing 
the legal issues regarding the quality control of raw waters (Brazil, 2004b). Inclusion of the 
whole set of these parameters in monitoring plans is unusual, mainly due to high costs of 
the analyses and to necessity of specialized manpower. There is also a lack of data on 
pesticides use in agriculture, in the several Brazilian regions, as well as of studies that 
associate their use with presence in water and with health risks. Additionally, low potential 
of pesticides removal in most of the Brazilian water treatment plants completes the picture 
of lack of reliable information on health risks associated with pesticides exposure by water 
ingestion. 
The lack of data and of financial and material resources to comprehensive pesticide 
surveillance suggests tracing other alternatives to the evaluation of potentiality of pesticides 
occurrence in surface water. Thus, the aim of this chapter is to discuss a method for 
prioritization of surveillance actions of pesticides in surface waters, through multicriteria 
analysis. In the chapter, firstly we discuss concepts related to the subject. Secondly, the 
structure of the method is presented and, thirdly, we describe an application in Rio Grande 
basin, Minas Gerais, Brazil. Finally, we draw some conclusions on the study. 

2. Pesticides in water and health 
Health risks from exposure to pesticides, especially on child health, is a well known issue, 
with a number of epidemiological studies. These studies are consistently reporting increased 
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risks between pesticide exposures and childhood leukemia, brain cancer, neuroblastoma, 
non-Hodgkin’s lymphoma, Wilms’ tumor, and Ewing’s sarcoma (Infante-Rivard & 
Weichenthal, 2001).  
Studies have been developed focusing on the effects of pesticides in water on human health, 
particularly workers´ health, however, with many gaps in knowledge of the relationship 
between pesticides and risks to human health, especially regarding presence of pesticides in 
water. 
Although developed countries concentrate the bulk of pesticides consumption, most of 
poisonings and deaths caused by pesticides occurs in developing countries, and countries 
like Brazil shows an unsafe situation concerning human and environmental risks due to 
pesticides in water. This reality can have association with a combination of factors: excessive 
use of these substances; inadequate and unsafe occupational practices including inefficient 
use of personal protective equipment; low educational qualification of rural workers; 
improper labelling; inadequate or nonexistent infrastructure for washing utensils; improper 
handling of wastes and empty containers; use of containers for storing food and water; high 
productionist pressures from distributors and producers. A weak oversight of law 
enforcement, poor technical assistance to rural production and poor health care facilities 
complements the framework of health risks from pesticides in developing countries (FAO, 
1999 apud Campanhola & Bettiol, 2002; Moreira et al., 2002). 
Water contamination by pesticides can result from numerous non-point sources and 
agriculture is identified as the largest contributor (Tomita & Beyruth, 2003). Pesticides 
applied on agricultural crops can persist for several years in soil and can reach surface 
waters through superficial fluxes and leaching, contaminate groundwater by percolation, 
disperse in atmosphere or accumulate as residues in food. Regarding water contamination, 
when applied in agriculture, pesticides may reach surface water through transport 
dissolved in water or by transport associated with suspended sediment. 
Understanding the behaviour and persistence of pesticides in the environment depends on 
knowledge of their specific chemical and physical properties; characteristics of their 
application vis-a-vis types of agricultural crops; environmental and climatic conditions 
(Brazil, 2002b; Luchini & André, 2002; Martins et al., 2004). Depending on the characteristics 
of a particular pesticide, alone or associated with other substances, high degree of 
persistence, bioaccumulation and toxicity can be found (Martins et al., 2004). 
Once reached the water source, persistence of pesticides in water and water characteristics, 
such as pH, temperature, turbidity, suspended solids, flow and depth will determine the 
potential for ingestion of these micro contaminants (Kamrin, 1997 apud Martins et al., 2004). 
It is relevant to point out that some monitoring data may be poor indicators of water 
pollution by pesticides, mainly when substances are adsorbed to suspended solids. In this 
line, results reported as "undetectable" may be due to inadequate procedures, analysis or 
sampling. Values associated with sediments can be generally much higher than those 
recorded in water samples. Thus, difficulties in the evaluation and quantification of 
pesticides should not be neglected. A possible procedure, adopted by some water control 
agencies, is the use of various types of samples (water + sediment + biota), that could ensure 
obtaining more consistent results (D'Amato et al., 2002). 
In some cases, there are difficulties for assessing the source and the when the pollution 
occurred, due to the persistence of pesticides. Their presence in water either may be the 
result of a recent discharge, of air transport over long distances after crops application, or a 
persistent residue remaining from a very old application. This is the case of DDT, for 



Pesticides Surveillance on Surface Waters: Developing a Method for Watersheds Prioritization   

 

271 

instance, which still can be found in many countries, although its use was officially 
prohibited several years ago (Rissato et al., 2006). 
Regarding legislation for drinking water surveillance, there is not necessarily a standard 
procedure among countries, although international directives related to control of water 
quality, like the WHO guidelines and EU directives, have long been considered by several 
countries in their national policies for water and health promotion. However, translation of 
these international recommendations is not easily translated to national realities, for the 
establishment of drinking water standards or of surveillance procedures, given the complex 
nature of the concepts involved, the need of reliable research involved in the proposal and 
review them. 
World Health Organization - WHO, through the 3rd edition of the Guidelines for Drinking-
Water Quality, establishes guidelines on how to provide access to safe water and with 
acceptable risk to human health. Regarding pesticides, the document presents 
recommended limits for concentration of those most relevant and with evidenced health 
risks (WHO, 2004). In the EU, the European Directive No. 98/83 (European Council, 1998) 
establishes a limit of 0.1 μg/L as the maximum concentration level for any pesticide 
individually, 0.5 μg/L for total pesticides in drinking water and 1-3 μg/L in surface waters. 
In Brazil, Decree 518/2004 of the Ministry of Health (Brazil, 2004b), in establishing 
procedures and responsibilities related to control and surveillance of drinking water and 
quality standards, presents concentration limits of 22 pesticides, considered potential health 
hazards. Most of them consist of organochlorines, pyrethroids and organophosphates and 
only one carbamate. Moreover, this ordinance recommends identification of activity of the 
enzyme acetylcholinesterase, in order to assess the presence of organophosphate and 
carbamate insecticides in water. 
Regarding monitoring, the referred Brazilian legislation establishes the minimum number 
and minimum frequency of samples for water quality control, depending on the sampling 
point, the population served and the type of source. For pesticides control, at least one 
sample every six months should be collected, in the effluent of the treatment plant, both for 
surface and groundwater sources. Systems supplied by surface water sources are due to raw 
water samples, each six months, for analysis according to the environmental legislation, 
assessing compatibility between raw water characteristics and the type of water treatment 
(Brazil, 2004b, Art. 29). Brazilian environmental legislation classifies surface water bodies, 
according to their uses and water quality requirements, and establishes standards for 
effluent discharge, setting limits for some pesticides, with close association with the Decree 
MS 518/2004. 
Despite the potential risks associated to presence of pesticides in water and the scope of 
legislation on this subject, there is great deficiency in Brazil related to adequate control by 
water providers, and mainly surveillance by health authorities. Besides that, there is no 
formalised methodology for visioning priority basins, seeking at rationalising efforts in 
surveillance, based on land use and occupation; application practices; crop production or 
raw water quality. 

3. The method 
Decision-making on the best practices for water quality surveillance on pesticides presence 
is typically a complex situation, involving multiple stakeholders and factors. In cases like 
this, it is important that decision-making, involving multiple actors and multiple uses of 
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water, consider the political, social, economic, financial, hydrological, environmental and 
engineering factors, among others, leading solutions that best reconcile interests and 
assumptions (Braga & Gobetti, 2002). 
Decision-making can be defined as an effort to solve the dilemma of conflicting objectives, 
whose presence prevents the existence of "optimal solution", leading in search of the "best 
solution agreement." The complexity of decision-making requires a qualified approach and 
justifies the use of methods for decision support. The multicriteria methods encompass tools 
for subsidizing the decision process, taking into account a number of different factors, from 
different analytical dimensions, through using of qualitative and/or quantitative 
approaches. They provide a basis for discussion, especially in cases of conflicts between 
decision-makers, contributing to an integrated analysis of a large number of data, 
interactions, and goals. On the other hand, as an inconvenience, there is a lack of an overall 
methodology, which overcomes all the limitations of each method (Vilas Boas, 2005). 
As detection of several critical factors is crucial for selection of water systems with potential 
health risks from pesticides presence, we developed a sequence of steps looking for 
application of multicriteria method, based on a theoretical risk of contamination of surface 
waters by pesticides applied in agricultural areas, as follows: 
Firstly, information on pesticides (toxicological and environmental classifications, physical 
and chemical properties, effects on human health and on the environment, etc) was 
gathered. 
Then, a theoretical model was developed, aiming at explaining influences of the 
characteristics of the environment, as soil type, rain, hydrography, topography and 
particularities of agriculture practices, on the potential of pesticides dispersion in the 
environment and occurrence in surface waters. The key intervening factors were identified 
in the model and five of them were selected to feed the multicriteria analysis. 
The multicriteria method adopted was the TOPSIS (Technique for Order Preference by 
Similarity to Ideal Solution), developed by Hwang and Yoon (1981 apud Pomerol & Barba-
Romero, 1993), which evaluates the distance in relation to an ideal and to an anti-ideal 
pattern, through a geometric notion of the best one. The solutions recommended are that 
closest to the ideal solution, by a proximity measure (Pomerol & Barba-Romero, 1993; Braga 
& Gobetti, 2002), according to the following equations: 
- Distance to the ideal 
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Based on the equations (1) and (2), the similarity rate is calculated by: 
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dMp (ai): distance of Minkovski between aMi and aij; 
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dmp (ai): distance of Minkovski between ami and aij; 
j: analyzed criterion;  
wj: weight of  j criterion; 
aMj: point of ideal of j criterion (maximum value); 
ami: point of anti-ideal of j criterion (minimum value); 
aij: point of i alternative and j criterion; 
p: value that defines the distance type; 
Dp (ai): similarity rate; 
dMp (ai): distance of Minkovski to ideal; 
dmp (ai): distance of Minkovski to anti-ideal. 
The value of Dp varies from 0, for the anti-ideal point, to 1, for the ideal point. In this 
research two values of p (p = 1 and p = 2) were considered. 
By the similarity rate calculated for each system, the proposed solutions are ordered in a 
ascending list, in which the value closest to one, obtained in the similarity rate measure - 
Dp(ai), corresponds to the best solution. For each of the five selected criteria a weight range 
was attributed, in a scale from 0 to 10. 
Next, the validation of the method was carried out by an application in five sub-basins of 
Grande River Basin, in Minas Gerais, Brazil: GD 3 (around Furnas’s Dam), GD 4 (Verde 
River Basin), GD 5 (Sapucaí River Basin), GD 6 (Pardo River and Mogí-Guaçu River Basins), 
GD 7 (around Peixoto’s Dam and Sapucaí Stream). The values of each criterion for each sub-
basin were obtained and, in order to develop a sensitive analysis, the weights were varied. 

4. Defining criteria and weights 
The method considered intrinsic factors related to the pesticides and environmental aspects, 
regarding the assessment and comparison of different potential of pesticide dispersion. Five 
factors were considered for the application of multicriteria analysis. 
Selection and prioritization of sub-basins with higher potential risk considered weights for 
each alternative. Weighting for pesticides risk was based on a literature review, highlighting 
the major factors involved in persistence and mobility of pesticides in the environment. 
The following sections present the criteria and assumptions adopted: 

4.1 Proportional cultivation area of the main agricultural cultures of the sub-basin. 
It was assumed that the larger the agricultural occupation in the sub-basin is, the bigger is 
the likelihood of pesticides use on agricultural crops. 
The calculation of this factor considered the significant cultures existent in the sub-basin, 
both in terms of cultivated area, for the cultures that have the characteristic of demanding 
great areas, or in terms of cultures that demand smaller areas with great productivity or 
with possibility of high use of pesticides. The main crops in each selected sub-basin were 
identified, based on the extent of area per crop and their average productivity (data 
obtained in FAEMG, 2005). Monitoring Report of Surface Water in the Rio Grande Basin in 
2004 (IGAM, 2005) provided information on total area of each sub-basins. 
In order to establish a grade of importance for the different crops, we established an 
association between proportions of area covered by the crop and sub-basin area and the 
crop relevance for the specific sub-basin (Table 1). 
Criterion for inclusion of the crop in the analyses considered those with classifications "main 
crop" and "less relevant crop”. A range of weight from 8 to 9 was attributed to this criterion. 
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Crops Main crop 
(%) 

Less relevant crop
(%) 

Crop not 
relevant (%) 

Orange and tomato > 0.1 0.02 – 0.1 < 0.02 
Rice, banana, potato and 
sugar cane > 0.5 0.2 – 0.5 < 0.2 

Bean > 1.0 0.5 – 1.0 < 0.5 
Coffee and corn > 4.0 2.0 – 4.0 < 2.0 

Table 1. Criteria for selection of the relevant cultures, in percentage of area by crop culture 
in sub-basins of Rio Grande. 

4.2 Proportion of group 1 pesticides. 
Group 1 pesticides reflects high potential of surface waters contamination through transport 
associated with sediment or dissolved in water. The probability of use of this group of 
pesticides in a certain watershed suggests high risk of deterioration of surface water quality 
regarding human consumption, according to the method of Goss (1992 apud Dores & De- 
Lamonica-Freire, 2001). 
By the identification of the significant crops in each basin, and based on papers 
(Kammerbauer and Moncada, 1998; Larini, 1999; Laabs et al., 2000; Dores and De-Lamonica-
Freire, 2001; Cerejeira et al., 2003; Brazil, 2004a), it was possible to estimate, the pesticides of 
groups 1, 2 and 3 (high, medium and low potential of contamination of surface waters, 
respectively) likely to be applied and to calculate the proportion of those pesticides with 
potential use in each crop, for each potential group of contamination of surface waters. 
Thus, the representative value of the group 1 for each sub-basin was estimated by the 
average of the percentage of group 1 use, referring to each culture considered significant for 
the sub-basin. A range of weight from 7 to 9 was adopted for this factor, depending on the 
level of information available about which pesticides used on agricultural crops in each sub-
basin. 
The lack of consistent information in governmental agencies about pesticides uses on 
agricultural crops had required consultation to other databases such the Pesticide 
Information System (Sistema de Informações sobre Agrotóxicos – ANVISA), which 
identifies the cultures allowed to apply of specific active ingredients and guidelines for 
pesticide application in agricultural crops. 

4.3 Proportion of municipal districts that have water treatment plants with techniques 
that allow at least partial removal of pesticides. 
The water treatment method influences considerably the drinking-water quality and the 
health risks, regarding the exposure to pesticides. 
Conventional treatment (coagulation, flocculation, sedimentation and rapid filtration) does 
not ensure satisfactory performance in removal of most of pesticides. So, use of advanced 
treatment, such as adsorption by activated carbon or membrane filtration is recommended. 
These last types of water treatment techniques, however, are very seldom used in Brazil.  
The criterion consists of the identification of proportions of water treatment techniques 
within the sub-basin that have at least some potential of pesticides removing, in order to 
qualitatively assessing risks to human health. The proportion was calculated in relation of 
the total number of municipalities in the basin. 
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The likely lack of use of advanced techniques in water treatment plants in the municipalities 
of Rio Grande basin required adoption of an alternative approach, by consideration of 
plants with conventional treatment or direct filtration and plants with treatment level “less” 
than these techniques, due to the ability of the former to better removing suspended solids 
and, consequently, some pesticides associated. So, municipalities with simplified or 
conventional treatment would be in a safer situation than those without treatment or with 
single disinfection, regarding pesticides presence in drinking-water, even with differences in 
degree of raw water contamination.  
The current techniques of treatment available in municipality of each sub-basin had been 
listed initially, based on information from the Water and Sanitation Company of Minas 
Gerais - COPASA, which attends most cities in the region, and from IBGE (2000), for those 
municipalities not provided by COPASA. The IBGE database provides the following 
categories for treatment process: "conventional treatment or non-conventional", "treatment 
with simple disinfection" and "no treatment". On the other side, COPASA database classifies 
the types of treatment in "conventional", "direct filtration" and “well with chlorination and 
fluoridation". Due to these divergent classifications, we considered the first category of IBGE 
and the two former categories of COPASA as “system with partial removal potential of 
pesticides” and the others as “system without conditions for pesticides´ removal”, as Table 2. 
 

Database Systems with partial removal 
potential of pesticides 

Systems without conditions for 
removal of pesticides 

COPASA “conventional”; 
“direct filtration”. 

“well with chlorination and 
fluoridation”. 

IBGE “conventional or non-
conventional treatment ”. 

“treatment with simple 
disinfection”; 

“no treatment”. 

Table 2. Grouping of the conditions of drinking water treatment. 
As that factor influences positively the health risk, its value was inverted, in order to feed 
the analysis. A range weight from 4 to 5 was adopted. 

4.4 Medium slope of the sub-basin 
The topography of the basin, together with the soil type and vegetation, can interfere in the 
contaminants flow in the basin. The steeper the topography, the larger the run-off potential 
and the resulting transport of sediments to water sources. 
The areas of each sub-basin can be analysed according to a range of slopes, varying from flat 
terrain to hilly. Table 3 presents the punctuation of the sub-basin according to the slope 
range value of the, in a scale from 1 to 5. 
 

Relief class Slope range Score 
Flat < 3 % 1 
Mild wavy 3 a 12 % 2 
Wavy 12 a 24 % 3 
Highly wavy to hilly 24 a 45 % 4 
Hilly > 45 % 5 

Table 3. Medium slope of the sub-basin punctuation according to the range of slopes 
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Obviously, the greater the slope of a watershed, the greater the possibility of run-off and 
pesticides discharge in watercourses. In the study, the use of this criterion was based on 
information provided by the Water Management Institute of Minas Gerais – IGAM. 
The range from 6 to 8 was considered for the weight. 

4.5 Annual maximum intensity of rain in the sub-basin 
When the period of application coincides with intense rains, the probability of carrying 
products in the watershed increases, requiring eventual reapplication, due to soil washing. 
Regarding this criterion, the annual maximum rain intensity measured in rain gauge 
stations was calculated in each sub-basin, through the software Hidro, available in the 
Brazilian Water National Agency (Agência Nacional das Águas – ANA) website.  
In one hand, heavy rains cause carrying of larger amount of substances into groundwater or 
surface water, in the other, total rainfall contributes to the dissolution of these substances, 
reducing its concentration in the watercourse. Due to these considerations, the maximum 
annual precipitation in each sub-basin was adopted. A range of weights from 6 to 8 was 
attributed. 
Table 4 summarises the selected criteria list and their range of weights. 
 

 Criteria Weight 
(w) 

I Proportional cultivation area of the main agricultural cultures of the 
sub-basin. 8 to 9 

II Proportion of group 1 pesticides. 7 to 9 

III Proportion of municipal districts that have water treatment plants 
with techniques that allow at least partial removal of pesticides. 4 to 5 

IV Medium slope of the sub-basin. 6 to 8 
V Annual maximum intensity of rain in the sub-basin. 6 to 8 

Table 4. Selected criteria and range of weight 

All the criteria, except criterion III, can increase the potentiality of pesticides contamination 
in the sub-basin, as the respective weight increases. 

5. Application in Rio Grande Basin, Brazil 
Rio Grande basin, located in the southern region of Minas Gerais, state at the Southeast 
Region of Brazil, presents a profile of important agricultural producer and has a cluster of 
agricultural crops, among the selected in this study, in nearby areas. Comparing the region 
with other similar in the state of Minas Gerais, based on agricultural practices, the South 
Region seems to produce crops with highest potential for health risks in water, and for this 
reason was chosen for the study. 
Through research of the municipalities in southern Minas Gerais with highest crop 
production and productivity, we identified five sub-basins for study. These sub-basins are 
part of the Rio Grande Basin, sub-basin of the Paraná River Basin. The Rio Grande has a 
length of 1,360 km and the basis has 143,000 km2. 
The application of the method for the five sub-basins of the Grande River Basin, selected for 
study, resulted in a priority order for surveillance of pesticides presence in surface waters. 
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Table 5 lists these sub-basins, indicating the most cultivated crops within its coverage area 
in order to facilitate evaluation of potential risk from pesticide use in their production. 
 

Sub-basins Main crops Other relevant 
crops 

Other 
considered crops 

GD 3 Around Furnas 
Reservoir 

Potato, coffee, sugar 
cane, bean and corn. 

Rice, orange and 
tomato. Banana. 

GD 4 Verde River Basin Potato, coffee, bean 
and corn. Banana. Sugar cane and 

tomato. 

GD 5 Sapucaí River 
Basin 

Banana, potato, 
coffee, bean and corn.

Rice, orange and 
tomato. Sugar cane. 

GD 6 
Pardo River and 
Mogi-Guaçu River 
Basins 

Potato, coffee, sugar 
cane and corn. Bean. Banana e tomato. 

GD 7 
Around Peixoto’s 
Reservoir and 
Sapucaí Stream 

Coffee, sugar cane 
and corn. 

Rice, bean e 
orange. 

Potato and 
tomato. 

Table 5. Pre-selection of sub-basins of the Rio Grande Basin - MG. 
GD = Term used by IGAM for sub-basins of the Rio Grande Basin. 
Sources: FAEMG, 2005; IGAM, 2005. 
Sub-basins GD 3, GD and GD 4 5 converge to Furnas Reservoir and sub-basin GD 7 to 
Peixoto´s Reservoir, both built for energy generation. Regarding the sub-basin GD 6, it is 
part of the basin of Mogi Guaçu, in Sao Paulo State. 
Classification of pesticides potentially used in the basin resulted in grouping in high, 
medium and low potential for contamination of surface waters, according to the method of 
Goss (1992), as shown in Table 6. 
 

Potential of 
surface water 

contamination 
High Medium Low 

Associated with 
the sediment 

transported in 
suspension 

Chlorpyrifos, 
endosulfan, 

glyphosate, lindane, 
pendimethalin, 

trifluralin 

Aldrin, atrazine, DDT, 
heptachlor, metolachlor, 

parathion-methyl, 
permethrin, simazine 

2,4-D, alachlor, 
bentazone, cyanazine, 

dieldrin, 
hexachlorobenzene, 

malathion, 
methoxychlor, 

molinate, propanil 

Dissolved in 
water 

Aldicarb, atrazine, 
carbofuran, lindane, 

simazine 

2,4-D, alachlor, cyanazine, 
chlorpyrifos, glyphosate, 
malathion, metolachlor, 

molinate, parathion-
methyl, trifluralin 

Chlordane, endrin, 
endosulfan, 
permethrin 

Table 6. Grouping of pesticides based on the method of Goss. 
Sources: WHO, 2004; BRASIL, 2004a; GOSS, 1992 (apud DORES and DE-LAMONICA-FREIRE, 2001) 
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According to Goss criteria, pesticides applied in agriculture, regarding their potential to 
reach surface water, can be classified in those that can be transported dissolved in water and 
those associated with the sediment transported in suspension. 
Figure 1 illustrates the proportion of group 1 pesticides (high potential for contamination of 
surface waters) used in the five sub-basins of the Rio Grande - MG, stratified with those 
possibly spread dissolved in water and those that may be associated with sediment 
transport. This information was used to application of criterion II. 
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AD = high potential for transport dissolved in water, AS = high potential for transport associated with 
sediment. 
Fig. 1. Proportion of pesticide use group 1 (high potential for contamination of surface 
waters) in sub-basins of the Rio Grande - MG. 
Sources: KAMMERBAUER & MONCADA, 1998; LARINI, 1999; LAABS et al., 2000; DORES & DE-
LAMONICA-FREIRE, 2001; BRASIL, 2002; CEREJEIRA et al., 2003; BRASIL, 2004a; MARTINS e tal., 
2004; MINAS GERAIS, 2004; IGAM, 2005; FAEMG, 2005. 
According to the crops identified as the main crops in each sub-basin, we can identify a 
proportion of 34% to 39% of pesticides group 1 – high contamination potential of surface 
water. The largest part of these pesticides relates to the potential of association with 
sediments. There is no high variation of this potential contamination between sub-basins, 
except for GD 4. 
Table 7 shows the proportion of municipalities that have water treatment plants that ensure 
at least partial removal of pesticides and those without potential for removal of pesticides, 
as defined in Criterion III. 
Out of 138 municipalities surveyed, near 85% has a potential for removal of pesticides at 
least partially. It can be highlighted that sub-basin GD 6, in the region of rivers Pardo and 
Mogi-Guaçu, stands out with a more favourable condition in terms of water treatment, 
while sub-basin GD 4 shows the lowest percentage of cities with potential to at least partial 
removal of pesticides.  
Regarding the criterion IV, Table 8 shows the scores adopted in each sub-basin of the Rio 
Grande - MG, based on ranges of average slopes of the land. 
Sub-basins GD 3 and GD 7 have low average slope, which is coherent with the fact of 
including areas near or inside reservoirs. Sub-basins GD 5 and GD 6, on the other hand, 
have an average slope steeper compared to the other sub-basins, with classes of relief from 
 

Potential contamination of surface waters by pesticides 
- GOSS method - 

Sub-basins 
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Pesticides potential removal 
Partial potential No potential Sub-basin 

municipalities % municipalities % 
GD3 30 83.3% 6 16.7% 
GD4 18 78.3% 5 21.7% 
GD5 35 85.4% 6 14.6% 
GD6 19 95.0% 1 5.0% 
GD7 15 83.3% 3 16.7% 
Total 117 84.8% 21 15.2% 

Table 7. Proportion of municipalities of Minas Gerais with the potential removal of 
pesticides, by sub-basin of the Rio Grande - MG  
Sources: IGAM, 2005, COPASA, 2005; IBGE, 2000. 
 

Average slope of the  
sub-basin GD3 GD4 GD5 GD6 GD7 

Range slope 12 to 24% 12 to 24% 24 to 45% 24 to 45% 3 to 12% 

Score 3 3 4 4 2 

Table 8. Average slope of the sub-basins of the Rio Grande – MG. 
Source: IGAM, 2006. 
 

Sub-basins Criteria Un. Weight 3 4 5 6 7 
I % 8 27.71 15.11 13.88 18.66 14.65 
II % 7 38.08 39.74 37.45 36.74 34.94 
III % 4 75.00 69.57 65.85 85.00 83.33 
IV - 6 3 3 4 4 2 
V mm 7 80.15 76.13 75.88 76.74 73.58 

Table 9.  Scoring and weighting of criteria for each sub-basin. 
Source: IBGE, 2000; ANA, 2005; BRASIL, 2002; BRASIL, 2004a; MARTINS et al., 2004; COPASA, 2005; 
FAEMG, 2005; IGAM, 2005; IGAM, 2006. 
strongly wavy to hilly. Analyzing criterion IV, sub-basins GD5 and GD6 have higher 
potential for dispersal of pesticides within their basins, with possibility of contamination of 
surface waters. 
Criterion V, in turn, considers the influence of rainfall on the potential dispersal of 
pollutants in the environment. Sub-basin GD 3 shows the highest maximum annual rainfall 
among the selected areas. 
Table 9 summarises values obtained in each sub-basin for each of the five criteria, and the 
weight given to the criteria considered in multicriteria analysis. 
Table 10 shows the final values for each criterion in each of the five sub-basins, together 
with their respective weights parameterized, and the values for the "ideal" and "anti- 
ideal." 
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Sub-basins Criteria Weight 3 4 5 6 7 Ideal Anti-
ideal 

I 0.250 0.319 0.165 0.152 0.204 0.160 0.319 0.152 
II 0.219 0.202 0.211 0.200 0.200 0.188 0.211 0.188 
III 0.125 0.206 0.214 0.226 0.175 0.179 0.226 0.175 
IV 0.188 0.188 0.188 0.250 0.250 0.125 0.250 0.125 
V 0.219 0.210 0.199 0.198 0.201 0.192 0.210 0.192 

 
 

Table 10. Identification of Ideal and Anti-ideal for each criterion and each sub-basin. 

Finally, Table 11 shows sub-basins ordering for pesticides surveillance in surface waters, 
based on the application of the multicriteria method. 
 
 

 
p = 1 p = 2 Sub-

basin dM1 (ai) dm1 (ai) D1 (ai) TOPSIS dM1 (ai) dm1 (ai) D1 (ai) TOPSIS 
GD 3 1,608 6,411 0.800 1 1,213 4,375 0.783 1 
GD 4 5,397 2,621 0.327 4 4,029 1,407 0.259 4 
GD 5 4,649 3,370 0.420 3 4,183 2,446 0.369 3 
GD 6 3,947 4,071 0.508 2 2,961 2,695 0.476 2 
GD 7 7,776 243 0.030 5 4,689 204 0,042 5 

 
 
Table 11. Hierarchy of systems by TOPSIS method (p = 1 and p = 2). 

Figure 2 presents the descriptive statistics of the values of the similarity rate - Dp, 
considering 108 possibilities, for each value of p (p = 1 and p = 2). It can be observed that, for 
p = 1, the values of similarity rate of the sub-basin GD 3 are closer to the unit (average of 
0.789) and that this value disagrees with the other sub-basins. The sub-basins GD 5 and GD 
6 present a common range of values, between 0.45 and 0.50. Regarding sub-basin GD 7, the 
Dp values are significantly below the others and present smaller standard deviation. The 
sub-basin GD 5 presents the highest standard deviation, of 0.0247. 
Comparing the diagrams presented in Figure 2, it can also be observed that the values of the 
similarity rate for p =1 present smaller standard deviation than when p = 2. Dp values for the 
sub-basins GD 4 (Verde River Basin), GD 5 (around Furnas’s Dam) and GD 6 (Pardo River 
and Mogí-Guaçu River Basins) are closer among themselves in p = 1 than in p = 2. 
Despite the simulation with 108 possibilities, significant differences between the results 
were not observed, demonstrating the stability of the method. 
At the end, multicriteria analysis by the method TOPSIS allowed the hierarchy of sub-basins 
studied in terms of priority for surveillance the presence of pesticides in water, as shown in 
Table 12. 
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Box & Whisker da Taxa de Similaridade (p = 1)
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Box & Whisker da Taxa de Similaridade (p = 2)
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Fig. 2. Box & Whisker Rate similarity - Dp, for p = 1 and p = 2. 

 

Priority Sub-basin 

1 GD 3 
2 GD 6 
3 GD 5 
4 GD4 
5 GD 7 

Table 12. Prioritization of sub-basins of the Rio Grande - MG to monitoring the presence of 
pesticides in water. 
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Box & Whisker Rate similarity  (p = 2) 
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6. Conclusion 
The method for prioritization of pesticides surveillance in surface waters looks at intrinsic 
factors of the active ingredients and environmental factors that could influence in the 
dynamics of the pesticides in the environment and human health risks. 
The application of the method in the south area of Minas Gerais allowed the ordering of 
priority sub-basins for pesticides surveillance, suggesting sub-basins GD 3 (around Furnas’s 
Dam) and GD 6 (Pardo River and Mogi-Guaçu River Basins) as priorities. The validation 
performed enabled the evaluation and adjustment of the method, mainly regarding the 
availability of information. Another issue revealed by this application is the need of 
generating information to best feed the model and improve its outcomes. 
The method showed as a practical alternative for the environmental surveillance, targeting 
priority areas, which is important in realities with limitations of technical, material or 
personnel resources. Moreover, its structure allows the application in other different areas 
and for other pollutants. 
Difficulty in data gathering was observed, associated with dispersion of information in 
different public and private organizations. This situation is critical to fill the failures in 
planning environmental surveillance, particularly on drinking-water quality. Another 
crucial issue the research points out is the lack of effective integration among the public 
sectors with interface with the problem – health, water supply, water resources, agriculture 
– in order to ensure an adequate epidemiological and environmental surveillance of 
pesticides in water. 
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1. Introduction    
Human society relies on surface freshwater ecosystems for many goods and services 
(drinking water, recreational facilities…), which places these systems at the center of a web 
of ecological, economic and political interests (Wilson & Carpenter, 1999). They are also 
being subjected to increasing pressure resulting from anthropogenic activities, including 
contamination by a variety of mineral and organic pollutants. Most of the organic pollutants 
are herbicides (e.g. Kreuger, 1998; Dorigo et al., 2007), which are used not only in agriculture 
but also for many other purposes (ranging from domestic use in gardens to maintaining 
railway tracks weedfree, for example). These herbicides can enter aquatic ecosystems as a 
result of terrestrial runoff, and to a lesser extent, of direct application and aerial spraying 
(e.g. Carter, 2000). Microbial communities in freshwater ecosystems are not directly 
targeted, but these communities are exposed to herbicides and can be directly or indirectly 
affected by these compounds. For instance, many commercial herbicides act by binding to 
Photosystem II (PSII), which is a pigment-protein membrane complex (see e.g. Schuler & 
Rand, 2008). PSII inhibitors have a direct impact on photosynthetic aquatic microorganisms 
that contain the same PSII apparatus as the terrestrial weeds targeted by these herbicides. In 
addition to this direct impact on photosynthetic microorganisms, as a result of the strong 
interactions that occur between all these aquatic microorganisms, herbicides can also have 
an indirect impact on non-photosynthetic species that are not susceptible to PSII inhibitors. 
These effects on microbial communities can have a critical impact on the overall functioning 
of freshwater ecosystems, because prokaryotic and eukaryotic microorganisms are major 
players in these systems. Indeed, microorganisms contribute to most of the primary 
production in these systems, which is closely related to the total productivity (Aoki, 2003). 
They are also involved in nutrient cycling and decomposition, via the microbial loop (see, 
for example, the review of Fenchel, 2008). In lentic ecosystems (lakes, reservoirs, ponds…), 
most of these processes (primary production and nutrient cycling/decomposition) occur in 
the water column, and involve planktonic communities. On the other hand, in lotic 
ecosystems (rivers, streams...), these processes occur mainly in the biofilms located on the 
surface of sediments and plants, which involve benthic microbial communities. Depending 
on the kind of freshwater ecosystem concerned, both these communities must be considered 
when attempting to evaluate the impact of herbicides on microbial communities. 
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In this paper, we will start by brief overview of herbicide contamination of freshwater 
ecosystems, focusing particularly on a few specific countries in different geographical zones. 
We will then go on to present the main methods used to assess the impact of herbicides on 
microbial communities, ranging from single species tests to field studies. The third part of 
this review will focus on molecular methods that have been used in the last few years to 
evaluate the impact of herbicides on freshwater microbial communities. The fourth section 
will provide a brief summary of what is known about the impact of herbicides on freshwater 
microbial communities, and also on how these communities respond to this selective 
pressure. We will then look at the data available on glyphosate, which is one of the 
herbicides most often found in freshwater ecosystems. Finally, we will try to relate herbicide 
contamination and its impact on freshwater microbial communities to global changes, which 
are also impacting on these communities.  

2. A rapid review of the contamination of aquatic ecosystems 
2.1 General aspects 
The information available about herbicide contamination of surface freshwater ecosystems 
varies considerably from country to country. A lot of information is available for countries 
in Europe and North America, but the situation is more patchy for Asia and  South America, 
and there is almost no general or local data for Africa. This can be explained by the fact that 
so far the heavy use of herbicides has largely been confined to North and Latin America, 
Europe, Japan, and Australia, although their use is rapidly increasing in many developing 
countries (Ware & Whitacre, 2004). From all these data, it can be seen that even though the 
amount of herbicides entering the surface water varies considerably between regions, all 
surface freshwater ecosystems are now contaminated by herbicides. However, the 
concentrations of these herbicides in water vary considerably depending on the size and 
land use of the watersheds (e.g. Neumann et al., 2003), and also on season and climatic 
events. For example, peak contamination of rivers occurs just after discharge events, with 
relatively low levels between these events (e.g. Spalding & Snow, 1989; Botta et al., 2009). In 
agricultural landscapes, the amount of pesticides contaminating surface water also depends 
on the methods and levels of application, and more generally on agricultural practice 
(Huber et al., 2000). Finally, in a recent paper of Wittmer et al. (2010), it has been shown that 
five types of pesticide concentration patterns in surface water samples can be distinguished, 
and that these patterns reveal the relative contributions made by urban and agricultural 
land to the contamination of water by herbicides. This paper also showed that in mixed land 
use catchment areas, the contamination of surface water by biocides from urban areas was at 
least as great as that from agricultural areas. Thus, both urban and agricultural 
contaminations contribute to the contamination of surface water, although the most 
dramatic levels occur in areas characterized by intensive agriculture (see below). 

2.2 Water contamination in some specific countries  
In France, the “Institut Français de l’Environnement” (French Institute for Environment; 
now known as the Service de l’Observation et des Statistiques, SOeS) has published data on 
the contamination of water by pesticides for every year since 1998. Their annual report is 
based on monitoring 453 pesticides at 2023 sampling points (groundwater and rivers). In 
2007, pesticides were detected at almost 91% of the sampling points, but usually at mean 
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annual concentrations of <0.5 µg/L. The highest concentrations were found in regions with 
intensive agriculture (South-West, Center-North and North of France) and the lowest in 
regions (South-East and South of Massif Central) characterized by less intensive agriculture 
or by the presence of large areas of natural environments. The pesticide most often detected 
in French streams was AMPA (aminomethyl phosphonic acid), which is the primary 
degradation product of glyphosate. The second and the third most frequently identified 
pesticides in streams were diuron and glyphosate, which are both herbicides. More 
generally, the 15 most frequently occurring pesticides were all herbicides or degradation 
products of herbicides. Finally, changes in herbicide concentrations in French streams from 
1997 to 2007, indicate that there has been no significant decrease in the herbicide pollution of 
streams, but that there have been changes in the dominant compounds found in these 
ecosystems. For example, atrazine, which was the most frequently-found herbicide in 1997, 
have been less often detected since it has been banned and replaced by glyphosate (Dubois 
et al., 2010). Data of this type is not available for lentic ecosystems, for which only occasional 
analyses have been performed. To compare the situation in France with that in another 
European country, a recent review of Greek freshwater ecosystems has shown that  atrazine, 
simazine, metolachlor and alachlor were the most frequently detected herbicides 
(Konstantinou et al., 2006). Glyphosate was not mentioned in this review, but we do not 
know if this was because most of the data were obtained before massive use of this herbicide 
began, or because Greece does not have large areas of corn production. However these 
studies have shown that the levels of contamination of major European rivers by herbicides 
such as atrazine or simazine, are similar in all countries.  
We do yet have overall data for the level of contamination of surface freshwater ecosystems 
by herbicides in China, but three papers have provided some indications of the level of 
herbicide contamination in Chinese surface freshwater. Gfrerer et al. (2002a,b) have shown 
that triazines were detected throughout the year in three rivers from China, with a 
concentration peak in June due to their use in agriculture. But, apart from the June values, 
the concentrations of triazine were quite low compared to those in European rivers.  On the 
other hand, in an analysis of 14 different organic pesticides and their metabolites in Lake 
Taihu, Na et al. (2006) reported very high concentrations of atrazine. This herbicide has been 
widely used in China since the 1980s, with an annual increase of 20% (in Na et al., 2006). 
More data are available for another Asian country, Japan. For example, in a study on the 
contamination of the lake Biwa, Sudo et al. (2002 & 2004) have shown that three of the 
pesticides most frequently found in this lake and in the rivers flowing into it were herbicides 
(simetryn, molinate and bromobutide), which are all used in paddy fields, and so found in 
numerous rice producing areas.  
It appears that triazines and in particular atrazine and simazine, are very frequently found 
in surface freshwater ecosystems worldwide, as are glyphosate and its degradation product, 
AMPA. But, local differences do occur, and are related to the kind of agriculture or to the 
banning of specific compounds. 

3. The main methods used to estimate the impact of herbicides on microbial 
communities 
Ecotoxicology deals with the evaluation of the processes and mechanisms by which 
toxicants are dispersed, and with their effects on populations, communities and ecosystems. 
This implies the need for studies at different geographical and time scales, which has 
resulted in the development of a wide variety of methods (Fig. 1)  
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Fig. 1. Various levels of biological complexity in the experimental methods used in 
ecotoxicology (from Caquet et al., 1996) 

Many studies are based on single-species tests, and these are usually considered to concern 
environmental toxicology rather than ecotoxicology (Ramade, 2007). These studies are 
fundamentally reductionist, and they give priority to the reproducibility of the data 
acquired (single-species tests and microcosm experiments). In such studies, the number of 
experimental parameters is limited, which makes them easier to control. In contrast, studies 
conducted in mesocosms or in macrocosms are closer to those performed in ecosystems, 
which makes them more realistic. They are designed to provide an appropriate way to 
assess the real impact of a pollutant in a natural ecosystem. However, these studies are more 
difficult to conduct, and often less reproducible, because of the large number of factors and 
processes involved, many of which are not easy to control.    

3.1 Single species tests  
Ecotoxicity tests are a useful way of determining the effect of one or more products on 
selected organisms, under defined conditions (Keddy et al., 1994). These tests can be 
classified according to their duration, compared to the life cycle of the organism, and to the 
complexity of the biological community studied. Acute toxicity tests cover a relatively short 
part of the life cycle of the organism. Bacteria, protists and algae have life cycles lasting 24-
48 hours. In contrast, chronic toxicity tests involve the repeated exposure of organisms to 
low doses of a contaminant over a long period.  
In order to characterize the toxicity of a substance in a regulatory context, it is necessary to 
evaluate both its acute and chronic toxicity at several trophic levels. Various estimators have 
been defined in order to do this: 
- EC50: The “half maximal effective concentration” is the concentration of a toxicant that 

induces a response halfway between the baseline and maximum response after some 
specified exposure time.  

- LC50: The Lethal Concentration 50 is the concentration of a toxicant that causes 50% 
mortality 
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- NOEC: No Observed Effect Concentration. 
- LOEC: Lowest Observed Effect Concentration.  
In addition to these indicators, water resource managers also use the concepts of: 
- PNEC: Predicted No Effect Concentration 
- PEC: Predicted Effect concentration 
The EC50 value is estimated using dose-response relationships. Generally, increasing the 
dose of a toxicant causes a proportional increase in its toxic effect on the biological 
parameters investigated. The dose-response curve is based on the following assumptions:  
- The response increases with dose,  
- There is a threshold dose below which there is no measurable effect.  
In aquatic ecosystems, algae are known to be sensitive to many chemicals, and using these 
organisms in test batteries has been shown to improve the capacity to predict the most 
sensitive ecosystem responses. The importance of these organisms in the primary 
production of most aquatic ecosystems justifies their choice for risk assessment. The 
usefulness of single or multi-species tests to characterize the ecotoxicological properties 
(EC50, NOEC, LOEC...) of potentially polluting molecules has been proven. Performed in 
the laboratory under controlled conditions, they meet repeatability, reproducibility, 
reliability and robustness criteria. However, their use for assessing and predicting effects on 
natural ecosystems is limited because of their lack of ecological realism. To address this 
aspect, it is necessary to work at a higher level of biological organization, i.e. with more 
complex experimental systems. 

3.2 Microcosms, mesocosms and macrocosms  
All these experimental systems, which differ by their volume (ranging from several mL to 
several m3) and their biological complexity (from a few strains to complete trophic 
networks), are used to study the impact of a toxicant on communities. These systems take 
into account both positive and negative interactions between organisms and also those with 
various abiotic factors. They can be used to establish an “exposure-response“ relationship, 
rather than just a “concentration-effect”. Because of the relatively large size of these systems, 
the tests can be conducted with long exposure times, which makes them more suitable for 
studying the effects of contaminants on the dynamics of species succession, and on 
ecological processes, such as the cycling of matter and energy flows (Guckert, 1993). These 
systems can also be used to evaluate the impact on diversity and functioning of the intensity 
of the contamination (concentration and form of contaminants) and the exposure dynamics 
(duration, frequency), whilst simultaneously investigating the fate and the effects of 
pollutants (Belanger et al., 2000). These methods can also be used to identify the temporary, 
progressive or persistent effects of contaminants on communities (Rand et al., 2000; Belanger 
et al., 2002), by measuring their resilience, and also to distinguish between the direct and 
indirect ecological effects of disturbances caused by contaminants (Belanger et al., 2000; 
Culp et al., 2000; Hense et al., 2003). 
Just to provide recent examples of the variety of systems used, 3L liter Pyrex Erlenmeyer 
flasks have been used to study the response of microbial communities following exposure to 
glyphosate (Pesce et al., 2009a), indoor experimental channels have been used to study the 
combined effect of physical factors and exposure to diuron on benthic microbial 
communities (Villeneuve, 2008), and artificial outdoor mesocosms (surface area 25 m2) have 
been used by Vera et al. (2010) to evaluate the impact of Roundup on periphyton 
communities.  
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To conclude, all these systems can be defined as essential intermediates between single-
species tests and in situ studies (Caquet et al., 2000) in exploring the effects of toxicants and 
their potential interaction with environmental factors. 

3.3 Field studies to evaluate the impact of contaminants on microbial communities 
Numerous studies have attempted to evaluate the impact of herbicide contamination on 
microbial communities in freshwater ecosystems (see, for example, the reviews of 
DeLorenzo et al., 2001; Ricciardi et al., 2009). From these studies, it appears that one of the 
difficulties that arises is that microbial communities are subjected simultaneously to 
herbicides and to many other environmental factors and processes (see §5.3). In order to 
evaluate the direct impact of herbicides on microbial communities, Blank et al. (1988) have 
developed a very interesting concept, known as PICT (Pollution Induced Community 
Tolerance). This concept is based on the fact that communities contain species with differing 
sensitivities to various chemicals (see for example for diatoms, Debenest et al., 2009). After 
exposure to these pollutants for long enough, sensitive species or strains will be eliminated 
and tolerant ones will be selected, and the resulting restructured community will become 
more tolerant. Increased tolerance in a community can therefore be regarded as indicative of 
a direct impact of a pollutant on this community (for example for microalgal communities, 
see Bérard et al., 2003; Schmitt-Jansen & Altenburger, 2005). This pollution-induced 
community tolerance can be estimated by means of various different metabolic tests.  

4. Molecular methods used to evaluate the impact of herbicides on microbial 
communities 
Over the past 15 years, molecular tools have been increasingly used in ecotoxicological 
studies, mainly to assess the impact of pesticides on the structure and composition of 
microbial communities. Two approaches can be distinguished (Dorigo et al., 2005). The first 
group of tools uses an initial PCR to target one or several specific genes in the microbial 
communities, whereas the second group consists of non-PCR-approaches.  

4.1 Methods based on an initial PCR amplification 
The Polymerase Chain Reaction (PCR) is used to amplify target sequences in microbial 
communities. Depending on the choice of the primers, these sequences may be more or less 
specific, i.e. they target different taxonomic levels, ranging from a single species to the entire 
prokaryotic community. In most cases, rRNA genes, in particular 16S (prokaryotes) and 18S 
(eukaryotes) rRNA, are targeted, because they contain highly-conserved domains 
interspersed with more variable regions (Gutell et al., 1994). However other genes can also 
be used, for example those linked to a particular function, such as a herbicide degradation 
gene (Lee et al., 2005; de Lipthay et al., 2002). 
After an initial PCR amplification, two main kinds of method are used to characterize the 
amplified sequences. The first is based on sequencing these amplicons and identifying the 
sequences obtained, for example by comparison with sequences available in databases 
(GenBankTM). New sequencing technologies (454 sequencing) now make direct sequencing 
of the amplicons after PCR possible, but so far, sequencing is always preceded by a cloning 
step. Amplicon sequencing is used to compare the composition of different communities, for 
example with more or less exposure to a herbicide, and it provides a species identification 



Herbicide Contamination of Freshwater Ecosystems: Impact on Microbial Communities   

 

291 

when rRNA genes are used, as has been successfully done in several ecotoxicological studies 
of herbicides (e.g. Dorigo et al., 2002). 
The second kind of methods used after PCR amplification are known as fingerprinting 
methods, because they provide an overview of a microbial community (like a bar code), 
making it easy to compare several communities. These methods include SSCP (Single Strand 
Conformation Polymorphism), ARISA (Automated Ribosomal Intergenic Spacer Analysis), 
RAPD (Random Amplified Polymorphic DNA), T-RFLP (Terminal Fragment Length 
Polymorphism), and AFLP (Amplified fragment-Length Polymorphism), but DGGE 
(Denaturing Gradient Gel Electrophoresis) and TGGE (Temperature Gradient Gel 
Electrophoresis) are the ones that have been most frequently used in ecotoxicological studies 
involving microbial communities. These two methods were first introduced 15 years ago 
(Muyzer, 1999). They are based on the separation of the amplified fragments of DNA on a 
linear gradient of increasing chemical denaturants of urea and formamide (DGGE), or on a 
linear temperature gradient (TGGE). After the migration, a band pattern will characterize 
each amplified sample, and is used to compare them. Moreover, individual bands can be 
excised, reamplified and sequenced, and thus identified (Riemann and Winding, 2001). 
DGGE/TGGE approaches have been used in a huge number of studies to characterize the 
impact of herbicides on microbial communities (e.g. Lyautey et al., 2003; Schauer et al., 2003; 
Pesce et al., 2009a; Tadonléké et al., 2009). These methods provide a quick way of comparing 
several samples, but they have their limitations. In particular, it is very difficult to compare 
large numbers of complex band patterns across several migration gels  (Dorigo et al. 2005). 
Other limitations are due to the fact that different DNA fragments often co-migrate, which 
limits the sensitivity of these methods. Finally, only dominant species are detected well, 
which makes it difficult to highlight changes in the presence/absence of rare species.  

4.2 Non-PCR based molecular methods 
These methods have so far been used less often than those based on the PCR, but the rapid 
development of “omic” approaches in microbial ecology suggests that they will probably 
soon be used in ecotoxicology.  
In recent years, a few papers have been published reporting the use of the FISH 
(Fluorescence in situ hybridization) technique, which is based on the use of fluorescent 
probes to quantify different phylogenetic groups by fluorescence microscopy. This method 
was used, for example, by Pesce et al. (2006), in a study of the effect of the phenylurea 
herbicide diuron on river microbial communities. However, this method can also be used 
for the in-situ detection of bacterial strains that are able to degrade herbicides, as for 
example by Grenni et al. (2009). 
The DNA reassociation kinetics method has been also used to compare the genetic diversity 
of bacterial communities in more or less polluted soils (Gans et al., 2005), but not so far 
applied to freshwater ecosystems. This method is unlikely to be used in the near future in 
ecotoxicological studies in natural environments, due to the technical difficulties of applying 
this method in this context, and also due to the difficulty of analyzing the results. 
The use of microarrays is also a very promising method developed in the past. This method 
is based on the use of slides (microarrays) containing a very large number of microscopic 
spots of DNA oligonucleotides probes (from several hundred to several thousand). These 
microarrays can be used to detect and quantify the species in a community after extracting 
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the DNA and hybridizing it on the microarray. However, they are usually used to study the 
gene expression of a strain under various stressful conditions and in mixed microbial 
communities (Dennis et al., 2003). This method has also been used by Oldenburg et al. (2003) 
to monitor the diversity of the genes involved in the nitrogen cycle. However, the 
development of high throughput sequencing methods and the concomitant decrease in their 
cost will make probably the use of microarrays obsolete within a few years 

4.3 Promising new molecular tools for ecotoxicological studies 
All the methods described above have been in use for more than a decade, but there are 
many more recently developed methods, which look very promising for studying the 
impact of herbicides on freshwater microbial communities, and the responses of these 
communities. 
Real Time PCR (RT PCR or qPCR) is not really a recent method, but its routine use in the 
laboratory has dramatically increased in the last year. This method can be used to determine 
the number of copies of target genes or the expression of target genes in a sample. For 
example, qPCR has been recently used by Bopp & Lettieri (2007) to study gene regulation in 
a marine diatom exposed to polycyclic aromatic hydrocarbons. Another example is the work 
of Gonod et al. (2006), who used qPCR to study the ability of bacterial communities in soil to 
degrade the 2,4-D (2,4-dichlorophenoxyacetic acid) herbicide. Although so far there have 
been no publications involving the use of this method in freshwater environments, it will 
probably soon be widely used in ecotoxicological studies of microbial communities. 
So far, there has also been no paper reporting the use of isotope-labeling experiments (DNA-
SIP, RNA-SIP…) to study, for example, the bacterial degradation of herbicides in aquatic 
environments. However in recent review, Neufeld et al. (2007) disclaimed that isotope-
labeling experiments (DNA-SIP, RNA-SIP…) are coming of age, and are likely to be very 
useful for studying the degradation of pollutants by microbial communities. A paper by 
Park et al. (2006) also highlighted the potential of Stable Isotope Probing for enhancing the 
resolution of ecotoxicological assessment. 
Finally, the introduction of “omic” methods opens a new area in the assessment of the 
impact of pesticides on microbial communities. The use of metagenomic, 
metatranscriptomic and metaproteomic methods in recent years has shown that 
environmental microbial ecology is already entering the “Omics” era (see for example 
Nelson et al., 2006; Vandenkoornhuyse et al., 2010). Despite some restrictions, there is no 
doubt that all these methods will soon be major tools for ecotoxicological studies. 

5. Impact of herbicides on freshwater microbial communities 
The impact of herbicide on freshwater microbial communities depends on a large variety of 
factors linked to the pollutant chemical, its mechanism of action, and the time and the level 
of exposure… However, the impact is also modulated by interactions with physical (flow, 
temperature…), chemical (nutrients, organic matter, salinity…), and biological factors and 
processes (the presence of grazers…).   
The impact of herbicides on microbial communities can be estimated using structural and 
functional descriptors, which provide information about the short- and long-term effects of 
these compounds (Fig. 2). 
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Fig. 2. Flow chart of the causes and effects of chemical and physical disturbances on 
microbial communities (adapted from Sabater et al., 2007) 

5.1 Impact of herbicides on the composition and structure of freshwater microbial 
communities 
Many authors have highlighted the fact that herbicides have significant effects on the 
composition and structure of freshwater microbial communities, by estimating the species 
richness and the diversity of autotrophic and heterotrophic microorganisms, and also by 
estimating their biomass and abundance.  
Herbicides can have a direct impact on the composition of freshwater microbial 
communities by selecting those with greater herbicide resistance (Dahl & Blanck, 1996; Pérès 
et al., 1996; DeLorenzo et al., 1999). For example, Dorigo et al. (2007) found that there were 
changes in the composition of microbial communities in a small river displaying an 
upstream-downstream pollution gradient, and that species located in the polluted 
downstream area were more tolerant towards herbicides than those located in the upstream-
unpolluted area. Recently, Vera et al. (2010) have shown that diatoms were more susceptible 
than cyanobacteria to glyphosate in periphyton communities, and consequently that over 
the long term a shift occurred in the composition of these communities. In the same way, 
Lürling & Roessink (2006) showed, by an experimental approach, that Scenedesmus (green 
algae) out competed Microcystis (Cyanobacteria) in the absence of metribuzin, a 
photosynthesis-inhibiting herbicide, whereas the reverse was true in the presence of this 
herbicide. However, herbicides can also have an indirect impact on the species composition 
of these communities by modifying the equilibria between species and also the interactions 
between them (as a result of effects on potential competitors or predators).  
In addition to photosynthetic microorganisms, which are directly impacted by herbicides 
because they share some physiological metabolisms with terrestrial plants, these 
compounds can also have direct impacts on bacteria. For example, in a study of Foley et al. 
(2008), DGGE fingerprinting showed that freshwater bacterial communities exposed to 
acetochlor, an inhibitor of cell growth and division, displayed reduced diversity. However, 
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contradictory results have been obtained, and, for example Tadonleke et al. (2009) did not 
find any significant impact of diuron, a phenylurea herbicide, on bacteria, whereas previous 
studies had seemed to do so.   
In addition to their effects on the composition of microbial communities, herbicides can also 
affect the viability and abundance of microorganisms and some other cellular parameters. 
For example, Ricart et al. (2009) found that there was a reduction of the biovolume of 
diatoms at low concentrations of diuron. 
Herbicide exposure usually has a harmful effect, but some microalgae bioassays of various 
compounds have also revealed beneficial effects (Haglund, 1997; Franqueira et al., 1999; 
Wong, 2000; Rioboo et al., 2002; Yoshida et al., 2003). Stimulation of microalgal growth was, 
for example, found at the lowest paraquat concentrations tested in the study of Prado et al. 
(2009). Some papers have suggested that the growth stimulation observed in the presence of 
herbicides, such as glyphosate, may result from the use of degradation products of this 
compounds as sources of carbon, phosphorus or nitrogen (Wong, 2000). In the same way, 
bacterial species that are able to degrade herbicides are also stimulated by their presence, 
thus enabling them to become dominant in bacterial communities (Macur et al., 2007).   

5.2 Impact of herbicides on the functional aspects of freshwater microbial 
communities 
In addition to changes occurring in the composition and structure of microbial communities, 
their metabolic activities (respiration, photosynthesis, enzyme activities) can also be 
modified by herbicide application. These modifications may or may not be linked to 
changes in the composition of the community.  
Ricart et al. (2009) observed a marked decrease in the photosynthetic efficiency of biofilms 
after a long–term exposure to low concentrations of diuron. There was also an increase in 
the proportion of dead bacteria and in the leucine-aminopeptidase bacterial activity with 
increasing concentrations of diuron. This increase in peptidase activity may be explained by 
the release of algal material as a result of cell lysis, which might provide bacteria with 
organic proteinaceous compounds. Similar results have been observed for other 
photosystem II inhibitor herbicides in freshwater microbial communities (Guash et al., 1997, 
Pesce et al., 2009; Villeneuve, 2008).   
The microbial community could also acclimate to the new conditions by the induction of 
enzyme activity, i.e. gene expression. For example by Lipthay et al. (2002) observed the 
induction of tfdA transcription in aquatic microbial communities during acclimation to 2,4-D 
herbicide acid (a phenoxy herbicide, which affects protein synthesis and cell division). The 
tfdA gene is known to encode a 2,4-D/2-oxoglutarate dioxygenase involved in the 
degradation of 2,4-D to dichlorophenol.  
Method dealing with changes in the composition and structure of microbial communities, 
and in some of their physiological capacities when they are exposed to herbicide pollution, 
provide complementary information. Indeed, an impact on some specific functions may not 
necessarily affect the structure of the community and vice versa. For example, Widenfalk et 
al. (2008) showed that no effect of glyphosate could be detected in microbial communities 
from sediments exposed to this herbicide using descriptors such as bacterial production or 
microbial biomass, but that changes in the composition of the bacterial community could be 
detected using T-RFLP.  
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5.3 Interactions between environmental selective pressures and herbicide 
contamination 
Many studies have reported the effects of contaminants on natural freshwater microbial 
communities, but in all these studies, the main difficulty was distinguishing between the 
impact of contaminants and that of other environmental factors and processes. It is well 
known, for example, that the response of microbial communities to herbicides depends on 
the composition of the microbial community, which is itself influenced by (i) physico-
chemical and other factors such as nutrient resource availability (DeLorenzo et al., 2001; 
Shabana et al., 2001), temperature (Bérard et al., 1998), light history (Guasch & Sabater, 
1998), current velocities for periphyton communities (Villeneuve, 2008) and previous 
pollutant exposures (Dorigo et al., 2004), and (ii) biological interactions between 
microorganisms and biotic factors, such as predation by grazers (Muñoz et al., 2001). All 
these factors introduce seasonal variations in the structure and composition of the microbial 
communities of freshwater ecosystems, which influence their response to exposure to a 
contaminant. For example, Guash and Sabater (1998) showed that the differences in algal 
diversity linked to the light history of a biofilm can lead to differing responses to the 
presence of herbicides. Seasonal factors or spatial variability can also result in communities 
displaying differing diversity and differing susceptibilities to contaminants (Dorigo et al., 
2009), including their ability to degrade pesticides (Pesce et al., 2009b). In a long-term 
laboratory experiment to test the effect of atrazine after grazing Muñoz et al. (2001) 
demonstrated that grazers increased the toxic effect of atrazine on river biofilms. In fact, in a 
context of heavy grazing, atrazine at 14 μg/L caused a greater decrease in periphyton 
carbon incorporation than either of these two factors individually. They also showed that 
grazing hindered adaptation to atrazine exposure. On the other hand, no significant 
interactions were found between diuron and grazers in a river biofilm community (López-
Doval et al., 2010).  

6. Special focus on the impact of glyphosate on freshwater microbial 
communities 
Glyphosate (N-(phosphomethyl)glycine), the active ingredient in the commercial product 
Roundup, is a broad spectrum, non-selective and post-emergent herbicide, developed in 
1971 by Monsanto (Franz et al., 1997). Since 1997, its agricultural use has increased 
considerably as a result of the introduction of genetically-engineered “Roundup Ready” 
glyphosate tolerant varieties of soybean, cotton and maize (Giesy et al., 2000; Woodburn, 
2000). It has become one of the most commonly-used herbicides for agricultural weed 
control worldwide (Giesy et al., 2000; Kolpin et al., 2006), and also for domestic and 
industrial weed control in gardens or along rail tracks (Woodburn, 2000; Kolpin et al., 2006; 
Ghanem et al., 2007; Botta et al., 2009). 

6.1 The mechanism of action and different formulations of glyphosate 
Glyphosate acts by inhibiting 5-enolpyruvyl-shikimate-3-phosphate synthase (EPSPS), 
which is involved in a pathway common to all higher plants as well as to some 
microorganisms, the shikimate pathway (Amrhein et al., 1980; Carlisle & Trevors, 1988). As 
a result, it disrupts the biosynthesis of aromatic amino acids required by those organisms, 
for instance, to synthesize peptides, secondary metabolites or vitamins. 
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The initial glyphosate molecule is a free acid, and it is converted into a salt form, such as 
isopropylamine (IPA), monoammonium, diammonium, or potassium salts (in newer 
formulations), to make it water soluble and thus to able to move into the plant (Duke, 1988; 
WHO, 1994). There are numerous commercial formulations, most of which are based on the 
IPA salt (Table 1).  
 

Formulation Product Company 
g AE/L Salt 

    
Touchdown HiTech Syngenta 500 Potassium 
Roundup WeatherMax Monsanto 540 Potassium 
Roundup PowerMax Monsanto 540 Potassium 
Durango DMA/Duramax Dow AgroSciences / Dimethylamine 
Touchdown Total Syngenta 500 Potassium 
Roundup Ultra Max Monsanto 450 IPA 
Cornerstone Agriliance 356 IPA 
Credit Nufarm 356 IPA 
Credit Extra Nufarm 360 IPA 
Glyfos Cheminova 360 IPA 
Glyfos X-tra Cheminova 356 IPA 
Gly Star Original Albaugh / AgriStar 356 IPA 
Glyphomax Dow AgroSciences 356 IPA 
Glyphomax Plus Dow AgroSciences 360 IPA 
Honcho Monsanto 360 IPA 
Makaze UAP 360 IPA 
Roundup Original Monsanto 356 IPA 
Touchdown IQ Syngenta 360 Diammonium 

Table 1. Some of the commercial formulations of glyphosate. The acid equivalent (AE) is the 
corresponding weight of glyphosate acid, which is the active ingredient. 

Those commercial formulations generally include a surfactant, which enhances the ability of 
glyphosate to penetrate through the cuticular waxes on target plants. With the exception of 
Roundup, in which the surfactant is known to be polyethyloxylated tallowamine (POEA), 
information about the surfactants involved are generally not clearly stated by the 
manufacturers. Furthermore, several studies have shown that the surfactant molecules also 
make the commercial product (in particular, Roundup) more toxic than the technical grade 
compound (salt or free acid forms) (Powell et al., 1991; Diamond & Durkin, 1997; Giesy et 
al., 2000; Tsui & Chu, 2003). 

6.2 Glyphosate in the environment: degradation and occurrence in freshwaters 
Glyphosate has long been assumed to be safe for the environment due to its supposed rapid 
biodegradation by soil microorganisms and/or the fact that it is tightly adsorbed by soil 
particles (Sprankle et al., 1975; Rueppel et al., 1977; Carlisle & Trevors, 1988; Pipke & 
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Amrhein, 1988; Kolpin et al., 2006). The main degradation pathway appears to involve 
splitting the C-N bond to produce aminomethyl phosphonic acid (AMPA) (Rueppel et al., 
1977). However, despite being biodegraded in the soil, glyphosate is frequently found in 
freshwater ecosystems. In these ecosystems, the herbicide is dissipated by the same 
microbial biodegradation as in the soil, and additionally, through its adsorption onto 
sediments with the subsequent microbial breakdown of bound residues under anaerobic 
conditions (Tooby, 1985; Mallat & Barceló, 1998). This degradation generally occurs more 
slowly in water, because it contains fewer microorganisms than soil (Ghassemi et al., 1981). 
Glyphosate and its main degradation product AMPA are among the most common 
pesticides detected in water-pollution monitoring (Scribner et al., 2007). However, although 
glyphosate is the main source of AMPA, it is not its only source (Trass & Smit, 2003), since 
phosphonate compounds can also be degraded to form AMPA (Novack, 1997; Skark et al., 
1998; Kolpin et al., 2006; Botta et al., 2009).  
Most studies report fairly low concentrations in surface freshwater ecosystems in regions 
where glyphosate use is very high (Table 2). However, a few studies have reported very 
high glyphosate concentrations, such as 700 or 1700 µg/L in some ecosystems (Table 2). 
These very large differences in concentrations may arise from differences in (i) the proximity 
of the site of application to water-bodies, (ii) terrain and soil types and also (iii) the 
contribution of overspray (WHO, 1994). In general, these differences suggest the possibility 
of short-term pulse phenomena, which are likely to occur in water contamination as 
previously found for other herbicides (e.g. Wauchope, 1978; Shipitalo & Owens, 2006; 
Gilliom, 2007). 

6.3 Impact of glyphosate on aquatic microorganisms  
There have been numerous studies of the toxicity of glyphosate on freshwater prokaryotic 
and eukaryotic photosynthetic microorganisms (Table 3), but most of them have been based 
on the use of isolated strains in laboratory experiments. 
As Table 3 shows, a lot of data is available about the toxicity of glyphosate towards the 
Chlorophyceae and Cyanobacteria, and to a lesser extent towards diatoms. These data show 
that widely differing EC50 values have been found, depending on the species and 
formulations involved. For example, the Chlorophyceae exhibited EC50 values ranging 
between 2.1 and 1082 mg/L and Chlorella pyrenoidosa, EC50 values of between 3.5 and 
590 mg/L. These wide differences could arise as a result of differences in study design, such 
as the duration of the experiments, the glyphosate formulation used (e.g. Sáenz et al., 1997), 
which is not always clearly identified, and the EC50 measurements, which may be based on 
the biomass, the chlorophyll concentration, or on the carbon uptake. In the same way, the 
Cyanobacteria, which are photosynthetic prokaryotes, exhibited a wide range of EC50 values 
varying from 2 to 1183 mg/L. However, despite this variability in EC50 values, Cyanobacteria 
in general appear to be less sensitive to glyphosate than eukaryotic photosynthetic 
microorganisms (Powell et al., 1991). This tolerance of glyphosate could be explained by 
various mechanisms, notably the ability of Cyanobacteria to metabolize phosphonate (Forlani 
et al., 2008). Little data is available about the toxicity of the main degradation product 
AMPA. As far as we are aware, the only values reported for its EC50 (72 h) are 72.9 mg/L 
and 79.7 mg/L for the Chlorophycea species Scenedesmus subpicatus (Trass & Smit, 2003; 
AFSSA, 2006). These values are consistent with the hypothesis that the toxicity of AMPA is 
equal to or less than that of glyphosate (Carlisle & Trevors, 1988;  Giesy et al., (2000).  
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Glyphosate 
(µg/L) 

AMPA 
(µg/L) Reference 

 Time 
period 

Min Max Min Max  
Canada       
Rivers, streams & wetlands 2004-05 1 41 / 66 Struger et al., 2008 
Urban & rural watersheds 2007 0.02 12 0.04 1.3 Byer et al., 2008 
USA       
Stream 1987 35 1237 <1.0 10 Monsanto, 1990 
Pond 1987 90 1700 2 35 Monsanto, 1990 
Streams, rivers, lakes, 
wetlands & vernal pools 2001-06 0.02 427 0.02 41 Scribner et al., 

2007 

Stream 2002 0.1 8.7 0.4 3.6 Battaglin et al., 
2005 

Streams & 
wastewater effluents 2002 <0.1 2.2 <0.1 3.9 Kolpin et al., 2006 

 

Vernal pools 2005-06 <0.0
2 328 <0.0

2 41 Battaglin et al., 
2009 

Argentina       

Streams 2003-04 100 700 / / Peruzzo et al., 
2008 

France       

NR 1999 / 6.06 / 5.05 Horth & 
Blackmore, 2009 

NR 2000 / 35 / 2.99 Horth & 
Blackmore, 2009 

Streams & rivers 2003-04 2 165 2.1 48.1 IFEN, 2006 
River 2003 0.23 0.74 0.17 3.76 Pesce et al., 2008 

NR 2004 / 50 / 17 Horth & 
Blackmore, 2009 

Streams & rivers 2005 2.1 17 2.1 18.8 IFEN, 2007 

NR 2005 / 9.6 / 30 Horth & 
Blackmore, 2009 

Streams & rivers 2006 2.0 34.0 2.2 27.5 
Horth & 

Blackmore, 2009; 
IFEN, 2009 

Sweden       

NR 2000-08 0.06 13 0.07 4 Horth & 
Blackmore, 2009 

 
NR = type of water not reported; /= no data. 

Table 2. Data available on glyphosate and AMPA concentrations in surface water 
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 Glyphosate 
formulation 

EC50 
(mg/L) 

European 
toxicity 

classification 
Reference 

Bacillariophyceae     
Nitzschia sp. IPA salt <2.8 Toxic to very 

toxic 
Cyclotella meneghiana IPA salt <2.8 Toxic to very 

toxic 

Peterson et al., 1994 

Navicula pelliculosa 96.6% 39.9 Harmful Hughes, 1987b M 
 Acid 17 Harmful Office of pesticides 

programs, 2000; 
Smyth et al., 1996M 

  42 Harmful Smyth et al., 1996M 
 IPA salt 38.6 Harmful Office of pesticides 

programs, 2000 
Chlorophyceae     
Scenedesmus obliquus 95% 55.9 Harmful Ma, 2002  
 Knockdown 80 Harmful Ermis & Demir, 2009 

Scenedesmus quadricauda 95% 70.5 Harmful Ma et al., 2003 
 IPA salt >>2.8  Peterson et al., 1994 
  7.2 Toxic Sáenz & Di Marzio, 

2009 
  9.02 Toxic Sáenz et al., 1997 
 Rondo 7.2 Toxic Sáenz et al.1997 
 Roundup 120  NC Sáenz & Di Marzio, 

2009 
Scenedesmus  acutus 97.5% 24.5 Harmful Vendrell, et al., 2009 
 IPA salt 10.2 Harmful Sáenz, et al., 1997 
  10.2 Harmful Sáenz & Di Marzio, 

2009 
 Rondo 9.08 Toxic Sáenz, et al., 1997 
Scenedesmus subscapitatus 97.5% 26 Harmful Vendrell et al., 2009 
 IPA salt 72.9 Harmful Tomlin, 1997 
Chlorella saccharophila 97.5% 40.6 Harmful Vendrell et al., 2009 

Chlorella vulgaris 97.5% 41.7 Harmful Vendrell et al., 2009 
 95% 4.7 Toxic Ma et al., 2002 
 IPA salt 13.1 Harmful Sáenz & Di Marzio, 

2009 
Chlorella pyrenoidosa 96.7% 590  NC Maule & Wright, 

1984 
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 Glyphosate 
formulation 

EC50 
(mg/L) 

European 
toxicity 

classification 
Reference 

 95% 3.5 Toxic Ma & Wang, 2002 
  3.5 Toxic Ma, 2002 
 Roundup 189 NC Hernando et al., 1989 
 NR 380 NC Anton et al., 1993 
 NR 1082 NC Anton et al., 1993 
Chlorella fusca NR 377 NC Faust et al.,  1993 
Chlorococcum hypnosporum 96.7% 68 Harmful Maule & Wright, 

1984 
Pseudokirchneriella 
subcapitata 1 

96.6% 12.5 Harmful Office of pesticide 
programs, 2000 

  13.8 Harmful Hughes, 1987c M 
  460 NC Smyth et al., 1995 M 
  485 NC Smyth et al., 1995 M 
  270 NC Cedergreen & 

Streibig,  
2005 

 95% 21.8 Harmful Bozeman & 
Koopman , 1989 

  129 NC Pereira et al., 2009 
 IPA salt 24.7 Harmful Tsui & Chu, 2003  
  41 Harmful Tsui & Chu, 2003  
 Roundup 5.8 Toxic Tsui & Chu, 2003  
  2.1 Toxic LISEC, 1989a M 
  8 Toxic LISEC, 1989a M  
  64.7 Harmful Cedergreen & 

Streibig, 2005 
 Spasor 71 Harmful Pereira et al., 2009 
 Sting 2.5 Toxic LISEC, 1989b M 
Cyanobacteria     
Microcystis aeruginosa Acid 110 NC López-Rodas et al., 

2007 
 NR 169** NC Forlani, 2008 
Anabaena sp. NR 338** NC Forlani, 2008 
Anabaena flos aquae 96.7% 304 NC Maule & Wright, 

1984  
 96.6% 11.7 Harmful Hughes, 1987aM 
 Acid 15 Harmful Smyth et al., 1996M 
Anabaena  varialis Acid 2 Toxic Hutber et al., 1979 
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 Glyphosate 
formulation 

EC50 
(mg/L) 

European 
toxicity 

classification 
Reference 

Aphanocapsa 6308 Acid 2 Toxic Hutber et al., 1979 
Aphanocapsa 6714 Acid 100 Harmful Hutber et al., 1979 
Nostoc sp. Acid 2 Toxic Hutber et al., 1979 
Nostoc punctiform NR 1183* NC Forlani, 2008 
Aphanizomenon flos-aquae IPA salt <2.85 Toxic to very 

toxic 
Peterson et al., 1994 

1 formerly, Selenastrum capricornutum; NR= not reported; >>= considerably more than; NC= no 
classification for this range; * estimation of EC50 value based on graph; M = unpublished studies 
performed by the Manufacturers (Monsanto, Zeneca, Malcolm Pirnie) 

Table 3. Overview of aquatic microorganism toxicity of various formulations of glyphosate  

All these toxicity tests are simple ways of assessing the direct impacts of glyphosate on 
freshwater microorganisms, but they cannot be used to assess the real impact of this 
compound on natural populations and communities in freshwater ecosystems. For this 
reason, many experimental studies have attempted to use complex communities. Two 
papers by Goldsborough & Brown (1988) and Austin et al. (1991) found that glyphosate had 
no major impact on periphyton communities. However, Austin et al. (1991) suggested that 
the degradation of glyphosate could increase the concentration of soluble phosphorus, and 
consequently increase the biomasses of the communities. Subsequently, Vera et al. (2010) 
showed that the periphytic colonization of substrata was delayed in Roundup-contaminated 
large mesocosms, and that this phenomenon could be attributed to a direct effect of the 
contaminant. In addition they showed that in periphyton communities Roundup produced 
a long-term shift in the typology and functioning of contaminated mesocosms, which was 
consistent with data available from natural lakes in the Argentine Pampas. Another recent 
paper by Pérez et al. (2007) has also demonstrated an impact of Roundup on the structure of 
the phytoplankton and periphyton communities, and more particularly a decrease in the 
total micro- and nanophytoplankton and an increase in picocyanobacteria. Moreover, they 
have shown that these changes are more likely to be due to a direct toxic effect of glyphosate 
rather than to an indirect effect via a phosphorus enrichment of the streams linked to the 
degradation of this compound. 
To conclude, herbicides containing glyphosate seem to have direct toxicological effects on 
non-target periphyton and phytoplankton communities in freshwater ecosystems, as well as 
indirect effects via the eutrophication potential of glyphosate degradation. These 
communities constitute the basis of food webs in these ecosystems, and so it would appear 
that glyphosate can potentially impact the overall functioning of freshwater ecosystems. 
This potential impact is reinforced by the fact that this compound is also known to be toxic 
for fish (e.g. Langiano & Martinez, 2008; Cavalcante et al., 2008), and could be involved in a 
trophic cascading process (Bengtsson et al., 2004). 

7. Conclusions 
As we have seen, a lot of data is available about the contamination of freshwater ecosystems 
by herbicides and also on the direct or indirect impact of these compounds on microbial 
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communities living in these ecosystems. These compounds appear to affect the structure 
and composition of these communities, and also the metabolism of the microorganisms 
involved. It is very difficult to evaluate the consequences of such changes on the whole 
functioning of freshwater ecosystems, but there can be no doubt that it is significantly 
affected by herbicide contamination, because microbial communities play a key role in these 
ecosystems. This impact is probably reinforced by the fact that freshwater ecosystems are 
simultaneously subjected to other selective pressures. For example, herbicide pollution is 
generally concomitant with pollution by mineral nutrients (phosphorus and nitrogen), 
which also influence the structure and the functioning of microbial communities. In the 
same way, even though only a small number of papers have been published on the topic, we 
know that climate change is already affecting aquatic microbial communities (e.g. Falkowski 
& Oliver, 2007; Jöhnk et al., 2008).  
The situation concerning herbicide contamination of freshwater ecosystems will change in 
the next few years, as a result of changes in agricultural practice. In a developed country like 
France, a drastic reduction of herbicide (50%) use is planned within a short time scale (<10 
years). The European community as a whole is also engaged in reducing the use of 
pesticides in agriculture. In contrast, demographic pressure and Biofuel production in some 
areas of the world, such as Asia and South America, are leading to increasingly intensive 
agricultural practices, and consequently to growing herbicide pollution of freshwater 
ecosystems. These divergent situations will probably result in sharply contrasting situations 
with regard to the herbicide pollution of aquatic ecosystems in these different regions. 
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1. Introduction    
Recent water quality inventories show that agricultural non-point source pollution (NPS) is 
the leading source of water quality impacts to surveyed rivers and lakes, and also a major 
contributor to groundwater contamination and wetlands degradation (Blankenberg et al. 
2006; Haarstad and Braskerud 2005; Bergstrom 2004; Thiere and Schulz 2004; Schreiber et al. 
2001; Huber et al. 2000; Luo and Zhang 2010).  
Pest management is one of the main scopes of pesticides usage, because more than 45% of 
annual food production is lost due to pest infestation. In particular, at tropical climates this 
is enhanced due to prevailing high temperature and humidity. However, the sporadic use 
has been leading to significant consequences not only to public health but also to food 
quality resulting in an impact load on the environment and hence the development of pest 
resistance (Giupponi and Rosato 1999; Luo and Zhang 2010) 
Through overuse, misuse and losses due to the inappropriate application of pesticides there 
is considerable waste contributing to the environmental burden (Li et al. 2006; Giupponi and 
Rosato 1999; Hu et al. 2010; Marco and Kishimba 2007; Luo and Zhang 2010). It is well 
known that most of the applied pesticides are subject to many transport and conversion 
processes. Thus, they do not remain at their target site but often enter aquatic environments 
via soil percolation, air drift or surface run-off, affecting abundance and diversity of non-
target species, producing complex effects on the ecosystems and, altering trophic 
interactions (Islam and Tanaka, 2004). Pesticides overuse also destroys the healthy pool of 
bio-control agents that normally co-exist with the vegetation. Simultaneously, some soil 
biological functions such as the bioavailability of nutrients and organic matter 
decomposition could also be altered (Hendrix 1996; Guo et al. 2009). For instance, the 
herbicides can influence soil microbial biomass carbon (MBC) and metabolic quotient (qCO), 
variables directly related to soil quality (Reis et al. 2009). In addition, agrochemical 
application on soybean shoots affects the activity of soil microorganisms in the plant 
rhizosphere (Reis et al. 2009).  
The bulk of pesticides worldwide used is herbicides and there is almost no knowledge of 
their impact on potential non-target plant species, especially rare or endemic species 
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(McLaughlin and Mineau 1995). For example, granular insecticides such as carbofuran are 
very efficient at killing a large proportion of the songbird population breeding on the edge 
of fields where they are applied (De Silva et al. 2010; Tataruch et al. 1998).   
These compounds affect the whole ecosystem by entering into the food chain and polluting 
the soil, air, ground and surface water. As an immediate consequence, humans are exposed 
to pesticides found in the media. These come to human contact by different routes of 
exposure such as inhalation, ingestion and dermal contact. As is widely stated, recent and 
chronic pesticides residues are being detected in child blood, human adipose tissue and 
breast milk (Perez-Maldonado et al. 2010; Waliszewski et al. 2010; Waliszewski et al. 2009; 
Wang et al. 2009; Lopez-Espinosa et al. 2008; Ntow et al. 2008). These exposures could 
ultimately result in acute and chronic health problems, increasing the incidence of cancer, 
chronic kidney diseases, suppression of the immune system, sterility among males and 
females, endocrine disorders, neurological and behavioral disorders, especially among 
children, have been attributed to chronic pesticide poisoning (Gbaruko et al. 2009; Lin et al. 
2009; Casabe et al. 2007; Bila and Dezotti 2007; Aronson et al. 2010; Panegyres et al. 2010; 
Rull et al. 2009; Silva and Gammon 2009). 
As an agricultural country, Argentina was estimated from 26 to 30 million hm2 of farmland 
using pesticides in the period 2005-2008. It is stated that during pesticides application, up to 
30-50% of the applied amount can be lost to the air. Assuming an average dose of a 4.3 
kg.hm-1, the amount of pesticides used range between 112 to 129 million Kg with losses to 
the environment ranging from 33.6 to 64.5 million Kg per year (this means a minimum of 
about 1 Kg of pesticide in the environment per habitant). In addition, this estimate is not 
considering that the number of treatments has increased in the last decade, with 66% of the 
cropped area using two or more herbicide types, and 80% using two or more insecticides 
during treatment.  
To sum up, the existing evidence arguments in favour of revising and restructuring the 
national agriculture policy and monitoring programs. As a first step, this chapter will 
discuss some elements of the Argentinean agricultural practices and policies, and then it 
will focus in reviewing pesticides’ occurrence in the environment. 

2. Country and agricultural practices 
The Argentinean Republic is a country with a total area of 3.761.274 Km2, including 964.000 
Km2 of islands and Antarctic lands. Its population was of 36.260.130 inhabitants in 2001 (the 
year of the last census), with an average density of 13 inhab/km2. Despite this, 46% of the 
population is located around the country’s capital city, Buenos Aires. Argentina reaches up 
to 89.9% of urban population. 77% of housing has access to drinking water through the 
national network and 59% of people have social medical insurance. The % of literacy is up to 
97.8% (older than ten years) and about 34% complete a secondary education (12 years). The 
last census also showed 14.3% of homes below the line of poverty (Health Ministry, 
Argentina, 2003). 
The combination of adequate temperatures, soil richness and rainfalls provides, as a 
consequence, top quality lands for agricultural use. The permanent population growth 
causes an increase on natural resources pressure that conduces to an overexploitation of 
them. By 2002, the country counted with 332.057 agricultural exploitations (AE), including 
an area of about 172.105.798 Ha. The major area was sowed with cereal and oilseeds. AE`s 
population reached up to 1.447.365, mainly constituted of workers. 
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About the pesticides regulation in Argentina, the government implemented the Rotterdam 
Convention by the year 2000. The Convention regulates the import and export of certain 
hazardous chemicals and pesticides. It is based on the fundamental principle of Prior 
Informed Consent (PIC), meaning that under the Convention, a chemical listed in the 
Convention may only be exported with the importer's prior consent. The Convention 
establishes a procedure to disseminate the decisions taken by the importing countries, thus 
implementing the PIC principle in the international trade in chemicals. It contains 
provisions requesting detailed information on the chemicals so that these decisions may be 
taken once data are available on the properties and the incidence of these products in 
particular on human health and the environment. 
By the date of this convention, Argentina already had several pesticide regulations’ laws. As 
a result, the Rotterdam Convention did not prohibit additional pesticides. The present 
existing regulation for pesticides in Argentina is summarized in Table 1. 
Statistics reveals that the pesticide’s usage is well regulated by different government offices, 
upon the destination by which they are registered in the National Phytosanitary Pesticides’ 
Registry. In general, the province legislations agree with the national directives, however 
there are a few provinces and cities which run their own and independent registry. This 
reflects a kind of incoherence in the current legislation. 
About pesticide’s toxicological information, there are 21 Toxicological Assistance Centers in 
Argentina, offering several information services pointed to prevention, diagnosis and 
poisoning treatments. Since 1999, it was established a unique Registry of Toxicological 
Statistics, established in agreement with the INTOX Project of the International Programme 
Chemical Safety of the United Nations. 

3. Country economy and probable agriculture evolution 
The agriculture participation in the Gross Domestic Product (GDP) for 2002 was about 6 %. 
Inside this contribution area, the agriculture was the highest contributor (63%), followed by 
stockbreeding (31%). The sector’s evolution estimation is of continuous growth (in 
magnitude of sowed surface and crops), about 16% by the end of 2010 and 9% by 2016. The 
estimated production for 2010 reaches 100 millions of Tons, and is expected to grow up to 
150 millions in five years. These projections define a strong agriculture sector, which 
represents country wealth but also an environment threat. 

3.1 Evolution of the pesticides’ market 
Pesticide use has increased dramatically over the last four decades to an estimated 2.59 x 109 
kg of active ingredient used globally during1995 (Golfinopoulos et al. 2003). The gradual 
change in Argentina towards modern and intensive agricultural activities has led to an 
increase in the use of pesticides (Figure 1). Between the years 1994 and 2002 there was a 
130% increase in the consumption of phytosanitary products, from 80 to almost 180 million 
liters (Miglioranza et al. 2003a). The physical volume commercialized during the present 
decade was about three times from the 90’s, with a drastic increase in consumables for 
Glyphosate (N-(phosphonomethyl) glycine), a broad-spectrum systemic herbicide used to 
kill weeds, especially perennials, in particular for soybean cultivation by direct sowing. 
In Argentina, the major pesticide class is Herbicides (commonly known as a weedkillers; 
substances used to kill unwanted plants). During 2006, 71% of the pesticides’ market was 
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Table1. Restricted Pesticides in Argentina (adapted from information provided by the 
Health Ministry of Argentina, García et al., 2003). 
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Fig. 1. Evolution of the Argentinean pesticides market (data from the Argentinean House of 
Agricultural and Livestock Health and Fertilizers)   

dominated by herbicides, in particular by Glyphosate (46%), the principal herbicide used in 
the soybean cultivation (Figure 2). 
Apart from these, there is another item hard to document: the illegal commercialization of 
pesticides. One of the documents delivered by the National Program of Chemical risks 
(Health Ministry, Argentina) identified the following compounds as the main products of 
this commerce: Pentachlorophenol, Parathión, DDTs, HCHs and Daminozide (Alar, Kylar, 
B-NINE, DMASA, SADH, B 995), a plant growth regulator usually sprayed on fruits (in 
Argentina for apples and pears) to regulate their growth, make their harvest easier, and 
enhance their color. 
 

 
Fig. 2. Distribution of the Argentinean pesticides market for the year 2006 (data from the 
Argentinean House of Agricultural and Livestock Health and Fertilizers)   

4. Factors affecting the application of pesticides 
The technology used for their application is a critical factor when considering waste of 
pesticides and unnecessary environmental contamination. The design of nozzles is one of 
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the major variables that could save up to 70% of pesticides compared to usual farmer’s 
practice (Mathews, 1998).  Although the Argentinean pesticide spraying systems do not use 
droplet size < 200 um -avoiding much of the airborne drifting-, pesticide application 
management usually relies on farmers personal decisions, with scarce regulatory control. 
Farmers and sprayers equipment operators still have wrong notion that high volumes, high 
pressure and high doses being perceived as the most appropriate ways for pesticide 
application (Abilash & Singh, 2009). In the pest’s chemical control, the traditional method use 
nozzles of high volume rates, which require great volume of water to reach to the dripping 
point. Nozzles are normally not replaced and are even enlarged on purpose to achieve higher 
flow rates. The distribution patterns under these conditions are uneven; leaving sections with 
no pesticide coverage and others receiving overdoses  (Mathews, 1998). 
The common factors which alter pesticides efficiency, in particular in non industrialized 
producers are: 
- Nozzles’ poor calibration. Usually the equipment is inappropriate or obsolete. 
- Inappropriate tractor speed which is reflected in unsatisfactory turbine’s air volumes 

and pulverized water. 
- Late or inadequate fruit pruning which facilitates infestation (in fruit production). 
- Inadequate choice of the treatment opportunity time. This reflects ignorance of the 

pest’s biology. 
- Poor weather conditions: weather plays a major factor in affecting timing decisions; 

these conditions also play a significant role in the occurrence of spray drift. This is a 
major concern because it diverts the pesticide from the intended target, reduces efficacy, 
and deposits pesticide where it is not needed or wanted. The factors influencing spray 
drift contamination are: operating pressure, nozzle, type, orientation, orifice size, wind 
speed, wind direction, temperature, relative humidity and atmospheric stability. When 
a pesticide drifts, it may cause both environmental and economic damage through 
injury to susceptible vegetation, harm to wildlife, deposition of illegal residues on 
crops, and contamination of water supplies.  

- Inadequate choice of the pesticide product in order to the target pest or absence of new 
pesticides application after precipitations events 

Advanced producers are less affected by the abovementioned factors. Many of them use 
control techniques based on sanitary, environmental and economic criteria; in e.g., the 
sexual confusion of the Carpocapsa pest technique. These producers have integrative 
corporations that include many steps of the production process or are close-related to export 
agents. These conditions put them in the center of the commercial scenario, in a way that 
pesticides control and regulations must be thoroughly observed. 
However, recent projections of several agriculture and livestock trend researchers for one of 
the most important agriculture regions (Alto Valle, Argentina, Huerga & San Juan, 2004) 
point that about 5% of crops are performed under “organic” practices (no pesticides usage), 
10% under EUREGAP25 practices (=EURE Good Agricultural Practics), 45% under direct 
responsibility of the exporting corporation -with own protocols- and 40% with no particular 
system. 

5. Potential risks of inappropriate pesticides’ usage 
There are at least three potentially dangerous items to consider about pest control: 
1. Farm worker and rural population intoxications  
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2. Food contamination 
3. Environment and natural resources contamination. 
At present, is feasible to avoid these negative effects of pest controlling by regulation, 
control, education and technological assistance of the producer, executed by both, particular 
producers and government agents. However, in Argentina, this is hardly achieved and 
serious risk situations for producers, farms and food consumers are widely observed. 
Problems are well identified, so as well solutions, then, key questions arise: Why solutions 
are not applied? Who should be the main funding agent for these secure practices? 
The last Agriculture and livestock census in 2002 showed that only 40% of farms were doing 
pest monitoring and only 10% accurately protecting their workers (Table 2). A key factor for 
the inclusion of good agricultural practices is the socioeconomic condition of the farm. For 
example, in the Alto Valle is clearly observed the two scenarios: worked land and 
abandoned scrubland. The last one usually belongs to low socioeconomic producers stroked 
by the 2002 crisis. Scrublands are then normal pest reservoirs, which diminish the results of 
the pest control efforts. A second commonly found scenario is traditionally hand-worked 
farms, which result inappropriate for pesticides’ modern application techniques (Huerga & 
San Juan, 2004). As a result, the low socioeconomic condition of many farms affects the 
whole group of producers, including the ones who adopted good agricultural practices 
(GAPs). 
 

 
Table 2. Good Agricultural Practices for Pest Control. Data from the Agriculture and 
Livestock breeding National Census (2002), adapted from the Agriculture Zonal Study, 
Huerga & San Juan, 2004. 

Farm worker, rural population intoxications and pesticide food contamination are away of 
the scope of this chapter. However these risks are close linked to the environment pollution. 
There are two major pathways for pesticides reaching the environment: 
1. Accidental spills, as punctual sources, generally registered in farm lands but can also 

occur away from rural environments (acute incidents, generally characterized as point 
source pollutions).  
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2. Continuous spills in lower concentrations due to pesticides applications to sowed land 
etc (chronic releases to the environment, generally characterized as non-point source 
pollution). 

The following section deals with scientifically documented occurrence of pesticides in 
environmental compartments of Argentina, as a result of the abovementioned sources. 

6. Pesticides reaching Argentinean environments  
6.1 Water 
Most of the Earth’s living resources are found in specific geographical locations such as the 
global coastal environment and the catchment basins of large river systems. Furthermore, 
more than 3 billion people live in close proximity to these regions and are dependent upon it 
for either part or much of their food supply and industrial raw materials (Moore et al. 2004). 
The consequence of this situation is that much of the industrial, domestic and agricultural 
wastes are ultimately transported into aquatic environments, generating ecosystem changes 
and habitat destruction. These environments are of the greatest biological and economic 
significance and are quite likely to impact on human life’s quality. In Argentina, the POPs 
environmental monitoring data is usually related to densely populated areas along the 
major rivers such as the Río de la Plata, Paraná and Reconquista. The bulk of this 
information relates to freshwater environments, in detriment of coastal marine areas, which 
have historically received less attention. There is a general lack of large-scale regional water 
monitoring programs in the country. Further, only potentially contaminated ecosystems are 
usually monitored. Scarce multidisciplinary approaches considering simultaneous 
evaluation of a number of factors and processes are found in the country; in fact, the historic 
freshwater quality monitoring has been developed on water chemistry and bacteriology, 
with measurements of only the main variables required for the determination of quality 
indexes (Salibián, 2006). 

6.1.1 De la Plata River 
De la Plata river is an international river (Buenos Aires province), which is part of the second 
largest hydro geographic system of South America, after the Amazon, and the fifth largest in 
the world. It covers an area of about 38,800 km2 and drain a 3,170,000 km2 basin. It is 
situated on the East coast of the country, delimited by Argentina and Uruguay. The tidal 
river is used for commercial fishing, angling, shipping to and from several mayor ports, 
recreation and tourism, especially along the sandy north shore. The waters of the river are a 
depository for many raw wastes and effluents from industries, cites and towns, and from 
the disposal of dredging spoils. Extensive chemical and physical pressures occur on this 
river, the same as other estuarial systems surrounded by cities and industries (Kurucz et al. 
1998). In 1991, Janiot et al. observed the presence of six chlorinated pesticides (alpha, gamma 
and delta hexachlorociclohexane (HCH), heptachlor-epoxide, p,p'DDE and p,p'DDD) in 
sixteen water samples (water and suspended material) from the South shore and along a 
transect in the outer boundary of the river. Levels were higher near the coast, indicating the 
HCHs as the most frequent isomers. As levels decreased with increasing shoreline’s 
distance, the observed distribution supported the hypothesis of a dilution effect in the river 
as a whole. More recent studies at the South coastal shoreline, showed that high 
concentrations of chlorinated pesticides (Mirex, Lindane (γHCH), Dieldrin, Aldrin, etc.; 6,8-
80 ng/L) in the water column were limited to the mix areas of discharge and tributaries 
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(FREPLATA. 2004). A similar behavior was previously observed in the discharge area of Río 
Santiago River (a highly industrialized -8 km long- tributary of De La Plata River); however, 
this spot was influenced by the discharge of other tributary, which receives chronic inputs 
from one of the major petrochemical complexes of the area. Relatively high organochlorine 
levels were also detected at coastal sampling stations from La Plata Harbor. The release of 
hydrophobic organochlorines from sediments disturbed by dredging and ship transit could 
have contributed to the high values of this place. As well as Janiot et al., this study pointed 
γHCH as dominant in the dissolved phase which was widely detected, in concentrations 
ranging between 0.9 and 61 ng/L (Colombo et al., 1990). In the same work, an hexachloro 
component of technical Chlordane was also detected at several stations in relatively high 
levels (0.4-28 ng/L). On the contrary, other chlorinated pesticides showed lower levels or 
were under the detection limit at several stations.  
Geographically moving to the south, at the outer zone of de la Plata River’s Estuary is located 
the Samborombón Bay and the maritime front (Atlantic Ocean). The available information at 
these sites showed that, unless some punctual exceptions, pesticides in the water column 
were moderate to low (1.8±2.7 ng/L), away from the maximum limits suggested for the 
protection of the biota. Again, γHCH was the most frequent compound; however it was 
under the guide value in all cases (FREPLATA. 2004). 
More than the 97% of the total water in De La Plata River comes from Paraná and Uruguay 
rivers. 2004 monitoring surveys showed that the contribution of organochlorinated and 
organophosphorous pesticides, PCBs and PAHs from these rivers were of little significance, 
as their concentrations in water were under the detection limits of the used techniques. Only 
PCBs were detected in a station near Paraná de las Palmas (46 ng/L, FREPLATA. 2004). In 
general, chlorinated pesticides occurred at very low concentration in water samples 
collected along the Uruguay River. As in De La Plata River, HCH isomers were the most 
commonly detected compounds, with concentrations ranging from the detection limits to 10 
ng/L. Heptachlor, Heptachlor-epoxide, Aldrin, Dieldrin, p-p´DDE and p-p´DDT were 
occasionally encountered while o-p´DDE, p-p´DDD, o-p´DDD and o-p´DDT were never 
detected (Janiot et al. 1994).  
In the lower Paraná River’s Delta the concentrations of chlorinated pesticides in water were 
low and similar between sites (3.9±5.1 ng/L), as informed by Cataldo el al. in 2001. In this 
survey, γHCH accounted for 45-63% of total chlorinated pesticides, reflecting the relatively 
high water solubility of this chemical (7 ppm). Pollutant concentrations followed a clear 
geographic pattern with the highest values in the densely populated area of the Reconquista 
and Luján Rivers, lower levels in the San Antonio, and lowest loadings in the remote Paraná 
de las Palmas River. This gradient adequately matched the pattern of mortality rates of the 
mollusk Corbícula flumínea, which were highest in the Reconquista-Luján Rivers (40 ± 93%) 
and lowest (and not significantly different from the control) in the Paraná River (3.3 ± 23%). 

6.1.2 Reconquista River 
The Reconquista River is a typical lowland watercourse located at the Buenos Aires 
Province. More than 3 million people (10% of the population of the country) are settled on 
its basin. It is located in a temperate subtropical region, crossing what is known as the 
Pampa Region, sedimentary, flat in topography, with a total surface of 167,000 Ha and 50 
km in length. It flows into the Luján River. For over a century, complex mixtures of 
domestic, agricultural, industrial solids and liquid wastes (mostly untreated) have been 
dumped in the river, which has thus become a typical example of the adverse impact of 
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human activities on the health of aquatic environments (Salibián, 2006). For instance, 
Rovedatti et al. indicated that over 60 samples analyzed 35% presented organochlorine 
pesticides in a concentration greater than 0.1µg/L (2001). On the opposite, in the same study 
organophosphates were found in no case, possibly due to their low persistence because of 
their short half-lives in aquatic environments. Some of the detected compounds were DDT 
and its metabolite DDE, γ-Chlordane, Heptachlor and HCH isomers. They did not find 
temporal or spatial trends and there was not a relationship between the time of samplings 
and the fumigation season for farming purposes. At all locations, pesticides levels were 
found to be between 40 and 400 times higher than the legal limits established for protection 
of aquatic life. Recently, new studies demonstrated the effects of poor water quality and 
environmental deterioration on biomarkers of native fishes species, however in that paper, 
organochlorine compounds were not found in the water samples (de la Torre, 2007). This 
fact could be explained due to the low water solubility of organo-halogenated compounds, 
however, it was clearly documented the occurrence of the “hit and run” effect:  although the 
xenobiotic is not present, it is possible to measure its effects in biota. 

6.1.3 Pergamino-Arrecifes system  
Soybean production in Argentina has increased over the last decade, currently with 
10,000,000 hectares of sowed land. A total of 95% of this area corresponds to a transgenic 
variety of glyphosate tolerant soybean, which is cultivated by direct sowing (Pengue, 2005). 
Recent monitoring surveys showed that the levels of glyphosate in water, from a transgenic 
soybean cultivation area located near to tributaries streams of the Pergamino-Arrecifes system 
in the north of the province of Buenos Aires, ranged from 0.10 to 0.70 mg/L (Peruzzo et al. 
2008). The authors concluded that temporal variation of glyphosate levels depended directly 
on the time of application and the rain events. This emerges as a documented example of 
pesticides reaching the environment as a consequence of inappropriate agriculture practices. 
There is scarce available information about pesticides pollution for other regions of 
Argentina. In the Central and Midwest region of the country (i.e.; San Juan and San Luis 
provinces), on account of the intense agricultural activity near the rivers that drain the 
region, the presence of high pesticides’ concentrations is likely to occur.  
In 2003, Baudino et al. performed a survey at San Juan and after analyzing the overall mean 
value for the concentration of OCs in water sources, only βHCH (6.556 µg/L) and Dieldrin 
(5.354 µg/L) were above the maximum permissible value recommended by international 
organizations (E. C. Council Directive 1980). The authors concluded that the San Juan River 
basin was the most contaminated area, possibly due to the higher population density, larger 
cultivated area and industrial complexes. 
In San Luis province, water samples coming from agricultural-livestock areas principally 
indicated an homogeneous distribution of the pesticides found in the area with a clear 
predominance of HCH isomers and DDT analogs over chlorodines. A prevalence of 4, 4-
DDE was observed, suggesting old DDT inputs. Further, this was corroborated by local 
farmers (Luco et al. 1992), as DDT was a common pesticide in the past. 
At the South region of the country (i.e.; Río Negro province), organochlorinated and 
organophosphorous pesticides have also been detected. Monitoring stations located at 
Negro River basin’s origin, confluence of Limay and Neuquén Rivers, detected the presence 
of α-HCH, γ-HCH and Parathion, but in non toxic concentrations for aquatic biota. DDT and 
metabolites have also been detected but in much less quantity (Natale et al., 1995). Added to 
this, near this region, ground water samples from fruit production farms belonging to the 
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Valley of Neuquen River frequently showed organophosphorus pesticides levels that 
exceeded the acute toxicity risk ratios for aquatic life protection (Loewy et al. 2003). It was 
found that some pesticides, as Azinphos methyl, had a high detection frequency - 66% of the 
samples- with concentrations varying from non detectable to 48.9 ppb. Dimethoate, 
Metidathion and Phosmet were also detected but in less frequency and values. Finally, these 
authors found that pesticides in ground water samples followed seasonal variations and 
temporal trends. 

6.2 Sediments 
Regional POP information for sediments is also dominated by chlorinated pesticides. 
Overall, as observed for waters, sediment data indicates a complex situation in densely 
populated areas affected by urban-industrial inputs. The applied pesticides can be 
transported through surface runoff, leaching, and vapor phase and generally, estuarine and 
marine sediments are the temporary or long-term ultimate sinks for most of OCs. 
Consequently, these sediments act later as secondary sources of these substances reaching 
the ocean and biota. The most frequently reported POPs are DDTs, HCHs, PCBs, and 
heptachlors, however, concentrations show a large variability.  
The FREPLATA 2004 program showed the occurrence of pesticides in sediments from the 
discharge of De la Plata River basin. The organochlorines’ levels were around 1.9±3.84 ng/g. 
In the middle and external area of the river, the concentration was under the detection limit 
of the method. Contrarily, on the South coast of this river, the values of toxic compounds 
were higher than the levels suggested for the protection of aquatic biota. It was found that 
pesticide levels diminished by distance from coast line and from tributaries discharge’s sites.  
Similarly, littoral affluents between De La Plata River and Necochea City showed 
concentratios of 3.1±6.5 ng/g, with maximum values of 12-31 ng/g in Atalaya and Mar del 
Plata harbor. In general Chlordane, DDT and its derivates predominated among OCs.  
In 2001, pesticides monitoring in the Reconquista and Luján Rivers showed levels around 
2.8±3.9 ng/g, being the trans-Chlordane the most abundant (Cataldo el a., 2001). As 
previously shown in sediments sampled from De la Plata River (Colombo et al., 1990), the 
abundance of DDD and DDE, relative to the parent compound, indicated that DDT was 
being readily metabolized in the sediments.  
As expected by anthropogenic pressure, the highest loadings of pollutants occurred in areas 
located closer to the urbanized area, decreasing toward the more remote sites. The same 
behavior -as abovementioned for water- was observed in Corbicula fluminea mortality. As 
expected for hydrophobic substances, all sediment samples were enriched in organic 
contaminants relative to water, then, in agreement with their highest pollution levels the 
strongest toxicity responses were obtained with them (Cataldo et al., 2001). 
In relation with organophosphorus pesticides, levels of Glyphosate in sediment and soils 
from a transgenic soybean cultivation area located near to tributaries streams of the 
Pergamino-Arrecifes system in the north of the Buenos Aires’ province were between 0.5 
and 5.0 mg/Kg (Peruzzo et al. 2008). 
Results from two creeks of the Southeast Argentina region showed similar total OCs 
concentrations in sediments, in the range from 6 to 25 ng/g (dry wt.), being below the 
sediment quality criteria demanded for wildlife protection. ΣEndosulfans, ΣDDTs and 
ΣChlordanes were the main OCs’ group, with Endosulfan sulfate being the most frequent 
and abundant compound. The predominance of metabolites with respect to parent 
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compounds suggested a contamination mainly by runoff from aged and weathered 
agricultural soils (Miglioranza et al. 2004). The latter shows another clue about pesticides 
inputs to the environment due to inappropriate application practices. 
Moving toward the south, the Southwest coastal area of Buenos Aires province presented 
total OCs levels from non-detectable to 166.5 ng/g (d.w.) (Menone et al. 2001; Arias et al. 
2010). In example, in terms of average concentration, the major pesticides detected in 
sediments from Bahía Blanca Estuary were Mirex > Heptachlor-epoxide > Metoxychlor > δ-
HCH > Endosulfan I > α-HCH > Heptachlor > DDE > DDD (Arias et al. 2010). 
Macroinvertebrate bioturbation affects the fate and partitioning of sediment-bound 
contaminants in sediment profiles, pore water and the water column. These factors increase 
the rate of important physicochemical processes that occur at the sediment-water interface 
such as diffusion, desorption, degradation, and resuspension of organic and inorganic 
compounds (Ciarelli et al. 2000). The burrowing crab, Neohelice granulata, is a bioturbator 
widely distributed in SW Atlantic estuaries. These crabs inhabit almost all the zones of the 
intertidal, the soft bare sediment flats and the lower salt marsh zones (Iribarne et al. 1997). 
Crab beds act as sinks for OC pesticides in SW Atlantic coastal environments. Sediments 
from these sites from the northeastern of the country exhibited total OC pesticide 
concentrations in the order of other Argentinean coastal environments (Menone et al. 2000; 
Menone et al. 2004). β- and γ-isomers of Hexachlorocyclohexane, γ-Chlordane, Dieldrin and 
p,p-DDE were the dominant OC pesticides detected in all sediment samples, while Aldrin, 
Metoxichlor and p,p´-DDD were below the detection limits (Menone et al. 2006). 

6.3 Soils   
Extensive agricultural practices can cause soils’ degradation by means of hydric and wind 
erosion, structure deterioration, salinization, fertility diminution and desertification. 
Moreover, soils are natural sinks for persistent and lipophilic compounds that strongly 
adsorb to organic carbon and remain relatively immobile in this reservoir. Pollutants enter 
the soil either by deposition from air, drift or by washing-off from plant surface during 
rainfall or irrigation. The proportion of applied pesticide reaching the target pest has been 
found to be less than 0.3%, thus leaving over 99% elsewhere in the environment (Pimentel 
1995). POP monitoring in soils is also limited within the region. There are no regional 
monitoring programs, and most data refer to agricultural areas. 
Agricultural soils in the Southeastern region of Argentina could be an important source (if 
not the major) for OC pesticides. In 2003, the highest values for OCs (656.1 ng/g d.w.) were 
found in the most superficial layers of soil, even though at sites which have never received 
direct OCs application (Miglioranza et al., 2003). At sowing lands, OCs levels were of 30.19 
ng/g dry wt in the surface horizon. The pattern of OCs distribution was similar at all 
sampled soils, with DDT and metabolites > HCHs > Heptachlor > Chlordanes. In this work 
the authors concluded that volatilization could have been one of the major causes of 
pesticide loss from the sowing target area, due to inappropriate management practices 
(Miglioranza et al. 2003b).  
In the same geographical area, other researchers found that total OCs levels in soil from 
conventional farm were greater than those from organic farm, but with the same 
distribution pattern - DDT and derivatives as the major compounds- (Gonzalez et al. 2005).  
In 2005 Andrade et al. studied the concentrations of organochlorine and organophosphorus 
pesticides in soils from the South of Buenos Aires province. Results showed that the 
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horticulture dedicated soils contained higher pesticide levels than the wheat, soybean and 
sunflower dedicated ones. This fact probably reflected the differences in soil management 
according to the different crops. The studied soils contained DDT and their metabolites, 
Heptachlor-epoxide, Dieldrin, Endrin, Lindane, Malathion and Parathion. In the same study 
the authors concluded that the soil pesticide accumulation was principally due to the age 
and persistence in the application of these products (Andrade et al. 2005). 
Concentrations of OCs in the Patagonia region are of importance on account of their massive 
past and/or present use in fruits and vegetable production. Recent studies showed that 
levels in Río Negro Valley reached up to 492 ng/g and 3.43 ng/g for DDTs and 
Endosulphanes, respectively (Mitton et al., 2010). The authors found that in different 
vegetables and fruit plants of this region, OCs were more abundant in the roots than in the 
aerial parts. In this way, they demonstrated the translocation of toxic compounds from the 
soils and the capacity of plants for bioaccumulating highly hydrophobic compounds. 

6.4 Air   
POPs monitoring in air as well as studies about volatilization of persistent pollutant from 
the sowed land are scarce in Argentina. Stronger efforts have to be made in this research 
discipline in order to test the volatilization/air drift and atmospheric transport from other 
matrices. 

6.5 Biota 
Available data on POPs in Argentina for both aquatic and terrestrial animals is poor when 
comparing to other regions of the world. Among this information, aquatic organisms are by 
far the most studied organisms; in special bivalves and fish are the preferred ones. In 
Argentina, the most comprehensive program of POP monitoring in coastal organisms was the 
global Mussel Watch (Farrington and Tripp 1995). In this monitoring, the highest levels of 
POPs were obtained in mussels from the coastal Hudson City (southern Buenos Aires 
province). On the one hand, among the reported POPs, PCBs dominated, followed by 
Chlordanes and DDTs. On the other hand, in 2006,  Endosulfan sulfate, Chlordanes, HCH 
isomers and DDT compounds dominated in tissues and ingested food of fish (Cynoscion 
guatucupa), from Bahía Blanca Estuary (Lanfranchi et al., 2006). These authors also identified α-
Chlordane, Heptachlor and p,p´-DDE as the major bioaccumulated and biomagnified OCs. 
Recent studies in birds from the arid-semiarid Midwest region of Argentina showed the 
presence of several OCs in fat tissue [ΣHCH range: ND to 3168.41 ng/g fat, ΣCHL range: 
ND to 4961.66 ng/g fat, ΣALD range: 287.07 to 9161.70 ng/g fat, ΣDDT range: 1068.98 to 
6479.84 ng/g fat] with the exception of p,p′-DDT. Total OCs concentration in all bird species 
ranged from 2684.91 to 19231.91 ng/g fat (Cid et al. 2007). This point to an immediate threat, 
since in a previous study, Gil et al. indicated concentration of pesticides under the detection 
limit of the method at Patagonia coasts, corresponding the higher value for pp´-DDE. In the 
same study, the concentration in mammals did not exceed 0.1 mg/L (Gil et al., 1997). 

7. Conclusions 
About the regulatory point of view, Argentina’s government implemented the Rotterdam 
Convention by the year 2000. Despite this, by the date of this convention, Argentina already 
had several pesticide regulations’ laws. This reflects a strong national regulatory framework, 
however, there are a few provinces and cities which run their own and independent registry 
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and regulations. This reflects a kind of incoherence in the current legislation. Added to this, 
some of the more severely regulated pesticides have been identified as main compounds in 
the illegal trade-market (Pentachlorophenol, Parathión, DDTs, HCHs and Daminozide) and 
in environmental samples. 
About Good Agricultural Practices’s adoption, although many steps have been taken, 
Argentina still has a long way to cover. As a matter of fact, recent projections of several 
agriculture and livestock trend researchers for one of the most industrialized agriculture 
regions showed up to 40% of the producers with no particular system of Agricultural 
practices. 
According to the environmental point of view, the most relevant problems with pesticides 
arise from the improper use, disposal, and maintenance of the available stock. The discharge 
of untreated effluents throughout the whole region is recognized as a major input pathway 
of POPs into the environment. There is enough scientific information to conclude that 
pesticides are extensively reaching the environment, with levels in some compartments 
exceeding the permitted values to protect wildlife. These levels include several already 
banned pesticides. 
It came clear that POP’s survey, inventory and monitoring are still poorly developed in the 
country. Argentina lacks of routine monitoring programs and most of the available data 
were generated by punctual studies in urbanized areas. The bulk of the information 
corresponded to aquatic animals, waters and sediments, with scarce information regarding 
soils and atmosphere. Finally, it is recommended the consideration of the actual relevance of 
atmospheric transport of pesticides, since they were usually identified in pristine regions or 
geographically distant areas from the pesticides application points. 
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1. Introduction 
Pesticide contamination of river and lake waters from agriculture use is a problem of 
worldwide importance. Many field data on the pesticide contamination of surface waters and 
aquatic organisms in rivers and lakes (Amaraneri & Pillala, 2001, Abdel-Halim et al., 2006; 
Agradi et al., 2000; California Environmental Protection Agency, 2002; California Regional 
Water Quality Control Board, 2002; California State Water Resources Control Board, 2002; 
Domagalski, 1996; 1997; Environment Canada, 2002; Ganapathy et al., 1997; Gfrerer et al., 
2002a; 2002b; Harman-Fetcho et al., 1999; Hall, 2003; Laabs et al., 2002; Lekkas et al., 2004; 
Leong et al., 2007; Mansour et al., 2001; Mansour & Sidky, 2003; McConnell et al., 2004; Oros et 
al., 2003; Rovedatti et al., 2001; Struger et al., 2004; Sudo et al., 2002a; 2002b; 2004; Tanabe et al., 
2001; Tsuda et al., 1996a; 1997a; 1998; 1999; Vitanov et al., 2003; Washington State Department 
of Ecology, 1999; 2000) have been reported in the world. 
This chapter consisted of (1) Field surveys on pesticide contaminations in rivers and lakes, 
(2) Bioconcentration of pesticides in the field fish (3) Bioconcentration of pesticides in fish by 
laboratory experiments (4) Evaluation of the pesticide contamination in the field fish by 
their laboratory bioconcentration potential data 
1. Diazinon, fenitrothion, malathion and fenthion were selected as insecticides and 

atrazine, simazine, simetryn, molinate and benthiocarb, mefenacet and pretilachlor as 
herbicides. Surveys on the contamination of the 4 insecticides (Abdel-Halim et al., 2006; 
Ministry of the Environment, Japan, 2001; Mansour & Sidky, 2003; Ohtsuki, 1994; 
Tsuda et al., 1992a; 1994; 1998; 2009) and the 7 herbicides (Chiba Prefecture, 2002; 
2003; Kanagawa Prefecture, 2000; 2001; Ministry of the Environment, Japan, 1993; 1999; 
Takino et al., 1998; Tsuda et al., 1996a; 1997a; 2009; Watanugi et al., 1993) in water and 
fish from rivers and lakes in the world were reviewed from literatures in the past.  

2. Bioconcentration factor (BCF) of each 11 pesticide in the field fish was calculated as its 
bioconcentration potential from the data on the pesticide concentration in the water and 
fish from the rivers and lakes in the world. 

3. Laboratory BCF data of the 11 pesticides in fresh-water fish were reviewed from 
literatures in the past for the 4 insecticides (Allison & Hermanutz, 1977; De Bruijn & 
Hermens, 1991; Escartin & Porte, 1996; Fisher, 1985;Goodman et al., 1979; 
Kanazawa, 1975; 1978; 1981; 1983; 1987; Keizer et al., 1991; 1993; Lockhart et al., 
1983; Miyamoto et al., 1979; Nihon Kagaku-busshitsu Anzen-Jyohou Center, 1992; 
Sancho et al., 1992; 1994; Seguchi & Asaka, 1981; Takimoto et al., 1984; 1987; Tsuda et 
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al., 1989a; 1990; 1992b; 1993; 1995; 1996b; 1997b; 1997c) and for the 7 herbicides (Du 
Preez & Van Vuren, 1992; Gorge & Nagel, 1990; Gunkel & Streit, 1980; Isensee, 1976; 
Kanazawa, 1981; 1983; Kearney et al., 1977; Martin et al., 1992; Sanders & Hunn, 1982; 
Tsuda et al., 1988; 1989b; 1992c; 1997d; 1999; Tsuda et al., unpublished data; Wang et 
al., 1992; Xu & Zhang, 1989). The BCF value of each pesticide in fish was evaluated as 
its bioconcentration potential.  

4. (4) The contamination of the 10 pesticides except atrazine in the field fish was evaluated 
by comparing the field BCF data calculated from the field data with the laboratory BCF 
data of the 10 pesticides in fresh-water fish. 

1.1 Field surveys on pesticide contaminations in rivers and lakes 
Surveys on contamination of insecticides and herbicides in water and fish from rivers and 
lakes in the world were reviewed from literatures in the past. Diazinon, fenitrothion, 
malathion and fenthion were selected as insecticides and atrazine, simazine, simetryn, 
molinate and benthiocarb, mefenacet and pretilachlor as herbicides. These pesticides have 
been widely used not only in Japan but also in the world. The field data surveyed 
simultaneously for both of water and fish were summarized in Tables 1-1 and 1-2 for the 4 
insecticides (Abdel-Halim et al., 2006; Ministry of the Environment, Japan, 2001; Mansour & 
Sidky, 2003; Ohtsuki, 1994; Tsuda et al., 1992a; 1994; 1998) and Tables 2-1 and 2-2 for the 7 
herbicids (Chiba Prefecture, 2002; 2003; Kanagawa Prefecture, 2000; 2001; Ministry of the 
Environment, Japan, 1993; 1999; Takino et al., 1998; Tsuda et al., 1996a; 1997a; Watanugi et al., 
1993). Further, recent survey data on contamination of 5 insecticides and 16 herbicides in water 
and fish from Lake Biwa in Japan (Tsuda et al., 2009) were summarized in Tables 3 and 4. 
As shown in Tables 1-1 and 1-2, diazinon and fenitrothion were detected in the 
concentrations of < 0.005~0.175 and < 0.005~0.037 μg/l in water and 4.1 and 11 μg/kg in 
pale chub, respectively, from Tama River Basin, Japan in 1993. The two insecticides were 
detected in the pale chub at their high concentrations of the water but were not detected in 
common carp and crucian carp. Further in Japan, diazinon, fenitrothion, malathion and 
fenthion were detected in the concentration ranges of ND~0.51, ND~0.39, ND~0.20 and 
ND~0.11μg/l , respectively, in water from rivers in Shiga Prefecture from April in 1991 to 
March in 1992. Fenitrothion was detected in the concentration ranges of ND~2.1 μg/kg wet 
wt. in pale chub and fenthion was detected in the concentration ranges of ND~1.7 μg/kg  
wet wt. in ayu fish and ND~19.4 μg/kg wet wt. in dark chub. However, diazinon and 
 

Diazinon Fenitrothion Malathion Fenthion

1 Tama River Basin Japan Jul.-1993 < 0.005～0.175 < 0.005～0.037 < 0.005～< 0.005

1 Tama River Basin Japan Jun. -1993 < 0.005～0.175 < 0.005～0.037 < 0.005～< 0.005

1 Tama River Basin Japan Jul.-1993 < 0.005～0.175 < 0.005～0.037 < 0.005～< 0.005

2 River in Kanagawa Pref. Japan Aug.-2000 < 0.01～0.02

3 Rivers in Shiga Pref. (n=7) Japan Apr.-1990～Mar.-1991 ND～0.70 ND～2.00 ND～ND

3 Rivers in Shiga Pref. (n=7) Japan Apr.-1990～Mar.-1991 ND～0.70 ND～2.00 ND～ND

4 Rivers in Shiga Pref. (n=7) Japan Apr.-1991～Mar.-1992 ND～0.51 ND～0.39 ND～0.20 ND～0.11

4 Rivers in Shiga Pref. (n=7) Japan Apr.-1991～Mar.-1992 ND～0.51 ND～0.39 ND～0.20 ND～0.11

4 Rivers in Shiga Pref. (n=7) Japan Apr.-1991～Mar.-1992 ND～0.51 ND～0.39 ND～0.20 ND～0.11

5 Ezura River Japan Apr.-1995～Mar.-1996 < 0.005～0.12

6 Shinkawagishi River Japan Jun.～Dec.-2000 < 0.01～0.03

7 Lake Qarun Egypt Oct.-1998～Apr.-1999 42.0 (n=1)

8 New Damietta Drainage canal Egypt Spring-1999 70.5 (n=1) 466 (n=1)

9 New Damietta Drainage canal Egypt Winter-2001 24.6 (n=1) 71.9 (n=1)

No.
Water (μg/l)

Location Country Sampling date

 
Table 1-1. Concentrations of insecticides in water from rivers and lakes 
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Diazinon Fenitrothion Malathion Fenthion

1 Tama River Basin Pale chub 4.1 (n=1) 11 (n=1) < 5 (n=1) Ohtsuki, A. (1994)

1 Tama River Basin Common carp < 5～< 5 < 5～< 5 < 5～< 5 Ohtsuki, A. (1994)

1 Tama River Basin Crucian carp < 5 (n=1) < 5 (n=1) < 5 (n=1) Ohtsuki, A. (1994)

2 River in Kanagawa Pref. Common carp < 1～< 1 Kanagawa Precture (2001)

3 Rivers in Shiga Pref. (n=7) Pale chub ND～45 ND～7 ND～ND Tsuda et al. (1992)

3 Rivers in Shiga Pref. (n=7) Ayu fish ND～43 ND～1511 ND～ND Tsuda et al. (1992)

4 Rivers in Shiga Pref. (n=7) Pale chub ND～ND ND～2.1 ND～ND ND～ND Tsuda et al. (1994)

4 Rivers in Shiga Pref. (n=7) Ayu fish ND～ND ND～ND ND～ND ND～1.7 Tsuda et al. (1994)

4 Rivers in Shiga Pref. (n=7) Dark chub ND～ND ND～ND ND～ND ND～19.4 Tsuda et al. (1994)

5 Ezura River Pale chub < 1～15 Tsuda et al. (1998)

6 Shinkawagishi River Common carp < 1～< 1 Ministry of the Environment, Japan (2001)

7 Lake Qarun Tilapia 6 (n=1) Mansour, S.A. & Sidky, M.M. (2003)

8 New Damietta Drainage canal Tilapia 43.0 (n=1) Abdel-Halim, et al. (2006)

9 New Damietta Drainage canal Tilapia 21.1 (n=1) 19.3 (n=1) Abdel-Halim, et al. (2006)

ReferenceNo.
Fish (μg/kg wet wt.) 

Location Fish species

 
Table 1-2. Concentrations of insecticides in fish from rivers and lakes 

 
Molinate Simetryn Benthiocarb Mefenaｃet Pretilachlor Simazine Atrazine

10 Lake Sagami (Kanagawa Pref.) 1999 < 0.01 (n=1) 0.02 (n=1)

11 Rivers in Kanagawa Pref. (n=3) Aug.～Dec.-2000 < 0.01～< 0.01 < 0.01～0.02

12 Rivers in Chiba Pref. (n=10) Jan.-2002 < 0.02～0.05 < 0.02～0.73

13 Rivers in Chiba Pref. (n=5) Feb.-2003 < 0.02～0.04 < 0.02～< 0.02

14 Rivers in Shiga Pref. (n=7) Apr.-1992～Mar.-1994 < 0.02～208 < 0.01～14.8 < 0.02～5.1 < 0.2～1.7

14 Rivers in Shiga Pref. (n=7) Apr.-1992～Mar.-1994 < 0.02～208 < 0.01～14.8 < 0.02～5.1 < 0.2～1.7

14 Rivers in Shiga Pref. (n=7) Apr.-1992～Mar.-1994 < 0.02～208 < 0.01～14.8 < 0.02～5.1 < 0.2～1.7

15 Rivers in Shiga Pref. (n=7) Apr.-1994～Mar.-1996 < 0.0１～75.5 < 0.0１～21.2 < 0.01～0.90 < 0.01～11.2 < 0.01～8.7 < 0.02～2.6

15 Rivers in Shiga Pref. (n=7) Apr.-1994～Mar.-1996 < 0.0１～75.5 < 0.0１～21.2 < 0.01～0.90 < 0.01～11.2 < 0.01～8.7 < 0.02～2.6

15 Rivers in Shiga Pref. (n=7) Apr.-1994～Mar.-1996 < 0.0１～75.5 < 0.0１～21.2 < 0.01～0.90 < 0.01～11.2 < 0.01～8.7 < 0.02～2.6

16 Senjyo River in Shiga Pref. Apr.-1997～Mar.-1998 < 0.0１～6.22 < 0.0１～2.88 < 0.01～0.64 < 0.01～2.75 < 0.01～4.02

16 Tenjin River in Shiga Pref. Apr.-1997～Mar.-1998 < 0.0１～6.22 < 0.0１～2.88 < 0.01～0.64 < 0.01～2.75 < 0.01～4.02

16 Ezura River in Shiga Pref. Apr.-1997～Mar.-1998 < 0.0１～6.22 < 0.0１～2.88 < 0.01～0.64 < 0.01～2.75 < 0.01～4.02

17 Rivers (n=6) Sep.-1998 < 0.05 ～0.08 < 0.05 ～0.09

17 Rivers (n=10) Sep.-1998 < 0.05 ～0.08 < 0.05 ～0.09

18 Rivers (n=16) Sep.～Oct.-1992 < 0.02 ～0.077 < 0.05 ～< 0.05 < 0.2 ～< 0.2

19 Lake Hachiro Sep.～Oct.-1992 < 0.02 ～< 0.02 0.10 ～0.11 < 0.2 ～< 0.2

20 Lake Suwa Sep.～Oct.-1992 0.27 ～0.27 < 0.2 ～< 0.2

21 Lake Kawakitagata in Ishikawa Pref. May-1989 13.9 6.6 2.2

21 Lake Kawakitagata in Ishikawa Pref. May-1989 13.9 6.6 2.2

22 Lake Kawakitagata in Ishikawa Pref. May-1990 16.2 6.8 3.7

22 Lake Kawakitagata in Ishikawa Pref. May-1990 16.2 6.8 3.7

23 Lake Kawakitagata in Ishikawa Pref.  May-1991 13.0 7.7 2.8

23 Lake Kawakitagata in Ishikawa Pref.  May-1991 13.0 7.7 2.8

24 Lake Kawakitagata in Ishikawa Pref. May-1992 6.4 4.2 4.4

No. Location Sampling date Water (μg/l)

 
Table 2-1. Concentrations of herbicides in water from rivers and lakes in Japan 

malathion were not detected in the three species of fish (pale chub, ayu fish and dark chub). 
In Egypt, malathion were detected in the concentrations of 42.0 μg/l in water and 6 μg/kg 
wet wt. in tilapia from Lake Qarun in 1998~1999, and diazinon and malathion were detected 
in the concentrations of 24.6 and 71.9μg/l in water and 21.1 and 19.3 μg/kg wet wt. in 
tilapia, respectively, from New Damietta Drainage canal in winter of 2001. 
As shown in Tables 2-1 and 2-2, molinate, simetryn, benthiocarb, mefenacet and simazine 
were detected in the concentrations of < 0.01~75.5, < 0.01~21.2, < 0.01~0.90, < 0.01~11.2 and 
< 0.02~2.6 μg/l in water and < 2~1156, < 5~50, < 10~< 10, < 10~324 and < 20~< 20 μg/kg in 
ayu fish, respectively, from rivers in Shiga Prefecture, Japan from April in 1994 to March in 
1996. Benthiocarb and simazine were not detected in the fish in spite of their detections in 
the river water. Further, molinate, simetryn and benthiocarb were detected in the 
concentrations of 13.9, 6.6 and 2.2 μg/l in water and 10~170, 30~40 and 250~540 μg/kg in 
carp, respectively, from Lake Kawakitagata in Ishikawa Prefecture, Japan in 1989. 
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Molinate Simetryn Benthiocarb Mefenaｃet Pretilachlor Simazine Atrazine
10 Lake Sagami (Kanagawa Pref.) Steed barbel < 1 (n=1) < 1 (n=1) Kanagawa Prefecture, 2000

11 Rivers in Kanagawa Pref. (n=3) Carp < 1～< 1 < 1～< 1 Kanagawa Prefecture, 2001

12 Rivers in Chiba Pref. (n=10) Carp < 5～< 5 < 5～< 5 Chiba Prefecture, 2002

13 Rivers in Chiba Pref. (n=5) Carp < 5～6 < 5～< 5 Chiba Prefecture, 2003

14 Rivers in Shiga Pref. (n=7) Dark chub < 5～20 < 10～10 Tsuda et al., 1996a

14 Rivers in Shiga Pref. (n=7) Ayu fish < 5～150 < 5～224 Tsuda et al., 1996a

14 Rivers in Shiga Pref. (n=7) Pale chub < 5～120 < 5～84 < 5～10 Tsuda et al., 1996a

15 Rivers in Shiga Pref. (n=7) Dark chub 4～10 Tsuda et al., 1997a

15 Rivers in Shiga Pref. (n=7) Ayu fish < 2～1156 < 5～50 < 10～< 10 < 10～324 < 20～< 20 Tsuda et al., 1997a

15 Rivers in Shiga Pref. (n=7) Pale chub < 5～637 < 5～47 < 5～114 < 5～151 Tsuda et al., 1997a

16 Senjyo River in Shiga Pref. Dark chub < 4～< 4 < 4～7 < 8～30 < 20～< 20 Takino et al., 1998

16 Tenjin River in Shiga Pref. Pale chub < 4～8 < 4～< 4 < 8～260 < 20～< 20 Takino et al., 1998

16 Ezura River in Shiga Pref. Ayu fish < 4～39 < 4～< 4 < 8～< 8 < 20～24 Takino et al., 1998

17 Rivers (n=6) Pale chub < 2～< 2 < 2～< 2 Ministry of the Environment, Japan, 1999

17 Rivers (n=10) Crucian carp < 2～< 2 < 2～< 2 Ministry of the Environment, Japan, 1999

18 Rivers (n=16) Japanese dace < 6 ～< 6 < 7.8 ～< 7.8 < 14 ～< 14 Ministry of the Environment, Japan, 1993

19 Lake Hachiro Japanese dace < 6 ～< 6 < 7.8 ～< 7.8 < 14 ～< 14 Ministry of the Environment, Japan, 1993

20 Lake Suwa Japanese dace  < 7.8 ～< 7.8 < 14 ～< 14 Ministry of the Environment, Japan, 1993

21 Lake Kawakitagata in Ishikawa Pref. Crucian carp 190 ND～30 70～730 Watanugi & Tsukabayashi, 1993

21 Lake Kawakitagata in Ishikawa Pref. Carp 10～170 30～40 250～540 Watanugi & Tsukabayashi, 1993

22 Lake Kawakitagata in Ishikawa Pref. Crucian carp 30～50 ND～ND 100～120 Watanugi & Tsukabayashi, 1993

22 Lake Kawakitagata in Ishikawa Pref. Carp 80～230 ND～ND 140～920 Watanugi & Tsukabayashi, 1993

23 Lake Kawakitagata in Ishikawa Pref. Crucian carp 30 ND 70 Watanugi & Tsukabayashi, 1993

23 Lake Kawakitagata in Ishikawa Pref. Carp 140 20 560 Watanugi & Tsukabayashi, 1993

24 Lake Kawakitagata in Ishikawa Pref. Carp 50～110 ND～ND 90～190 Watanugi & Tsukabayashi, 1993

Fish (μg/kg wet wt.) 
ReferenceNo. Location Fish species

 
Table 2-2. Concentrations of herbicides in fish from rivers and lakes in Japan 

As shown in Table 3, two insecticides and 10 herbicides in water and 4 herbicides in two 
species of fish (Hasu and pale chub) were detected from east littoral zone of (C10, C11 and 
C13) of northern basin of Lake Biwa. As shown in Table 4, two insecticides and 12 herbicides 
 

Water (μg/l) 

 (n=21) Hasu (n=5) Pale chub (n=7)
Isoprocarb < 0.02～< 0.02 < 2～< 2 < 2～< 2
Fenobucarb < 0.01～0.02 < 2～< 2 < 2～< 2
Diazinon < 0.01～0.01 < 2～< 2 < 2～< 2
Fenitrothion < 0.02～< 0.02 < 2～< 2 < 2～< 2
Fenthion < 0.01～< 0.01 < 2～< 2 < 2～< 2
Molinate < 0.01～0.53 < 2～< 2 < 2～7
Simazine < 0.01～< 0.01 < 2～< 2 < 2～< 2
Propyzamide < 0.01～< 0.01 < 2～< 2 < 2～< 2
Bromobutide 0.03～1.90 < 2～14 < 2～29
Simetryn 0.03～1.11 < 2～< 2 < 2～< 2
Alachlor < 0.01～0.02 < 2～< 2 < 2～< 2
Esprocarb < 0.01～0.07 < 2～7 < 2～10
Thiobencarb < 0.01～< 0.01 < 2～< 2 < 2～< 2
Dimethametryn < 0.02～0.06 < 2～< 2 < 2～< 2
Dimepiperate < 0.01～< 0.01 < 2～< 2 < 2～< 2
Pretilachlor < 0.01～0.23 < 2～< 2 < 2～< 2
Thenylchlor < 0.01～0.03 < 2～< 2 < 2～< 2
Pyributicarb < 0.02～< 0.02 < 2～< 2 < 2～< 2
Anilofos < 0.02～< 0.02 < 2～< 2 < 2～< 2
Mefenacet < 0.02～0.57 < 4～< 4 < 4～14
Cafenstrole < 0.05～0.08 < 4～< 4 < 4～< 4

Fish (μg/kg)

Herbicides

Pesticides Use

Insecticides

 
Table 3. Concentrations of pesticides in fish from east littoral zone of northern basin of Lake 
Biwa 
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Water (μg/l) Bluegill (μg/kg)

 (n=21) (n=14)
Isoprocarb < 0.02～< 0.02 < 2～< 2
Fenobucarb < 0.01～0.04 < 2～< 2
Diazinon < 0.01～0.28 < 2～< 2
Fenitrothion < 0.02～< 0.02 < 2～< 2
Fenthion < 0.01～< 0.01 < 2～< 2
Molinate < 0.01～1.40 < 2～14
Simazine < 0.01～< 0.01 < 2～< 2
Propyzamide < 0.01～< 0.01 < 2～< 2
Bromobutide 0.02～5.77 < 2～32
Simetryn 0.03～3.44 < 2～6
Alachlor < 0.01～0.02 < 2～< 2
Esprocarb < 0.01～0.44 < 2～59
Thiobencarb < 0.01～0.06 < 2～< 2
Dimethametryn < 0.02～0.13 < 2～< 2
Dimepiperate < 0.01～< 0.01 < 2～< 2
Pretilachlor < 0.01～0.46 < 2～6
Thenylchlor < 0.01～0.13 < 2～< 2
Pyributicarb < 0.02～< 0.02 < 2～< 2
Anilofos < 0.02～0.10 < 2～7
Mefenacet < 0.02～2.65 < 4～29
Cafenstrole < 0.05～0.09 < 4～9

Pesticides

 
Table 4. Concentrations of pesticides in fish from littoral zone of Akanoi Bay in southern 
basin of Lake Biwa 

in water and 8 herbicides in bluegill were detected from littoral zone of Akanoi Bay (North, 
Center and South) in southern basin of Lake Biwa. The two insecticides and 12 herbicides 
were detected in the water from the two littoral areas of Lake Biwa but the two insecticides 
were not and the only 8 herbicides were detected in the three species of fish from the 
locations. An example of concentration changes of the 8 herbicides in the water and bluegill 
from the littoral zone of Akanoi Bay (Center) in southern basin of Lake Biwa is shown in Fig. 
1 throughout the survey from May to August in 2007. The concentrations of molinate, 
bromobutide, simetryne and mefenacet in the water were high in May and June. This result 
corresponds to the maximum use of the herbicides in paddy fields of Japan. Detections of 
the 8 herbicides in the fish corresponded well to those in the water, but the order of the 
herbicide concentrations in the fish was different from that in the water. For example, the 
concentration of esprocarb was low in the water but high in the fish. This is probably 
because bioconcentration potential of esprocarb is higher than the other herbicides. 

2. Bioconcentration of pesticides in the field fish 
Bioconcentration factor (BCF) of each pesticide in the field fish was calculated as its 
bioconcentration potential from the field data (Tables 1-1, 1-2, 2-1 and 2-2) on the pesticide 
concentration in the water and fish from the rivers and lakes in Japan and Egypt.  
The BCF values are shown in Table 5 for the 4 insecticides (diazinon, fenitrothion, malathion 
and fenthion). The BCF values in the two or three species of fish from the rivers in Japan  
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Fig. 1. Concentration changes of the 8 herbicides in the water and fish from the littoral zone 
of Akanoi Bay (Center) in southern basin of Lake Biwa throughout the survey from May to 
August in 2007. 

were 20~150 for diazinon, 70~790 for fenitrothion and 20~240 for fenthion. For malathion, its 
BCF value could not be calculated because of its no detections in the common carp from the 
two rivers in Japan. This is probably due to its low bioconcentration potential. In Egypt, the 
BCF values in the tilapia from New Damietta Drainage canal were 0.6 and 0.9 for diazinon and 
0.3 for malathion and that in the tilapia from Lake Qarun was 0.1 for malathion. The BCF 
values of diazinon (0.6 and 0.9) in the tilapia in Egypt were considerably lower than those 
(20~150) in the two species of fish (pale chub and  ayu fish) in Japan. 
 

Diazinon Fenitrothion Malathion Fenthion

1 Pale chub Tama River Basin 20 (n=1) 790 (n=1) Ohtsuki, A. (1994)

1 Common carp Tama River Basin < 30～< 330 (n=2) < 140～< 360 (n=2) Ohtsuki, A. (1994)

1 Crucian carp Tama River Basin < 330 (n=1) < 140 (n=1) Ohtsuki, A. (1994)

2 Common carp River in Kanagawa Pref. < 50 (n=1) Kanagawa Pre. (2001)

3 Pale chub Whole body Rivers in Shiga Pref. (n=7) 150 (n=5) 70 (n=2) Tsuda et al. (1992)

3 Ayu fish Whole body Rivers in Shiga Pref. (n=7) 60 (n=1) 580 (n=1) Tsuda et al. (1992)

4 Pale chub Whole body Rivers in Shiga Pref. (n=7) 190 (n=2) Tsuda et al. (1994)

4 Ayu fish Whole body Rivers in Shiga Pref. (n=7)  20 (n=1) Tsuda et al. (1994)

4 Dark chub Whole body Rivers in Shiga Pref. (n=7)  240 (n=1) Tsuda et al. (1994)

5 Pale chub Whole body Ezura River 130 (n=1) Tsuda et al. (1998)

6 Common carp Whole body Shinkawagishi River < 50 (n=1) Ministry of the Environment, Japan (2001)

7 Tilapia Whole body Lake Qarun 0.1 (n=1) Mansour, S.A. & Sidky, M.M. (2003)

8 Tilapia Muscle New Damietta Drainage canal 0.6 (n=1) Abdel-Halim, et al. (2006)

9 Tilapia Muscle New Damietta Drainage canal 0.9 (n=1)  0.3 (n=1) Abdel-Halim, et al. (2006)

Field BCF data (wet wt.) 
ReferenceNo. Species Tissue Location

 
Table 5. BCF of insecticides in fish from field survey data 

The BCF values in the rivers and lakes in Japan are shown in Table 6 for the 7 herbicides 
(molinate, simetryn, benthiocarb, mefenacet, pretilachlor, simazine and atrazine).The BCF 
values were 15~286 for molinate, 2~163 for simetryn, 56~248 for benthiocarb and 20~36 for 
mefenacet in the two or the three species of fish (ayu fish, pale chub and dark chub) and 19 
for pretilachlor in the pale chub from the rivers. The BCF value of simazine was calculated 
as 150 (n=1) in the carp from a river but could not calculated in the carp or the pale chub 
from other rivers. Those of simazine in the carp and the pale chub were estimated to be < 
100 and < 33, respectively. For atrazine, its BCF values could not be calculated at all in the 
three species of fish from the rivers. Those were estimated to be < 50 in Steed barbell, < 50 
and < 6.8 in carp and < 22 in crucian carp. This is probably due to its low bioconcentration  
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Fig. 2. Average BCF values of the 8 herbicides in the three kinds of fish from the field data 

potential. The BCF values were 2.3~14 for molinate, 2.6~5.0 for simetryn, 25~200 for 
benthiocarb in the two species of fish (carp and crucian carp) from the Lake Kawakitagata. 
BCF values of the 8 herbicides in each of the three species of fish (hasu, pale chub and 
bluegill) were calculated from the field data (Tables 3 and 4) in Lake Biwa and are shown in 
Fig. 2. The BCF values of the herbicides in the field fish were 8 and 25 for molinate, 5 ～ 23 
for bromobutide, 4 and 10 for simetryn, 100 ～ 214 for esprocarb, 15 ～ 41 for pretilachlor, 
148 for anilofos, 14 and 79 for mefenacet and 78 for cafenstrole. The BCF values were low for 
molinate, bromobutide and simetryn, middle for pretilachlor, mefenacet and cafenstrole and 
high for esprocarb and anilofos. 
 

Molinate Simetryn Benthiocarb Mefenaｃet Pretilachlor Simazine Atrazine

10 Steed barbel Lake Sagami (Kanagawa Pref.) < 50 (n=1) Kanagawa Prefecture, 2000

11 Carp Rivers in Kanagawa Pref. (n=3) < 50 (n=1) Kanagawa Prefecture, 2001

12 Carp Rivers in Chiba Pref. (n=10) < 100 (n=1) < 6.8 (n=1) Chiba Prefecture, 2002

13 Carp Rivers in Chiba Pref. (n=5) 150 (n=1) Chiba Prefecture, 2003

14 Dark chub Whole body Rivers in Shiga Pref. (n=7) 2 (n=2) 248 (n=1) Tsuda et al., 1996a

14 Ayu fish Whole body Rivers in Shiga Pref. (n=7) 20 (n=6) 56 (n=7) Tsuda et al., 1996a

14 Pale chub Whole body Rivers in Shiga Pref. (n=7) 7 (n=7) 68 (n=8) 19 (n=1) Tsuda et al., 1996a

15 Dark chub Whole body Rivers in Shiga Pref. (n=7) 30 (n=2) Tsuda et al., 1997a

15 Ayu fish Whole body Rivers in Shiga Pref. (n=7) 15 (n=9) 20 (n=7) 141 (n=4) 36 (n=5) Tsuda et al., 1997a

15 Pale chub Whole body Rivers in Shiga Pref. (n=7) 15 (n=7) 16 (n=6) 67 (n=4) 31 (n=3) Tsuda et al., 1997a

16 Dark chub Whole body Senjyo River in Shiga Pref. 163 (n=2) Takino et al., 1998

16 Pale chub Whole body Tenjin River in Shiga Pref. 286 (n=1) 214 (n=1) Takino et al., 1998

16 Ayu fish Whole body Ezura River in Shiga Pref. 142 (n=3)  20 (n=1) Takino et al., 1998

17 Pale chub Whole body Rivers (n=6) < 33 (n=1) Ministry of the Environment, Japan, 1999

17 Crucian carp Whole body Rivers (n=10) < 22 (n=1) Ministry of the Environment, Japan, 1999

18 Japanese dace Muscle Rivers (n=16) < 78 (n=1) < 229 (n=1) Ministry of the Environment, Japan, 1993

19 Japanese dace Muscle Lake Hachiro < 78 (n=1) Ministry of the Environment, Japan, 1993

20 Japanese dace Muscle Lake Suwa < 29 (n=1) < 82 (n=1) Ministry of the Environment, Japan, 1993

21 Crucian carp Whole body Lake Kawakitagata in Ishikawa Pref. 14 (n=1) 4.5 (n=1) 139 (n=2) Watanugi & Tsukabayashi, 1993

21 Carp Whole body Lake Kawakitagata in Ishikawa Pref. 6.5 (n=3) 5.0 (n=3) 165 (n=3) Watanugi & Tsukabayashi, 1993

22 Crucian carp Whole body Lake Kawakitagata in Ishikawa Pref. 2.5 (n=3) 31 (n=3) Watanugi & Tsukabayashi, 1993

22 Carp Whole body Lake Kawakitagata in Ishikawa Pref. 7.9 (n=4) 99 (n=4) Watanugi & Tsukabayashi, 1993

23 Crucian carp Whole body Lake Kawakitagata in Ishikawa Pref. 2.3 (n=1) 25 (n=1) Watanugi & Tsukabayashi, 1993

23 Carp Whole body Lake Kawakitagata in Ishikawa Pref. 11 (n=1) 2.6 (n=1) 200 (n=1) Watanugi & Tsukabayashi, 1993

24 Carp Whole body Lake Kawakitagata in Ishikawa Pref. 11 (n=6) 31 (n=6) Watanugi & Tsukabayashi, 1993

Field BCF data (wet wt.)  ReferenceNo. Species Tissue Location

 
Table 6. BCF of herbicides in fish from field survey data 

3. Bioconcentration of pesticides in fish by laboratory experiments 
Laboratory BCF data of the 11 pesticides in fresh-water fish were reviewed from literatures 
in the past and the BCF value of each pesticide in fish was evaluated as its bioconcentration 
potential. 
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Laboratory BCF data of the 4 insecticides in fresh-water fish are shown in Fig. 3 for diazinon 
(Allison & Hermanutz, 1977; Goodman et al., 1979; Kanazawa, 1975; 1978; 1981; 1983; Keizer 
et al., 1991; 1993; Nihon Kagaku-busshitsu Anzen-Jyohou Center, 1992; Seguchi & Asaka, 
1981; Sancho et al., 1992; Tsuda et al., 1989a; 1990; 1995; 1997b; 1997c), Fig. 4 for fenitrothion 
(De Bruijn, & Hermens, 1991; Escartin & Porte, 1996; Fisher, 1985; Kanazawa, 1975; 1981; 
1983; 1987; Lockhart et al., 1983; Miyamoto et al., 1979; Nihon Kagaku-busshitsu Anzen-
Jyohou Center, 1992; Sancho et al., 1994; Takimoto et al., 1984; 1987; Tsuda et al., 1989a; 1990; 
1995; 1997b; 1997c), Fig. 5 for malathion (Tsuda et al., 1989a; 1990; 1997b) and fenthion (De 
Bruijn & Hermens, 1991; Tsuda et al., 1992b; 1993; 1995; 1996b; 1997c). The average BCF 
value of each insecticide was 100 (n=12) for diazinon, 170 (n=10) for fenitrothion, 20 (n=2) 
for malathion and 340 (n=6) for fenthion. The order of the 4 insecticides in the BCF values 
was fenthion > fenitrothion > diazinon > malathion. 
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Fig. 3. Bioconcentration of diazinon in fresh-water fish 
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Fig. 4. Bioconcentration of fenitrothion in fresh-water fish 
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Fig. 5. Bioconcentration of malathion and fenthion in fresh-water fish 
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Fig. 6. Bioconcentration of benthiocarb in fresh-water fish 

Those of the 7 herbicides in fresh-water fish are shown in Fig. 6 for benthiocarb (Kanazawa, 
1981; 1983; Sanders & Hunn, 1982; Tsuda et al., 1988; 1989b; 1997d; Wang et al., 1992) 
and Fig. 7 for simetryn (Tsuda et al., 1988; 1989b; Xu & Zhang, 1989), molinate (Kanazawa, 
1981; 1983; Martin et al., 1992; Tsuda et al., 1999), mefenacet (Tsuda et al., unpublished data), 
pretilachlor (Tsuda et al., unpublished data), simazine (Tsuda et al., 1992c) and atrazine 
(Isensee, 1976; Kearney et al., 1977; Gunkel & Streit, 1980; Gorge & Nagel, 1990; Du Preez & 
Van Vuren, 1992). The average BCF value of each herbicide was 192 (n=12) for benthiocarb, 
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35 (n=3) for simetryn, 19 (n=3) for molinate, 21 (n=2) for mefenacet, 33 (n=2) for pretilachlor, 
3.9 (n=1) for simazine and 8.3 (n=3) for atrazine. The order of the 7 herbicides in the BCF 
values was benthiocarb > simetryn, pretilachlor ≧ mefenacet, molinate > atrazine, simazine.  
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Fig. 7. Bioconcentration of simetryn, molinate, mefenacet, pretilachlor, simazine and 
atrazine in fresh-water fish 

For benthiocarb, simetryn and atrazine, their bioconcentration in muscle and viscera (liver, 
kidney and gallbladder) of two species of fish (carp and bream) (Du Preez & Van Vuren, 
1992; Tsuda et al., 1989b) is shown in Fig. 8. BCF values of benthiocarb were 26 in muscle, 63 
in liver, 73 in kidney and 63 in gallbladder. Similarly, those of simetryn were 2.4 in muscle, 
14 in liver, 8.1 in kidney and 11 in gallbladder. The order of the BCF values in the 4 parts of 
the carp for benthiocarb was slightly different from that of simetryn. But for both herbicides, 
the values of BCF in the viscera were higher than those in the muscle. Further in the bream, 
the BCF value in the liver was higher than that in the muscle. 
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Fig. 8. Bioconcentration of benthiocarb, simetryn and atrazine in muscle and viscera of fresh-
water fish 
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4. Evaluation of the pesticide contaminations in the field fish by their 
laboratory BCF data  
The contaminations of the 10 pesticides in the field fish were evaluated by comparing the 
field BCF data with the laboratory BCF data.  
The field BCF data of the 4 insecticides in the field fish (Table 5) and the laboratory BCF data 
(Figs. 3 - 5) are summarized and compared in Fig. 9. The field BCF data of the 4 insecticides 
were nearly equal to the laboratory BCF data. Similarly, the field BCF data (Table 6) and the 
laboratory BCF data (Figs. 6 - 7) of the 6 herbicides except atrazine are summarized and 
compared in Fig. 10. The field BCF data of the 4 insecticides and the 5 herbicides except 
simazine were nearly equal to the laboratory BCF data. It was revealed that the 
contamination of 9 pecticides except simazine in fish from the rivers and the lakes was 
approximately predicted by the laboratory BCF data. 
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Fig. 9. Comparison of laboratory BCF data and field BCF data for 4 insecticides 
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Fig. 10. Comparison of laboratory BCF data and field BCF data for 6 herbicides 
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Field BCF data of the 5 herbicides (molinate, bromobutide, simetryn, pretilachlor and 
mefenacet) in the fish from Lake Biwa (Fig. 2) and the laboratory BCF data are shown in Fig. 
11. The average field BCF values were nearly equal to the average laboratory BCF values for 
molinate, bromobutide and pretilachlor but slightly lower for simetryn and slightly higher 
for mefenacet. The differences in the field and laboratory BCF values of simetryn and 
mefenacet are not wide, so both of the field and laboratory BCF data are considered to be the 
same levels for all of the 5 herbicides. From the comparison shown in Fig. 11, it was clarified 
that the contamination of the 5 herbicides in the fish from Lake Biwa could be 
approximately estimated by the laboratory BCF. 
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Fig. 11. Comparison of laboratory BCF data and field BCF data for 5 herbicides 
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1. Introduction 
The Republic of Albania is situated in Southeastern Europe, in the western part of Balkan 
Peninsula facing the Adriatic Sea and the Ionian Sea. The coastal area has a surface area of 
7000 km2 or 25% of the territory. The coast line is 476 km. Marine and coastal environment 
constitutes resources of high economic and ecological values for the country. Due to the 
mismanagement of these resources in years, considerable amounts of wastes have been 
discharged directly or through river flows and atmospheric deposits, into the sea. Adriatic 
and Ionic Sea as part of the Mediterranean Sea, which does not have an open linkage with 
the oceanic waters, are inclined to be considerably affected by pollution, due to the absence 
of its dilution. The highest impacts on marine waters in Albania are related to 
eutrophication, pollution from heavy metals and POPs, illegal fishing, overexploitation of 
aquatic fauna and degradation of coastal zones, mostly due to the uncontrolled 
development.  
Shkodra Lake and Ohrid Lake are the most important and multi-dimensional freshwater 
resources of Albania. These lakes are also considered as the most important transboundary 
areas in Albania. Shkodra Lake is one of the most important multi-dimensional resources of 
this region as fishing, hunting, tourism, recreation and aquatic sports resource. Shkodra 
Lake is considered as one of the most important transboundary lakes in Albania. It is the 
biggest lake in Balkan region. The lake area varies between 354 km2 in low water periods 
and 506 km2 at high water periods. In the maximum, in the Montenegro territory there the 
lake area is 340 km2 and 166 km2 in Albania. The most important tributaries, that are sources 
of water for the lake, are: Moraca, Crnojevica, Orahovstica, Crmnicka, Karatuna, Baragurska 
rivers (Montenegro side) and Virstica, Proni, Tata, Riola, Vraka, Bunusi and Kiri rivers (from 
the Albanian side). Occasionally, Shkodra Lake receives water from river Drini too 
(Albania). This happens when the water level of river is higher than the water level of the 
lake. During the maximum of water level, the lake depth is over 12 m, and during the 
minimum is around 8 m. Water level oscillates between 4.7 and 10 m above the sea level. 
Buna River is the only emissary of Shkodra Lake with medium flow over 300m3/s. The 
water catchments basin of Shkodra Lake is 5179 km2, 1025 km2 of which belongs to the 
Albanian territory. 45 kinds of fish are leaving in the Lake and its effluents. Half of them are 
permanent and the others migrate through Buna River to the Adriatic Sea. The most 
characteristic fish is Cuprinos carpio, besides Anguilla anguilla, Mugil cephalus, Mugil ramada, 
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Marone labrax, Platichthys flessus italicus, Pachycilon pictum, Alosa fallax nilotica, Acipenser 
sturio, etc. (Dhora 1995). 
Buna River is one of the most important Mediterranean rivers. Also, thanks to the waters 
from the Drini River, the Buna ranks second place among all tributaries to the Adriatic, 
measured by the annual discharge, after the Po in Italy (with 352 m³/s). Both rivers together 
are determinative on Adriatic Sea water balance. Out flowing from Shkodra Lake, Buna 
immediately joins Drini River water and both rivers discharge into southeast Adriatic Sea. 
Shkodra Lake – Drini River – Buna River hydrographical complex is very complicated and 
unique for its hydraulic regime in the world hydrography. Despite being short, the river has 
quite a large watershed, covering 5,187 km², because the whole drainage area of Shkodra 
Lake, the largest lake in southeastern Europe, is also part of it (Pano & Abdyli, 1984).  
The Ohrid Lake is one of the oldest lakes in the world. The basin of the Ohrid Lake together 
with the lake belong to the geo-tectonic zone of the South-Eastern holes of Albania. The 
Ohrid Lake is part of the so-called Desaret Lakes. The flora and fauna of the Ohrid Lake is 
unique in the Balkans and wider. The lake’s biota is constrained by several abiotic factors, 
among which the geographic location, the water basin play an important role. The low 
temperature lake’s water makes the biologic processes be developed slowly, while the 
plankton (the phytoplankton and zooplankton) are characteristic and interesting (Topi et al. 
2006). The number of the endemic kinds is high and makes up about 60% of the organisms 
that live in the lake. About 60% of the fishes in the lake are endemic, particularly the various 
kinds of fishes such as Salmo letnica, Salmo truta, Salmothynus ohridanus, Cyprinuscarpio, 
Leuciscus cephalus albus, Alburnus alburnus alborella, Rutilus rubillioohridanus, Cobitis taenia 
ohridana, Anguilla anguilla, etc,. Water basin of Ohrid Lake is huge. Prespa Lake is therefore 
considered to be a part of the Lake Ohrid watershed. 
Complex Lagoonary of Butrint is located 4 km south of Saranda, it is 140,000 m2, opposite to 
the island of Corfu and near the Greek-Albanian border. The area is mainly composed of 
wetland and lakes and crossed by two rivers: Pavllo Bistrica in the north and south. In the 
east, the Mountain Mile Complex (824 m) separates the interior of the complex Lagoonary 
Albania. Less than ten kilometers from the island of Corfu, Butrinti was linked to the 
Mediterranean by the Vivari canal, which ran from the Butrinti Lake to the Ionian Sea.The 
area has a great value for its scenery and contains a variety of natural habitats, semi-natural 
and artificial. These include areas covered with oak, typical Mediterranean scrub, the salt 
lake Bufi (ray), salt water lagoon of Butrint, the salty marshland Alinures, spills and Pavllos 
Bistrica River, halophytic lands with plants (which live in the salty earth) and agricultural 
land. Beside it is the Butrinti (Bouthroton) site which is full of ancient history and is one of 
Albania's most popular tourist attractions. Mussels Mytulus Galloprovinciulis from the lake 
are famous all over the world, as fresh and wholesome, and include a variety of sizes and 
natural flavored. 
Aquatic areas showed above are some of most important aquatic areas in Albania. For these 
areas are studied different type of samples for evaluating levels and distribution of 
organochlorinated pesticides.  
What are organochlorinated pesticides in short terms? 
The modern history of pesticides dates back to World War II when for the first time the 
insecticidal properties of DDT were recognized. DDT was first introduced on a large scale to 
fight fleas, lice, flies and mosquitoes and reduce the spread of insect borne diseases such as 
malaria and yellow fever. Many public health benefits have been realized by the use of 
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pesticides, but their potential impact on the environment is substantial too (Di Muccio, 
1996). Over 800 pesticide active ingredients are formulated in about 21000 different 
commercial products. Most of organochlorinated pesticides have been progressively 
restricted and then banned in the 1970s in most industrialized countries, a widespread 
environmental pollution has resulted from their before use. Organochlorinated pesticides  
are usually big molecules with a big number of chlorine atoms attached their molecules; 
they can persist without changes for many years in application areas. Water irrigations can 
take away pesticides from these application areas mainly to the surface waters. 
Organochlorinated pesticides solubility in water it’s limited (depend on their Kow), they are 
mostly lipophilic compounds so they attend to connect in the suspend matter, to precipitate 
in sediments, to accumulated and concentrated in biota of aquatic systems. 
Albania is a country rich with lakes, rivers, and many effluents. Shkodra Lake, Ohrid Lake and 
Prespa Lakes are the large lakes in Albania and Balkan Peninsula. Water basin of these lakes is 
huge with many effluents and close with them has many fields used for agricultural purposes. 
Shkodra Lake and Adriatic Sea are connected between each other with Buna River. The most 
important rivers are Drini, Buna, Mati, Ishmi, Erzeni, Shkumbini, Semani, Vjosa and Bistrica. 
All rivers start in the east of Albania, in mountain areas, and finish to the Adriatic Sea. They 
are very fast (except Buna River) so the pesticide residues or other materials deposited in the 
sea. For many industries in Albania (also Lindane Plant), the waste of them were discharged 
for many years directly to the sea. These areas are located especially close to Durres and Vlora 
bay. Before 90’ organochlorinated pesticides were used widely in Albania for agricultural 
purposes. The main agricultural areas were in the western of the country, but almost every 
were had been developed different directions of agricultural (fruits, corns, vegetables, etc.). 
The districts where the larger quantities have been used are Fieri, Lushnja, Tirana, Vlora. The 
most used chlorinated pesticides were DDT, Lindane, HCB, Aldrins and Heptachlors. Lindane 
was produced in the country at Lindane Plant, in Porto-Romano, near Durresi City. Other 
chlorinated pesticides were imported mostly from eastern countries. The scale of their use after 
90’ in agriculture has decreased, due the change of soil structure. Emigration of many peoples 
in western country and also free movement inside the country were two main factors that 
impact directly in agriculture areas and it’s developing. Use of pesticides generally has 
decreased, because of large areas were not using for agricultural purposes and other areas 
were used for building new houses and industries. Except this, many chemical industries, 
include Lindane Plant, were stopped or destroyed. The former has generated the expired 
pesticides, which due to the inappropriate conditions of conservation and storage have been 
damaged. The other part of expired or out of use pesticides, to be disposed of, has been 
distributed in various districts of the country. In the country after 90’ had a large amount of 
stocks of pesticides (1000 ton). About 45% of all pesticides in the country have been evaluated 
as “hazardous class". Different projects were done last years for isolate and eliminate 
pesticides and other pollutants. These wastes are not pretreated; it is very difficult to find 
precise data on the amount of industrial solid wastes stores in various parts of the country. 
Mismanagement of oddments pesticides, for some years after 90’ was another source of 
pesticides contamination. Before use of pesticides, their persistence, water irrigation, their 
ability to concentrate in sediments and biota adding other factors suggest us to study levels of 
organochlorinated pesticides in above aquatic systems.  
For studding organochlorinated pesticides in environmental samples are developed many 
methods and techniques. Pesticide residues in environmental samples are found in very 



 Pesticides - Formulations, Effects, Fate 

 

354 

lower levels. Qualitative and quantitative analyze of organochlorinated compounds 
performed usually by modern chromatographic techniques. Gas chromatography (GC) 
technique equipped with electron-capture detector (ECD) or mas-spectrometry detection 
(MS) are most favorable technique for pesticide residue analyze. Many columns and other 
part of GC are suggested for pesticide analyze. For gas chromatographic technique in mostly 
of samples needed different steps before injecting in GC. Sample preparation prior to the 
determination of many environmental pollutants including organic pesticides in water, 
sediment, and biota samples usually consists of many steps because of the complexity of the 
matrix. Extraction of the target compounds and clean-up for the extract are the most critical 
steps in the analytical procedure when it comes to complete recovery of the target 
substances. For extraction of organochlorinated pollutants different methods are used: from 
classical Soxhlet extraction to automated extractions method as Accelerated Solvent 
Extraction (ASE) and Supercritical Fluid Extraction (SFE). For solid samples ultrasonic 
extraction is widely used, as well. The main goal of the clean-up step(s) is to remove 
substances that could interfere with the final determination and quantization of target 
compounds. Removal of interfering substances can be accomplished in many different 
ways. For example, copper is often used as sorbent for retaining elementary sulphur from 
sediment samples. Solid-phase extraction (SPE) is still the dominant method for extracts 
purification. A large number of sorbents are used for the isolation of organic compounds 
from the extract solutions include alumina, Florisil, ion-exchange resins, silica gel and many 
silica-based sorbents.  

2. Material and methods 
2.1 Chemicals 
Organic solvents and reagents. n-Hexane, dichlorometane of special grade for pesticide 
residue analysis were purchased from Merck, Germany. Organic solvents particularly 
dichlorometane which is toxic, were handled with care observing safety precautions, using 
efficient fume hoods and wearing protective gloves. Anhydrous sodium sulphate (Na2SO4) 
from Merck, Germany. Florisil (≥ 400 mesh ASTM) and silicagel (60-100 mesh ASTM) were 
purchased from Merck, Germany. H2SO4 with 95-97% purity for GC analyses was 
purchased by Merck. The sodium sulfate, florisil and silica gel were pre-extracted with 
hexane/dichloromethane (4/1) in a Soxhlet extractor, dried and were rinsed with 
hexane/dichloromethane (4/1) just before utilization. All glassware was rigorously cleaned 
with detergent followed by pyrolysis at 300°C. 
Pesticides solution and standarts. Organochlorinated pesticides stock solutions from 5 mM 
concentration were donated by IAEA/MEL-Monaco. Standard solutions of pesticides and 
PCB-s were prepared by dissolving their stock solutions in n-hexane in concentartion 50 
ng/µl and storing them in refrigerator in glass bottles with PTFE-faced screw caps. The 
organchlorine pesticides detected were HCHs (a-, b-, g- and d-isomers) and the DDT-related 
chemicals (o,p-DDE, p,p-DDE, p,p-DDD, p,p-DDT), Hexachlorobenzene (HCB), Heptachlor, 
Heptachlor epoxide, Methoxychlor and Mirex. 
IAEA-383 homogenized sediment sample donated by IAEA/MEL-Monaco, France 
(International Atomic Energy Agency/ Marine Environmental Laboratory) was used as 
CRM for sediment samples. IAEA-435 tuna fish was used as biota CRM (provided by 
IAEA/MEL-Monaco, France International Atomic Energy Agency/Marine Environmental 
Laboratory). 
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2.2 Study areas 
Study areas were: Adriatic Sea (three sampling stations; Vlora Bay, Porto-Romano and 
Velipoja), Ohrid Lake, Shkodra Lake, Butrinti Lake and Buna River. These areas were 
selected in different locations of Albania as representative of huge hydrological systems 
found in the country. Samples were collected for a period of five years (2005-2010). Data 
presented here shown levels and distribution of organochlorinated pesticides in water, 
sediments and biota for selected stations. Sampling was done based in Reference Method 
No 6, UNEP, 1993. Fig. 1. Geographic position of studied aquatic locations in Albania. 

2.3 Water 
Water sampling. Water samples were sampling at Vlora Bay (Adriatic Sea), Butrinti Lake, 
Shkodra Lake and Buna River. Water samples were taken on surface of water in PTFE bottle. 
For organochlorinated pesticide analyze were taken 1 L of water from each station. Water 
samples were transported to the laboratory and stored in a refrigerator in +4 °C. 
 

 
Fig. 1. Geographic position of studied aquatic locations in Albania.  

Preparation of water samples for GC analysis. Liquid-liquid extraction was used for the 
extraction of organochlorine pesticide residues from water samples. 1 L of water, 10 μl PCB-
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29 as internal standard and 20 mL n-hexane (extracting solvent) were added in a separatory 
funnel. After separation the organic phase was dried with 5 g Na2SO4 anhidrous, for water 
removing. A Florisil column was used for the sample clean-up. The extract was concentrated 
at 1 ml for analyzing by GC-ECD. 

2.4 Sediments 
Sediment sampling. Sediment samples collected at different aquatic locations of Albania; 
Adriatic Sea (Vlora Bay, Velipoja), Shkodra Lake and Buna River. Standard sediment Van 
Veen grab with 440 cm3 of volume was used for sediment sampling. Twenty two stations 
among Vlora Bay were choosing for this study and three stations in different depth of 
Velipoja sea shore (Adriatic Sea stations). Six stations were chosen to represent different 
conditions of the Shkodra Lake and seven stations in Buna River. For all sediment stations 
are analysed surface corer with a layer of 5 cm. Samples were transported to the laboratory 
and stored in a refrigerator in +4°C. The samples were air-dried, grinded and sieved. 
Particles of 0.063 mm were taken for analysis. 
Sediment treatment. The sediment samples (1 gram dry weight) were transferred into glass 
ampoules for extracting with dichloromethane-hexane (1/3), after a standard solution of  
PCB-29 was added as internal standard. Extraction was carried in ultrasonic bath in 300C for 
30 minutes. The preliminary clean-up of sample extract was carried out with elemental Hg 
to remove sulphur compounds from the sediment samples. Further clean up was performed 
using a column made of two layers. The upper layer was silica gel activated in 3000C and 
impregnated with 45% sulphuric acid. The down layer of the column was made of florisil 
activated in 250 0 C and deactivated with 5% distilled water. The elution was carried on with 
12 ml dichloromethane-hexane (1/4). The final volume of samples was 1ml using Kuderna-
Danish for evaporate. IAEA 383 certified sediment sample for chlorinated pollutants was 
used for method validation. 

2.5 Biota 
Biota samples. Fish specimens were taken in random mode from the catch of local 
fishermen in Vlora Bay, Velipoja, Shkodra Lake and Ohrid Lake. A total of 32 fish species 
and 102 specimens has been analyzed, respectively 9 species with 26 specimens from Vlora 
Bay, 10 species with 33 specimens from Velipoja, 9 species with 24 specimens from Shkodra 
Lake and 7 species with 19 specimens from Ohrid Lake. Fish species for all stations were: 
Vlora Bay (Engraulis encrasicholus, Lithognathus mormyrus, Solea vulgaris, Mullus barbatus, 
Mugil cephalus, Trachurus trachurus, Belone belone gracilis, Dicentrarchus labrax, Lichia amia, 
Mytulus galloprovincialius); Porto-Romano (Mytulus galloprovincialius); Velipoja (Mullus 
barbatus, Sphyraena sphyraena, Pargus coeruleosticus, Uranoscopus scaber, Merluccius merluccius, 
Scomber scombrus, Dicentrarchus labrax, Boops boops, Trigla lyra); Shkodra Lake (Cyprinus 
carpio, Anguilla Anguilla, Carassius gibelio, Pseudorasbora parva, Scardinius knezevici, Mugil 
cephalus, Alburnus scoranza, Allosa agone); Ohrid Lake (Salmo letnica, Salmo ohridanus, Squalius 
cephalus, Salmo truta, Cyprinus carpio, Alburnus scoranza, Rutilus ohridanus) and Butrinti Lake 
(Mytulus galloprovincialius). The mussels, Mytilus Galloprovincialus were collected in Vlora 
Bay, Porto-Romano, and Butrinti Lake with a number of 75 species for each station. Before 
treatment mussels were divided in five groups with 15 members’ based in their length. The 
biota (fish and mussels) samples were transferred to an aluminum container and stored at -
10°C. 
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Preparation of biota samples for GC analysis. For all biota samples were analyzed tissues.  
The method was based on EN 1528/1/2/3/4 (2000) for determination of organochlorinated 
pesticides and PCBs in biota samples. Prior analyzing biota samples were homogenized 
with anhydrous sodium sulphate. 1 g fresh weight of organism tissue was extracted by 
ultrasonic bath assisted extraction with 20 ml mixture of hexane/dichloromethane (3/1). 
The extract was purified firstly by shaking with 15g silica gel treated with 45% sulfuric acid 
for lipid hydrolysis. After filtration, the extract was concentrated in Kuderna Danish to 5 ml 
volume and a second purification on a column of Florisil with 5% water was performed. 
(Petrick et al, 1988; Koci, 1997) Organochlorinated pesticides were eluted with 10 ml of a 
mixture of hexane/dichloromethane (5/1). The extract was concentrated at 1 ml for 
analyzing by GC-ECD. Homogenized tuna sample IAEA 435 was used for method 
validation. 

2.6 Apparatus and chromatography 
Gas chromatographic analyses were performed with an HP 6890 Series II gas 
chromatograph equipped with a 63Ni electron-capture detector and a split/splitless injector. 
The column used was a HP-5 capillary column [low/mid polarity, 5% (phenyl methyl 
siloxane)] (25 m x 33 mm I.D.x 25 mm film thick). The split/splitless injector and detector 
temperatures were set at 2800C and 3200C, respectively. Carrier gas was He at 1.8 ml/min 
and make-up gas was nitrogen 28,2 ml/min. The initial oven temperature was kept at 600C 
for 4 min, which was increased, to 2000C at 200C/min, held for 7 min, and then increased to 
2800C at 40C/min for 20 min. The temperature was finally increased to 3000C, at 10 0C/min, 
held for 7 min. The total run time was 38 min. Injection volume was 2 μl, when splitless 
injections were made. Organochlorine pesticide quantification was performed by internal 
standard method. The relative response factors of the different compounds were determined 
by injecting the standard solutions of organochlorinated pesticides spiked with the same 
solution of internal standards PCB 29 as that used for spiking the samples. Procedural of 
blanks were regularly performed and all results presented are corrected for blank levels. 
Quality assurance procedures included the analyses of marine sediment reference materials 
IAEA 385 and tuna fish homogenized certified sample IAEA 435 to determine the precision 
and the accuracy of the method (Schantz et al, 1993; Marku and Nuro, 2005). 

3. Results and discussion 
Data presented below are interpreted in order of aquatic locations selected. These locations 
have own characteristics, but except this, are way to see status of Albania aquatic body in 
order of organochlorinated pesticides. All data represent mean value for a group of 
experimental for a selected station or species.  
Vlora Bay. In Vlora Bay were analyzed water, sediment, fish and mussel samples. 
Organochlorinated pesticides level in water samples of Vlora Bay (Figure 2) were with a 
minimum value of 17,1 ng/L to the maximum value of 53,4 ng/L. Mean value for analyzed 
water samples was 28,9 ng/L. Higher values of pesticide residues were found in water 
samples in the center of bay compared with water samples near seashore.  Distribution for 
these found levels in different stations it’s connected from water current inside and outside 
bay. Total of organochlorinated pesticides was higher also for sediment station number 43, 
44 and 45 (Figure 3) sampling in the center of bay. Minimum value for organochlorine 
pesticides residues in sediment sampling in Vlora Bay were 6,7 ng/g to 138,7 ng/g, mean 



 Pesticides - Formulations, Effects, Fate 

 

358 

value was 34,42 ng/g dry sediment. Two are the most favorable factors for this distribution 
of pesticides in sediments of bay: Before uses of pesticides for agricultural issues in Vlora 
region (mostly as insecticides). Applied pesticides in these areas after irrigation go 
throughout the sea. The current of water into the bay is the second factor. Pesticide stability, 
their chemistry and sediment conditions are factors affect levels of pesticide residues in 
water and sediment samples. Figure 4 shown data about the total of organochlorine 
pesticides in fish samples of Vlora Bay. The sample of Mugil cephalus with 107.4 ng/g f.w. 
(fresh weight) was the most polluted one among the fish species analyzed for 
organochlorined pesticides in Vlora Bay.  The sample of Solea vulgaris from the same area 
was the “cleanest” one with 37,5 ng/g f.w. Mean value for pesticide residues in fish samples 
was 67,1 ng/g f.w. Found levels in fish samples were almost 2 - 5 time higher than levels 
found in water and sediments of Vlora Bay. About levels of pesticide residues found in fish 
samples it’s evident higher levels than water and sediments but we must evaluate also fish 
species, their position in food chain and their age, sex, ect,. Very interests were found levels 
of pesticide residues in mussels Mytulus galloprovincialius sampling in Vlora Bay. Minimum 
value was 152,8 ng/g f.w; maximum value was 379,1 ng/g f.w. and mean value 259,7 ng/g 
f.w. Mussels which are water altering bivalves have been shown to concentrate many 
organic contaminants, providing a direct representation of pollutant bioavailability are used 
mostly as bio-indicators of marine areas. Levels of orgnochlorinated pesticides found in 
these organisms are related with levels of these pollutants in water by a factor of 10 times. 
This connection is shown also for the fact that higher polluted were mussels of group five 
that are higher in age and weight, and minimum of pollution for mussels of group two that 
were smaller one.   
Profile of organochlorine pesticides is the same for all type of samples analysed in Vlora Bay 
(Figure 6). p,p′-DDE was found in greatest concentration among pesticides for all samples. 
The second pollutants were DDT metabolites, o,p’-DDE and p,p’-DDD. DDT levels were 
comparable with DDE for sediment samples. This is not linked with uses of DDT at last for 
agricultural purpose because after 90’ in our country it is banded. Degradation of DDT in 
sediment is slow. Lindane was not the first isomer in total HCH contribution. d-HCH and b-
HCH concentrations were higher than the other isomers, because of their tendencies to 
accumulate in fatty tissue. It’s evident the level of b-HCH in mussel samples. HCB 
concentration was higher mostly in fish and mussel samples, because of its Kow and 
bioavability for concentration in upper steps of food chain. 
Porto-Romano, Durres, Adriatic Sea. Mytulus galloprovincialius mussel samples were 
analyzed in Porto-Romano, Adriatic Sea.  Mean level of organochlorinated pesticides in 
mussel samples was 220,6 ng/g f.w.; minimum was for second group with 107,4 ng/g f.w. 
and maximum for fifth group with 397,5 ng/g f.w. (Figure 7). Levels of organochlorinated 
pesticides in Porto-Romano, Durres were comparable with levels found for mussels 
analyzed in Vlora Bay. For this station the old industries located in this area such as Lindane 
Chemical Plant of Porto-Romano, Durres represent the major polluting factor, followed by 
agricultural contribution and other possible sources of contamination such as the water-
based contribution, atmospheric factor, etc. There is comparability between pesticide 
residues data in Vlora and Porto-Romano obtain for other areas of Adriatic Sea.  
The most frequently detected pesticides for Porto-Romano were p,p-DDE (Figure 8). p,p-
DDT was in higher levels than o,p-DDE and p,p-DDD, also in higher levels than p,p-DDT 
levels found in mussel samples in Vlora Bay. This would have principally agricultural 
component although there are also other possible sources of contamination such as  
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Fig. 2. Total of organochlorinated pesticides in water samples of Vlora Bay 

 
 

 
Fig. 3. Total of organochlorinated pesticides in sediment samples of Vlora Bay 
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Fig. 4. Total of organochlorinated pesticides in fish samples of Vlora Bay 

 
 

 
Fig. 5. Total of organochlorinated pesticides in mussels Mytulus galloprovincialius of Vlora 
Bay 
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Fig. 6. Average of organochlorinated pesticides in water, sediment, fish and mussel samples 
of Vlora Bay 

mismanagement of oddments pesticides, irrigation of surfaces where these pesticides were 
used by rainwater, drift, water-based contribution and atmospheric component. HCHs were 
expected to be found for analyzed samples because this station it’s near old Lindane 
Chemical Plant in Porto-Romano. Was interest the fact that Lindane was in lower levels than 
b-HCH and d-HCH isomer. b-HCH concentration was higher than the other isomers’ 
concentrations because of its higher tendencies to accumulate in fatty tissue. The a/g HCH 
ratio, an indicator of current technical HCH application, was lower. Again this likely reflects 
recent use of HCH formulations, or possibly ongoing releases of HCH isomers from waste 
repositories.  
Velipoja, Adriatic Sea. Sediment and fish samples were sampling in Velipoja, third location 
of Adriatic Sea, in North Albania. In Figure 9 are shown data about organochlorinated 
pesticides in sediment samples of Velipoja. Sediment samples were choosing in different 
depth of Adriatic Sea in front of Buna river mouth. It was evident that Buna rivermouth (in 
Adriatic Sea) was the most polluted station with 173,8 ng/g dry sediment. Lower 
concentration of pesticide residues were found going to the higher depth of Adriatic Sea (far 
away from Buna river mouth). Sediment sampled in 100 m depth was lower level for total of 
organochlorinated pesticides with 25,2 ng/g dry sediment. Influence of Buna River is main 
factor for this distribution of pesticide residues in sediments of Adriatic Sea for this station. 
Buna River and its water basin are located in a huge agricultural region. Before use of 
pesticides, rain fall of these areas, sedimentation process and sedimentation transport, 
pesticides stability and lower velocity of pesticides degradability are factors that affect in the 
profile and in the total of pesticide residue in Vleipoja station. Total concentrations of 
pesticides for fish samples in Velipoja were in range from 43.9 ng/g f.w. to 91.2 ng/g f.w. 
respectively for Raja clavata and Uranoscopus scaber (Figure 10). Mean value were 58,1 ng/g 
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Fig. 7. Total of organochlorinated pesticides in mussels Mytulus galloprovincialius of Porto-
Romano, Durres, Adriatic Sea 

 
 

 
Fig. 8. Profile of organochlorinated pesticides in mussels Mytulus galloprovincialius of Porto-
Romano, Durres, Adriatic Sea 
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 f.w. Found value were comparable with levels of pesticide residue in fish samples of Vlora 
Bay. Profile of organochlorine pesticide dedected for sediment and fish samples of Velipoja 
are shown in Figure 11. For fish sampes could saw that is the same profile found in samples 
of Vlora Bay or Porto-Romano. The higher pesticide concentrations were for DDT and its 
metabolite and HCH isomers. p,p-DDE concentration was higher than other pesticides in 
fish samples of Velipoja followed from b-HCH concentration.  Pesticide profile for 
sediments of Velipoja it’s quite different from profile of fish samples and also different from 
profile found for sediments of Vlora Bay. Were evident higher concentration of HCHs and 
Heptachlors followed from DDTs and Aldrine. Apart from above factors this station could 
be affected from other factors. Another important factor could be water current in this part 
of Adriatic Sea. 
Shkodra Lake. In Shkodra Lake were sampling water, sediment and fish samples. In Figure 
12 are shown total of organochlorinated pesticides in water samples of Shkodra Lake. 
Pesticide residues in water samples ranged from 17,6 to 83,4 ng/L. Shkodra Lake has a huge 
water basin. The concentrations of the organochlorinated pesticides (except DDTs and 
Lindane) suggest little use of these pesticides in adjacent agricultural areas. Some residues 
detected in the lake sediments may be also the result of agriculture runoff. Water cycle and 
water current in Shkodra Lake could be affect in levels of pesticide residues and profile of 
them in different stations of water samples in Shkodra Lake. The total concentrations of  
organochlorinated pesticides for sediment stations are shown in the Figure 13. The highest 
values correspond to Station 5 with 98.6 ng/g dry sediment. Station 5 is situated close to the 
main bridge of the lake, where Buna River begins to flow. The lower concentration was for 
Station 6 with 29,6 ng/g dry sediment. Station 6 was close to Vraka village (500 m far away). 
Note that sediments are rockier in this side of lake. The total concentrations of chlorinated 
pesticides in the different fish samples of Shkodra Lake are shown in Figure 14. The samples   
 
 

 
Fig. 9. Total of organochlorinated pesticides in sediments of Velipoja, Adriatic Sea 
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Fig. 10. Total of organochlorinated pesticides in fish samples of Velipoja, Adriatic Sea 
 

 
Fig. 11. Average of organochlorinated pesticides in sediment and fish samples of Velipoja, 
Adriatic Sea 
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of Allosa agone fom Shkodra Lake had the maximum concentration with 80,5 ng/g f.w. and 
Rutilus ohridanus the minimum with 31,2 ng/g f.w. These levels suggest correlations with 
water and sediment levels found for Shkodra Lake. Found pesticide residue levels for fish 
samples of Shkodra Lake were comparable with levels of fish samples of Adriatic Sea.  Most 
of fish species are migratory and stay in the lake not all over the year. They migrate to 
Adriatic Sea, through Buna River, which is a natural communicating channel to the sea. 
Before use of pesticide for agricultural reasons, individual pesticide properties and pesticide 
residues from rain water flow and Shkodra Lake effluents are factors for levels ofound in 
samples of lake.  
The mean concentrations of analyzed individual organochlorinated pesticides in water, 
sediment and fish samples of Shkodra Lake are shown in Figure 15.  The concentrations of 
DDT & metabolites and HCH isomers were higher than other pesticides for both sediment 
sampling. The highest concentrations found in sediments were for 4, 4’-DDT at with 21.7 
ng/g dry weight because of lower degradation process in sediments. Aldrine, Heptachlor, 
Mirex and Heptachlorepoxide were present in very low concentrations, sometimes even non 
detectable.  DDT and metabolites concentrations in fish species show a different profile from 
the sediments. The concentrations of p,p’-DDT are lower than the concentrations of its 
metabolites. The higher value of ∑DDTs’ is found for both sampling in Carp (Cyprinos 
carpio), which is the famous characteristic fish (non migratory) of Shkodra Lake. Lindane 
concentrations in fish are in the same range with concentrations reported for Adriatic fish 
(Albanian coast). Differently to the sediments, the profile of HCH isomers in some 
migratory fish shows relatively high values of Lindane, compared with other HCH isomers. 
Buna River. In Buna River were analyzed water and sediment samples. Organochlorinated 
pesticide levels in water samples are shown in Figure 16. Maximum level was for Middle of  
 
 

 
Fig. 12. Total of organochlorinated pesticides in water samples of Shkodra Lake 
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Fig. 13. Total of organochlorinated pesticides in sediments of Shkodra Lake 

 
 

 
 

Fig. 14. Total of organochlorinated pesticidesin fish samples of Shkodra Lake 
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Fig. 15. Average of organochlorinated pesticides in water, sediments and fish samples of 
Shkodra Lake 

Buna sample with 101,2 ng/L, minimum value was for Buna Start station with 38,8 ng/L 
and mean value was 57,9 ng/L. It’s evident the fact that levels of water samples are in 
almost in the same levels with sediment sample in Buna River. Buna River had high 
sedimentation because its hydrogeology, water volume and water rate, adding 
anthropogenic factor. Sediment samples were taken in the surface of river bed. Their depths 
were no more than 5 cm, (data found are evidence for pollution in last year’s). 
Organochlorinated pesticides were found in all sediment samples studied. Run off of 
agricultural land near the river it’s not the only factor. Other sources could be water and water 
matter of Drini River and Shkodra Lake. Total concentration of organochlorinated pesticides 
was shown in Figure 17. Mean value for pesticide residue levels in sediment of Buna River was 
65,0 ng/g dry sediment. The highest level was found for the sample 800 m from the river 
mouth with 116,6 ng/g dry weight. The lowest levels was found for station 200 m from river 
mouth with 16,7 ng/g dry weight. “Buna start” station (point of connection between Buna 
River and Shkodra Lake) was 75.5 ng/g dry sediment. Levels of pesticide residues in Buna 
rivermouth was 70,0 ng/g dry sediment, lower than concentration found in Buna rivermouth 
in Adriatic Sea. Water current and different sedimentation rate are the main factors for this 
fact. Concentration levels were the same with levels of organochlorinated pesticides found in 
sediment samples of Shkodra Lake (Marku & Nuro, 2005). Organchlorinated pesticides profile 
was shown in Figure 18. It’s evident the fact that DDE has the higher concentration than other 
pesticides in water and sediment samples DDT use was banded in our country after 90’. 
Degradation of DDT, DDE stability and their chemical and physical properties can affect the 
distribution of DDT and their metabolites. DDT was the second of this group not because of 
recent use but because of the lower degradation rate for DDT in sediments. Levels of DDTs in 
sediment sample in Buna River were lower than DDT levels found in sediment samples of 
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Shkodra Lake. HCB is the second contributor because of their before use of this insecticide in 
fruit trees. HCHs are found in all sediment samples. In addition the higher concentrations 
were for b-HCH in sediment samples. This is connected with other factors such as chemistry of 
HCHs, and atmospheric depositions, rather than agriculture runoff. HCHs data correlate with 
levels and distribution of these pollutants in sediment samples of Shkodra Lake. Lindane was 
used as insecticide in adjacent agricultural but their level was lower. 
Ohrid Lake. In Ohrid Lake were analyzed fish samples. Sum of organochlorinated 
pesticides in fish samples was shown in Figure 19. Mean value was 69,2 ng/g f.w. Rutilus 
ohridanus had the higher value with 87.8 ng/g f.w. Minimum concentration for Ohrid Lake 
fishes was found for the sample of Cyprinus carpio with 40.3 ng/g f.w. Pesticide residue 
levels for fish samples of Ohrid Lake were in the comparable levels with fish samples of 
Shkodra Lake. Distribution of pesticides in fish samples of Ohrid Lake were also the same 
with profiles of pesticide residues in Shkodra Lake. The same origins of organochlorinated 
pesticides suggest this fact. Run off of agricultural land near the lakes and in its water basin 
is main factor for levels and distribution found in Ohrid Lake. Water cycle in Ohrid Lake 
and analyzed fish species are also important factors for data collected. 
Butrinti Lake. In Butrinti Lake were analyzed sample of water and Mytulus 
Galloprovincialius mussels. In water samples of Butrinti Lake mean value of organochlorinate 
pesticides total was 14,0 ng/L, with a minimum of 7,3 ng/L and maximum of 30,7 ng/L 
(Figure 21). Levels found for water samples in Butrinti Lake  were lower from levels found 
in Vlora Bay, Adriatic Sea or Shkodra Lake. Levels of total for organochlorinated pesticides 
for mussel Mytulus Galloprovincialius of Butrinti Lake were also lower than levels found in 
mussel samples in Vlora and Porto-Romano (Figure 22). Except this was interest 
the high difference in profile of pesticide residues for water and mussel samples of 
 

 
Fig. 16. Total of organochlorinated pesticides in water samples of Buna River 
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Fig. 17. Total of organochlorinated pesticides in sediments of Buna River 

 
 

 
Fig. 18. Average of organochlorinated pesticides in water and sediment samples of Buna 
River 
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Fig. 19. Total of organochlorinated pesticides in fish samples of Ohrid Lake 
 

 

 
 

Fig. 20. Average of organochlorinated pesticides in fish samples of Ohrid Lake 
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Fig. 21. Total of organochlorinated pesticides in water samples of Butrinti Lake 

 

 
 

Fig. 22. Total of organochlorinated pesticides in mussel Mytulus galloprovincialius of Butrinti 
Lake 
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Fig. 23. Profile of organochlorinated pesticides in water and mussel samples of Butrinti Lake 

Butrinti Lake compared with other same samples. Profile of pesticide residues in water and 
mussel samples of Butrinti Lake were almost the same (Figure 23). HCHs were major 
pollutants in water samples followed from Heptachlors and Aldrine. Heptachlors were the 
first pollutants in fish samples followed from HCHs. Lindane for both samples type was in 
higher concentration than other HCH isomers. HCB was found in higher levels in mussel 
samples than in water samples. DDE was found in lower levels. Pesticides were used for 
agricultural purposes also in agricultural areas in fields near Butrinti Lake before 90’. 
Butrinti Lake has a communication channel with Ionian Sea that can affect in found levels 
for pesticide residues in water samples of lake. 

4. Conclusions 
In this study were included different aquatic locations of Albania with their own 
characteristics. Difference in their position and the other characteristics followed from 
selected samples for each aquatic location can shown a correct thought about levels and 
distribution of organochlorined pesticides in Albania. In all studied aquatic locations were 
shown presence of organochlorinated pesticides. These compounds were used insensitive 
mostly as insecticide for agricultural purposes before 90’. Note the organochlorinated 
pesticides are not in use after 90’ in Albania, but their before use and their stability are main 
factors for founding them in all systems. Aquatic systems are affected from pesticide 
residues mainly as result of agriculture runoff. Discharging of many industrial and 
agricultural wastes directly in to the sea, rivers and lakes is another factor that affect in 
found levels of pesticide residues. Organochlorinated pesticides are not hydrophilic 
compounds for this reason levels of pesticides found in water samples were always lower 
the sediments of biota samples for the same locations. Levels of pesticides in water samples 
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for Adriatic Sea, Buna River and Shkodra Lake were in the same levels. Butrinti Lake were 
in low concentration. Their geographic position include specifics for studied locations 
(water current, nearest from agricultural field, ect,.) 
Sediment of aquatic systems considered as archive for organic pollutants, so interpreted of 
data found for pesticide residue were very interest. Concentration of pesticides in sediments 
of Buna river mouth (Adriatic Sea), station was higher than in other sediment samples 
because of Buna River influence. Going to the depth of Adriatic Sea concentrations were 
lower. Sediment of Shkodra Lake and Buna River were almost in the same range and 
distribution between them because of their geographic connection.  It’s shown a difference 
in profile of pesticides between Velipoja (Adriatic Sea) and Buna River because of water 
currents of Adriatic Sea influence. Water current influence was also shown for sediment 
samples of Vlora Bay.  
Concentrations of organochlorine pesticides due to their use in Albania before 90’ and also 
for their stability and affinity for their accumulation in fish tissue were main factors for 
found levels in fish samples. The highest values of total pesticides were found in some fish 
species, to concentrate many organic contaminants, because of pollutant bioavailability, but 
also species characteristics (specimen, age, sex, ect,.). Levels of pesticide residues found in 
fish samples of Vlora Bay was comparable to fish samples of Velipoja. Fish samples of 
Adriatic Sea were in the same levels of pesticide residues with levels of fish samples of 
Shkodra and Ohrid Lake, because it’s known a migratory communications between both 
aquatic systems. Concentrations of organochlorine pesticides found in Shkodra Lake and 
Ohrid Lake are due to their use in Albania before 90’, their stability and affinity for 
accumulation in animal tissue, as well as relatively limited rate of water circulation in these 
basins. Pesticides profile shows differences between the two lakes. DDT and their 
metabolite, as well as HCHs levels were in higher levels in samples of Ohrid Lake compare 
to the samples of Shkodra Lake. Levels of each chlorinated compound are connected mostly 
to the geographic position, water basin and water currents in these basins. Levels of 
organochlorinated pesticides were in the same range with other studies in Adriatic Sea, 
Shkodra Lake and Ohrid Lake. Mussels Mytulus Galloprovincialius were studied in two 
stations in Adriatic Sea (Vlora Bay and Porto-Romano) and Butrinti Lake. Mussel samples 
were most polluted compared with other type of samples because of they are water filtering 
and tend to concentrate in their tissue especially liophilic pollutants such are 
organochlorinated pesticides. Levels of pesticide residues found in mussels of Butrinti Lake 
were lower than levels found for mussel samples in Adriatic Sea.  
For all samples DDTs were in higher concentrations compared with the other 
organochlorinated pesticide residues analyzed. DDE, metabolite of DDT was found in the 
higher level for all samples. Before use of DDT, degradation of DDT, DDE stability and their 
chemical and physical properties can affect in this fact. The concentrations HCH isomers 
were second compared with other pesticides for analyzed samples. Profiles of HCHs were 
not the same for all samples. In sediment samples the higher concentration was found for 
Lindane. Lindane was used as insecticide in adjacent agricultural but for a great number of 
biota samples and water samples was found in higher concentration beta isomer of HCH. 
This is connected with other factors such as chemistry of HCHs, and atmospheric 
depositions, rather than agriculture runoff. Beta isomer of HCH has a great potential of 
concentrations in lipids than other isomers. Hexachlorbenzene (HCB) was the third 
pollutant found almost for all samples. Before often use of this insecticide in fruit trees was 
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the main factor. Aldrine, Heptachlor, and Methoxychlors were present in very low 
concentrations, sometimes even no detectable. Different concentrations and profile found 
for pesticides between different sampling stations and between different types of samples 
are connected with before use of pesticides and with their chemical-physical properties.  
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1. Introduction 
Wastewater has been widely used in agriculture irrigation for nearly a century in the world, 
due to the scarcity and quality declination of water resources. The wastewater irrigation 
technologies in USA, Japan, Israel and some developed countries are more mature than 
other developing countries (Angelakis A N et al., 1999; U Pinto et al., 2010; US EPA, 2004). 
Although wastewater irrigation can supply a lot of nutrients to crop, such as Nitrogen and 
Phosphor sources, it can cause soil pollution, like heavy metals, organic pollution and so on. 
Therefore, reclaimed water, instead of wastewater, as agriculture irrigation water resources 
became more popular now, because not only can reclaimed water relieve the tensions of 
agriculture water resource, but also relieve the pressure of wastewater on environment 
(T.Asano et al., 1996; D.Levine et al., 2004; I.K.Kalavirouziotis et al., 2008; V.Reboll et al., 
2000). However, the nature of reclaimed water is still a poor-quality water, the amounts of 
contaminants in reclaimed water are changed with treatment, still a lot of pollutants can not 
be effectively removed. Some matters in reclaimed water may benefit crops, such as N, P, K, 
some else may be harmful to the surrounding environment, crop, operator and consumer of 
agriculture products, like heavy metals, salts, and various carcinogenic, teratogenic, or 
mutagenic organic compounds, the long-term irrigation will bring harmful to soil and 
groundwater, causing a new source pollution (Francisco P et al., 2009; Friedler E et al., 2004; 
Gross A et al., 2007). 
As a large agricultural country, the agricultural irrigation water consumption accounts for 
more than 70% of the total water consumption in China. Due to water shortage, wastewater 
irrigated area expanded rapidly from 1970s to the 1990s. By 1998, wastewater irrigated area 
has reached 361.8 × 104 hm2, which accounting for 7.3% of the total irrigated area. The city of 
Beijing in China began to use wastewater irrigation since the early 50s of the 20th century, so 
far, the wastewater irrigation area in Beijing are nearly 80,000 hm2 and the yearly 
wastewater irrigation is about 220 million m3 which accounting for 20% of the city’s 
wastewater emissions, 87% of the wastewater irrigation area are mainly in Tongzhou 
District, Daxing District and Chaoyang District (Zhang H Y et al., 2006; Hua X M et al., 
1996). The quality and fertility of domestic sewage are better and beneficial to rice, but the 
industrial effluents are not as well, it contains some heavy metal salts, such as lead, 
chromium, arsenic, mercury, and some harmful ingredients, take chlorine, sulfur, phenol, 
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cyanide for example, all of them are bad for rice growing, therefore, long-term use of 
wastewater irrigation is bound to lead a series of pollution problems. 
In recent years, along with urban sewage treatment rate rising, reclaimed water reuse has 
been strengthened. Various studies and experimental demonstration bases have been 
performed, which greatly promoted the reclaimed water reuse in agricultural and associated 
research. As one of the most serious water shortage city in China, Beijing is constantly 
increasing the intensity use of reclaimed water irrigation. In 2006, about 199 million m3 
reclaimed water were used for agriculture irrigation in Beijing. By 2010, the Beijing center 
city reclaimed water production capacity will reach 1.4 million m3 everyday, annual 
renewable water consumption will reach 600 million m3, recycled water will become the 
major water sources for irrigation, industrial cooling, and ecological water use et al (LIU P B, 
2007). However, even the reclaimed water quality has been greatly improved, it still has 
potential effects on crop growth, soil quality, and groundwater quality during the process of 
irrigation, especially some refractory organics will persist in the environment. These 
problems have received widely concern of the publics. The use of reclaimed water in China 
was only at the initial stage. Therefore, a lot of works need to be done to confirm the safety 
use of reclaimed water.  
Organochlorine Pesticides (OCPs) are a kind of synthetic chemical pesticides, which can be 
divided into two branches, one is take benzene as raw materials, the other is 
cyclopentadiene, their physical and chemical properties are stability, both the persistence 
and bioaccumulation are strong, they are also difficult to degrade naturally in environment, 
but they can be a threat to ecosystems and human healthy through evaporation, migration, 
food chain transfer and other paths (Tan Z et al., 2008; Katsoyiannis A et al., 2005). Among 
12 kinds of Persistent Organic Pollutants (POPs) listed in the Sidegemo Convention, 9 of 
them are OCPs (Liu C et al., 2008). Once these pollutants were released to the environment, 
they will exist in environment for many years. Even in some areas OCPs never been applied 
before, we can also find the existence of them, this indicates that the OCPs have stronger 
migration ability in space. Although some of the OCPs had been banned in China since 
1983, the harm caused to the environment still exists due to their refractory properties. 
OCPs are widely distributed in various environment media, such as soil sediments, plant 
tissues, animal organs and body. In which the soils are usually the main destination and 
accumulation sites for these pollutants, it often acts as pollutants carrier and offer the 
natural purification place. Therefore, it is important to study the pollution characteristics of 
OCPs in soils and assess the potential of groundwater contamination. Based on the above, 3 
typical farmlands, i.e. wastewater irrigated farmland, reclaimed water irrigated farmland 
and groundwater irrigated farmland of Beijing suburb were selected for study. Both soil 
samples of vertical profiles, irrigation water and groundwater samples of each farmland 
were collected and analyzed. Through detail comparison of OCPs contents in each soil 
vertical profile and OCPs concentration in irrigation water and groundwater, the 
distribution characters of OCPs in soil profiles were summarized, the impact of irrigation 
water and controlling factors of OCPs migration were also discussed. 

2. Materials and methods 
2.1 Research area description 
Both 3 farmlands selected in this study are all located in the south-east suburb of Beijing. 
The wastewater irrigated farmland (WIF) makes use of Liangshui River’s water for 
irrigation. Liangshui River is the second-largest drainage river in Beijing. It collects domestic 
water and industrial wastewater from Beijing centre city. This WIF has a long history of 
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wastewater irrigation, which began from the 20th century 60s and with an area of about 
1.24×104 hm2 so far. Irrigation periods of each year are from March to June and the middle 
September to December, respectively. The average water use is about 3×103 m3·hm-2·a-1. 
The reclaimed water irrigated farmland (RIF) selected in this study is located in Duozi 
village, Ciqu town, which is about 4 kilometers northwest to the WIF. Irrigation water used 
in this farmland was came from Tonghui irrigation canal which got through the farmland 
from north to south. Many branches of Tonghui irrigation canal provide sufficient reclaimed 
water for agriculture irrigation. This canal was built in 1958, which started from the 
Gaobeidian Lake, and ended in Liangshui River. The full length is about 17 kilometers. It 
was sewage canal historically which accepted sewage water from Tonghui River. In 1993, 
the largest sewage treatment plant in Beijing named Gaobeidian was completed and put 
into operation. From then, Tonghui irrigation canal began to accept reclaimed water. 
Therefore, this region was also wastewater irrigated area before 1993. The history of 
reclaimed water irrigation is no more than 20 years.  
Groundwater irrigated farmland (GIF) is located in Yongle town, Tongzhou District of 
Beijing, which is about 18 kilometers southeast to the WRF. The irrigation water for this 
farmland is groundwater, extracting from 60m underground through the motor-pumped 
wells. 
 

Wastewater irrigated farmland
Reclaimed water irrigated farmland

  
   

Groundwater irrigated farmland 

 
Fig. 1. Location of the study areas 

2.2 Sample collection 
Soil profiles with depth of 6.0 m were drilled using Eijkelkamp soil sampler in farmlands. 
Each farmland has 3 profiles, and they were distributed at the vertices of equilateral 
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triangular with a side length of 1.0 m. Therefore, total 9 boreholes were drilled. A, B and C 
profiles were drilled in the WIF. D, E, and F profiles were drilled in the RIF. G, H, and I 
profiles were drilled in the GIF. Soil samples were collected from surface to 5.5 m 
underground every 0.5m. So, there were 12 samples taken from each borehole, and 108 soil 
samples named from A00 to I55 were collected from three farmlands. Soil samples were 
stored in brown glass bottles, sealed with film, and kept store no more than 20 days. 
Physical-chemical properties of soil samples such as Clay content, total amount of clay 
minerals, Cation exchange capacity (CEC), Total organic compounds (TOC), et al were 
analyzed. 14 kinds of OCPs including α-HCH, β-HCH, γ-HCH, δ-HCH, 4,4'-DDT, 2,4'-DDT, 
4,4'-DDE, 4,4'-DDD, Hexachlorobenzene, Heptachlor, Aldrin, Heptachlor epoxide, Dieldrin 
and Endrin were also analyzed using Gas chromatography. 
The groundwater and surface water samples near the profiles were also taken for analyses 
in each farmland. Water samples were placed in incubator to refrigeration and avoid light, 
sent to the laboratory at the same day and then stored in refrigerator at 4 °C. 

2.3 Sample preparation 
Soil sample preparation: According to the EPA 3550, 15g soil sample, 3g sodium sulfate 
anhydrous and 20 mL extraction solvent (1:1 acetone/ hexane mixed solvent) were added 
into a 40 mL vial. The soil was ultrasonically extracted at 50 °C in 400 W for 20 min to 
promote the diffusion of OCPs from the soil into the extractant, and then the vials were 
centrifuged at 3000 rpm for 3 min. After that, the organic phase was transfered to 100 mL 
glass bottle. Repeated this extraction twice, combined the extracts. The extracts then were 
dehydrated with sodium sulfate anhydrous, and concentrated to 1.0 mL using a rotary 
evaporator in water bath at 35-40 °C. OCPs in extracts were purified by prepared SPE florisil 
columns, and concentrated to 1.0 mL through nitrogen blow for further chromatographic 
analysis. 
Water sample preparation: According to the EPA 3510, water samples were filtered with 
APFF glass fiber membrane at first. Then 1 L filtered water was put into separator funnel 
and added 20 mL cyclohexane. Then Liquid-liquid extracted for 10 min, held for 10 min, and 
transfered the organic phase. This extraction should be repeated twice, and combined the 
organic phase. The extracts then were dehydrated with sodium sulfate anhydrous, and 
concentrated to 1.0 mL using a rotary evaporator in water bath at 35-40 °C. OCPs in extracts 
were purified by prepared SPE florisil columns, and concentrated to 1.0 mL through 
nitrogen blow for further chromatographic analysis. 

2.4 Analysis methods    
The purified sample extracts for OCPs analysis were quantitatively analyzed using a HP-
6890 gas chromatograph, equipped with electron capture detector (ECD) and a HP5 
capillary column (30 m×0.32 mm×0.25 μm). The oven temperature was programmed begin 
from 80°C and kept for 2 min, then increased from 80°C to 185°C at the rate of 30 °C/min, 
and to 215 °C at the rate of 3 °C/min, held for 4 min and then to 225 °C at the rate of 1 
°C/min and held for 2 min, finally increased to 290 °C at the rate of 20 °C/min and held for 
2 min. Helium was the carrier gas at a flow rate of 1.0 mL/min. The temperatures of the 
injector and detector were set up at 250 °C and 320 °C, respectively. 1.0 μL of sample was 
injected under the splitless injection mode. 
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Instrument detection limits and method detection limits were list in table 1. Separation effect 
of mixed standard sample which contains 14 kinds of OCPs was shown in figure 2. Table 2 
list the testing methods of soil physical-chemical properties. 

3. Physical-chemical properties of soil profile in farmlands 
3.1 Physical-chemical indexes 
Soil Physical-chemical properties are important factors affecting the vertical migration of 
organic pollutants in vadose zone. 8 indexes of each sample including pH, Eh, soil moisture 
(%), EC, clay content (%), total clay minerals (%) total organic carbon content (%), and cation 
exchange capacity (CEC) were tested in this study. The vertical variations of 8 indexes were 
shown in Figure 3. 
 

ITEM Method limits 
(μg/kg) 

Instrument limits 
(μg/L) 

α-HCH 0.06 0.60 
Hexachlorobenzene 0.07 0.65 

β-HCH 0.04 0.40 
γ-HCH 0.07 0.65 
δ-HCH 0.60 5.75 

4,4'-DDE 0.01 0.05 
4,4'-DDD 0.04 0.35 
2,4'-DDT 0.25 2.45 
4,4'-DDT 2.00 19.5 

Heptachlor 0.07 0.65 
Aldrin 0.04 0.40 

Heptachlor expoxide 0.04 0.35 
Dieldrin 0.05 0.50 
Endrin 1.00 9.65 

Table 1. The detection limits of OCPs 
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Fig. 2. 1. α-HCH, 2. Hexachlorobenzene, 3. β-HCH, 4. γ-HCH, 5. δ-HCH, 6. Heptachlor, 7. 
Aldrin, 8. Heptachlor expoxide, 9. 4,4’-DDE, 10. Dieldrin, 11. Endrin, 12. 4,4’-DDD, 13. 2,4’–
DDT, 14. 4,4’-DDT. 
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Testing project Testing method 
Soil moisture Velocity and mass method 

pH Potentiometric method 

CEC Ammonium chloride-ammonium acetate exchange and 
ammonium acetate exchange method 

TOC External heating potassium dichromate oxidation method 
EC Conductivity method 
Eh Potentiometric method 

Grain composition Hydrometer method 
Clay mineral X－ray diffraction method 

Table 2. Testing projects and methods of physical-chemical properties 

As Figure 3 shows, the soil physical-chemical properties of these 3 farmlands had no 
obvious differences in general. The soil moisture of WIF profiles varied between 18% -
39%, maximum soil moisture all appeared at the 1.5 m in 3 boreholes. The profiles of RIF 
and GIF basically had the same variation of soil moisture, mostly changed between 
10.91% -36.98%, and most lower soil moisture appeared at 0-0 .5 m. The pH values of the 
three farmlands were basically around 7.7, rendered as a neutral environment, and 
slightly increased along the profiles. The soil redox potential variations with depth were 
consistent in 3 farmlands profiles, and oxidation environment played a leading role in the 
whole profiles. In contrast, RIF has higher soil redox potential values, GIF in the middle, 
WIF in the last. The CEC variations with depth were consistent in 3 farmlands profiles 
too. The CEC values of WIF and RIF were 2.13-18.00 cmol/kg and 4.90-16.44 cmol/kg 
respectively, and maximum value appeared in 1.0-1.5 m both for WIF and RIF. The CEC 
values of GIF were 3.37-9.74 cmol/kg, and maximum value appeared in 3.0 m. Compared 
with WIF and RIF, GIF has higher EC, the high values was in 1.5-3.0 m. Clay content and 
clay minerals contents were almost same, and their changes alone the profiles in 3 
farmlands had no obvious differences too. However, we found that clay contents with 
slightly higher values were in 1.0-1.5m in WIF and RIF, and 2.0-3.0m in GIF. The changes 
of TOC content  alone the profiles in 3 farmlands were more obvious than other indexes, 
significant reductions were found in almost all soil profiles, the average maximum TOC 
content occurred at top soils. Under the top layer, higher TOC content layers can be 
outlined in 1.5 m in WIF profiles and 3-4.5 m in RIF profiles. However, there were no 
obvious high TOC content layers in GIF profiles. 

3.2 Profile textures 
The profile soil textures of three farmlands based on soil grain size were shown in figure 4. 
Accumulated particles percentages were used to help us found out main particle 
composition. Particle sizes were divided into three classes, i.e. sand (>0.075 mm), silt (0.075-
0.005 mm) and clay (<0.005 mm) respectively according soil classification standards.  
As shown in figure 4, the main soil particles in three farmlands were silt, followed by clay. 
Only small percentages were sand. However, profiles in RIF had more sandy particles than 
GIF and WIF statistically. That to say, pollutants were more easier to migrate in RIF than in 
GIF and WIF, only from the view of soil textures.  
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Fig. 3. Variation of soil Physical-chemical indexes with depth in three farmlands 
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Fig. 4. Soil textures classification of three farmlands 

4. The vertical distribution of OCPs in three farmlands 
4.1 The distribution of OCPs in soil profiles of WIF 
4.1.1 Vertical change of total OCPs  
There were 14 kinds of OCPs detected in three boreholes, including α-HCH, β-HCH, γ-HCH, 
δ-HCH, 4,4'-DDT, 2,4'-DDT, 4,4'-DDE, 4,4'-DDD, Hexachlorobenzene (HCB), Heptachlor, 
Aldrin, Heptachlor epoxide,  Dieldrin and Endrin. The changes of total OCPs along the 
profiles and the detected OCPs species numbers in 3 profiles were shown in figure 5.  
Clearly we can see the highest ∑OCPs content was in top soil layers, and immediate drop in 
the whole profiles under the top layer. The maximum content was 30.93 μg/kg, which was 
at least 13 times of other layers. That means most OCPs were not easy to migrate vertically 
in these profiles. The detected OCPs numbers in surface soil were the most in 3 profiles, and 
decreased with depth. Under the surface, the greatest detected OCPs number was only 3. 
That’s to say, 7-8 kinds of OCPs were detected in the surface soil, but only 3 kinds of OCPs 
detected under the surface. In additions, Heptachlor epoxide, Dieldrin and Endrin were not 
detected in three profiles.  
Figure 6 described OCPs’ compositions in surface soils. DDTs (mostly 4,4'-DDE) and HCHs 
(mostly δ-HCH) were the highest contents OCPs, which highest content were 20.03 μg/kg 
and 10.46 μg/kg, respectively, lower than the first class soil standard (<50 μg/kg) of 
Chinese soil environmental quality standard (GB15618-1995). Aldrin and HCB were also 
found in surface soils with lower contents. That’s to say, DDTs and HCHs were the main 
pollutants in surface soils. 



Distribution Characteristics of Organochlorine Pesticides in Soil and Groundwater of 
Different Irrigation Farmlands in Southeast Suburb of Beijing   

 

383 

However, from the detection frequency of the 3 profiles (figure 7), we can see that 
Heptachlor had the highest detection frequency (66.7%), followed by DDTs (50.0%) and 
Aldrin (41.7%) in profile A. In profile B, DDTs had the highest detection frequency (66.7%), 
followed by Heptachlor (41.7%). Same to profile B, the OCPs which had the highest 
detection frequency in profile C was DDTs (58.3%), followed by Aldrin (50.0%) and 
Heptachlor (33.3%). That means except DDTs and HCHs, Heptachlor and Aldrin were the 
main pollutants in the profiles too. 

4.1.2 Vertical variation of single OCP 
DDTs, HCHs, Heptachlor, Aldrin were chosen as the main objects to discuss the vertical 
distribution of OCP, the variation were shown in figure 8. 
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Fig. 5. Vertical distribution of ∑OCPs and detected OCPs species number in WIF 
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Fig. 6. Distribution of OCPs in surface soils of WIF 
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Fig. 7. Detection frequency of OCPs in WIF profiles 
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Fig. 8. Vertical distribution of single OCP in profiles of WIF 

DDTs and HCHs were the main OCPs in WIF, their vertical distribution in generally took on 
sharp dropped look with depth and then kept very low content under the surface, which 
was same to the ∑OCPs. Aldrin contents in the profiles also dropped very fast, but didn't 
like DDTs and HCHs drop so much.  
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The changes of Heptachlor in the profiles were quite different from former mentioned 
OCPs, there was no Heptachlor detected in surface soils, but under the surface, Heptachlor 
were detected from 1.0 m to 5.5 m. Considered the physical-chemical properties of these 
OCPs, we can find out that DDTs have higher logKOW and lower Henry’s Law Constant, 
however, except higher logKOW, Heptachlor also have higher Henry’s Law Constant (table 
3). That means both DDTs and Heptachlor were easy to be absorbed by soil and hard to 
migrate, but Heptachlor much easier to volatilize and lost in surface soil than DDTs. This 
can be a reasonable explanation for the difference. 
 

Water Solubility
25°C 

Henry's Law 
Constant 

Vapor 
Pressure OCPs Molecular 

Weight 
mg·L-1 

logKOW 
(octanol-water)

atm-m3/mole mm Hg 

α-HCH 291 2 3.8 1.22E-05 - 

β-HCH 291 0.24 3.78 4.40E-07 - 

γ-HCH 291 7.3 3.72 5.14E-06 4.20E-05 

δ-HCH 291 10 4.14 4.29E-07 3.52E-05 

4,4'-DDT 354.5 0.0055 6.91 8.32E-06 1.60E-07 

2,4'-DDT 354.5 0.085 6.79 7.41E-06 3.44E-12 

4,4'-DDE 318 0.04 6.51 4.16E-05 7.43E-12 

4,4'-DDD 320 0.09 6.02 6.60E-06 1.35E-06 

Hexachlorobenzene 285 0.0062 5.73 0.0017 1.80E-05 

Heptachlor 373.5 0.18 6.1 2.94E-04 4.00E-04 

Aldrin 365 0.017 6.5 4.40E-05 1.20E-04 

Heptachlor epoxide 389.2 0.2 4.98 2.10E-05 1.95E-05 

Dieldrin 381 0.195 5.4 1.00E-05 5.89E-06 

Endrin 381 0.25 5.2 6.36E-06 3.00E-06 

Table 3. Physical-chemical properties of 14 kinds OCPs 
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4.2 The distribution of OCPs in soil profiles of RIF 
4.2.1 Vertical change of total OCPs  
The changes of total OCPs along the profiles in RIF and the detected OCPs species numbers 
in 3 profiles were shown in figure 9. 
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Fig. 9. Vertical distribution of ∑OCPs and the detected OCPs species numbers in RIF 

From figure 9, we can see that the vertical variation of OCPs in three profiles were  
consistent, the contents decreased rapidly with depth, and then changed slowly, ended with 
consistent. The maximum contents all occurred in surface soils, of which the highest content 
was in profile E, reached 10.50 μg/kg. Compared the ∑OCPs in surface soil with WIF, the 
total OCPs in RIF was about 2 times lower. There were no apparent differences under the 
surface of two farmlands, but the total OCPs in RIF was slightly higher than WIF. The 
detected OCPs numbers in surface soil were the most in 3 profiles, and the amount 
decreased with depth. Under the surface, the greatest detected OCPs number were 5. That’s 
to say, 8 kinds of OCPs were detected in the surface soil, but only 1-5 kinds of OCPs 
detected under the surface. In addition, Heptachlor epoxide, Dieldrin and Endrin were not 
detected in three profiles. 
Figure 10 shows that, HCHs, DDTs, Heptachlor and Hexachlorobenzene were detected in 
the surface soils, the main pollutants were HCHs and DDTs, their highest contents were 6.82 
μg/kg and 1.63 μg/kg, both of them were lower than the WIF, even in an order of 
magnitude. The lowest detected content was Hexachlorobenzene, and the value was 0.69 
μg/kg. 4,4'-DDE was the main composition of detected DDTs and δ-HCH was the main 
composition of detected HCHs. 
Figure 11 shows that, Heptachlor was detected in all three profiles and the detection 
frequency in profile D and E was 100%, followed by Aldrin and DDTs. The detection 
frequency of HCB was the lowest. Therefore the main OCPs in RIF were Heptachlor, Aldrin 
and DDTs. 
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Fig. 10. Distribution of OCPs in surface soil of RIF 
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Fig. 11. Detection frequency of OCPs in RIF profiles 

4.2.2 Vertical variation of single OCP 
Heptachlor’s, Aldrin, DDTs and HCHs were chosen as the main objects to discuss the 
vertical distribution of OCP, the variation were shown in figure 12. 
DDTs and HCHs were the main OCPs in RIF, its vertical distribution in generally took on 
sharp drop look with depth and then kept very low content under the surface, which was 
same to the ∑OCPs changes, and also to WIF. Although Aldrin was not detected in RIF’s 
surface soil, it was found in most sub-layers of the 3 profiles. 
The changes of Heptachlor contents in the profiles were different from other OCPs. There 
was no apparent difference between top layer and sub layers. As we discussed before, both 
DDTs and Heptachlor were hard to migrate in vertical profiles. But Heptachlor was easier to 
volatilize in surface soil layer than DDTs. This supposed that surface soil layers of RIF 
maybe suffered more serious pollution relatively. That’s why Heptachlor still can be 
detected in the surface soils. As we know, Octanol-water partition coefficient and Henry’s 
Law Constant of Aldrin were close to Heptachlor. There was no Aldrin detected in surface 
soil may be due to volatilization.  
In addition, heptachlor epoxide in all layers of three profiles was not detected which meant 
that there was no degradation reaction of Heptachlor. Dieldrin was not detected in three 
profiles which meant that Aldrin had not changed. 
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Fig. 12. Vertical distribution of single OCP in profiles of RIF 

4.3 The distribution of OCPs in soil profiles of GIF 
Groundwater is an ideal irrigation water resource. Using groundwater for irrigation can not 
only avoid new pollution sources to soil, also can dilute the pollutants in soil. Because the 
groundwater irrigated farmland has no history of wastewater irrigation, it can be regarded 
as background. 

4.3.1 Vertical change of total OCPs  
The distribution of total OCPs in soil profiles of GIF and detected OCPs species number of 3 
profiles were shown in figure 13. 
The vertical variations of ∑OCPs in boreholes of GIF were different from WIF and RIF. We 
can not see the typical drop of ∑OCPs contents from surface layer to sub layers. On the 
contrary, the maximum content was detected in 5.5 m, and the value was 6.77 μg/kg. But  
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Fig. 13. Vertical distribution of ∑OCPs and detected OCPs species number in GIF 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

α-
H

C
H

β-
H

C
H

γ-
H

C
H

δ-
H

C
H

4,
4'

-D
D

T

2,
4'

-D
D

T

4,
4'

-D
D

E

4,
4'

-D
D

D

H
C

B

H
ep

ta
ch

lo
r

A
ld

rin

∑
H

C
H

s

∑
D

D
Ts

O
C

Ps
 c

on
te

nt
s/
μg

•k
g-1 G H I

 
Fig. 14. Distribution of OCPs in surface soil of GIF 
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Fig. 15. Detection of frequency of OCPs in GIF profiles 
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this value was much lower than that of WIF and RIF. The detected OCPs species number’s 
distributions were also different from WIF and RIF. No sharp drop occurred from top layer 
to sublayers. May be this just was the characters of background. 
In figure 14, we can see that DDTs, HCHs and HCB were detected in the surface soil, and 
4,4'-DDE was the main composition of DDTs with the maximum value of 1.19 μg/kg and β-
HCH was the main composition HCHs with the maximum value of 0.25 μg/kg. However, 
figure 15 shows that except DDTs, HCHs and HCB, both Heptachlor and Aldrin had been 
detected in 3 profiles. The sequence of average detection frequency of OCPs was HCB> 
DDTs> Heptachlor, HCHs> Aldrin.   

4.3.2 Vertical variation of single OCP 
DDTs, HCHs, HCB, Heptachlor, Aldrin were chosen as the main objects to discuss the 
vertical distribution of OCP, the variation were shown in figure 16. 
As we discussed before, DDTs, Heptachlor and Aldrin had the same distribution characters 
with WIF and RIF. Compared with DDTs, HCHs have lower Octanol-water partition 
coefficients, means that HCHs were lower hydrophobic and easier to migrate with 
infiltration water than DDTs. So, we found more HCHs detected in deep layers. The logKOW 
of HCB is 5.73. This value is lower than DDTs’ and higher than HCHs’. So HCB was no easy 
to migrate too. But HCH has highest Henry’s Law Constant in 14 kinds OCPs detected in 
this study, which is 0.0017 atm-m3/mole. We did not discuss HCB in WIF and RIF, because 
it was not main OCPs pollutant in that two farmlands. Actually, it was detected in 3 
farmlands. The average contents in surface layer of WIF, RIF GIF were 0.49 μg/kg, 0.86 
μg/kg, and 0.11 μg/kg respectively. Only because HCB’s relative content was higher in GIF, 
so we discussed here.  

4.4 Comparison of OCPs in soil profiles 
Firstly, detected OCPs average contents in surface soil of 3 farmlands were compared in 
figure 17. We can see that there was slightly difference between detected species of OCPs in 
3 farmlands. α-HCH, β-HCH, δ-HCH, 4,4’-DDT, 2,4’-DDT, 4,4’-DDE, 4,4’-DDD, HCB and 
Aldrin were detected in WIF, totally 9 species. α-HCH, β-HCH, δ-HCH, 2,4’-DDT, 4,4’-DDE, 
4,4’-DDD, HCB and Heptachlor were detected in RIF, totally 8 species. α-HCH, β-HCH, 4,4’-
DDE, 4,4’-DDD and HCB were detected in GIF, only 5 species. We can also see that the 
∑OCPs of WIR was much higher than RIF and GIF, the average contents of 3 farmlands 
were 24.12 μg/kg, 8.64 μg/kg, and 1.15 μg/kg respectively. This indicated the irrigation 
water sources have great affects on the OCPs pollution in soil, despite that most OCPs came 
from agricultural pesticides application. Secondly, the average contents of OCPs in sub-
layers of 3 farmlands were compared in figure 18. The results of detected species below 
surface soil of three farmlands showed that Heptachlor and Aldrin were the common 
detected OCPs, the detection frequency and contents of Heptachlor were much higher than 
other OCPs, and its downward movement in profiles was the most obvious one of all. The 
contents of OCPs under surface soil appeared as: GIF >RIF >WIF. That was quite different 
from surface layer. Since most OCPs were easy to be absorbed in surface layer, though the 
surface layer suffered different level of pollution, the sub-layers had no distinct difference. To 
explain this phenomenon, soil texture should be considered too. As we mentioned above, soil 
profiles textures of these 3 farmlands had no obviously difference. The percentage of clay and 
silt were more than 24.6% and 63.9% for 3 farmlands. Therefore these kinds of soil textures 
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Fig. 16. Vertical distribution of single OCP in GIF 
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Fig. 18. Comparison of average OCPs contents in sub-layers in 3 farmlands 
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have strong ability to absorb the OCPs and prevent them from vertical migration. If we must 
give out the different of the 3 farmlands, we can say, pollutants were a little easier to 
migrate in RIF and GIF than in WIF, and the vertical changes of soil texture in WIF and RIF 
were larger than GIF. 
On the whole, although none of the detected OCPs’ contents in 3 farmlands was over the 
first class soil standard (<50 μg/kg) of Chinese soil environmental quality standard 
(GB15618-1995), OCPs had the ability of downward migration in profiles under the long-
term irrigation both for wastewater and reclaimed water, and in most conditions, the main 
accumulation layer of OCPs was the surface soils. 

5. OCPs in water samples of three farmlands 
5.1 OCPs in water samples of WIF 
5.1.1 OCPs in surface water 
Table 4 was the concentration of OCPs detected in surface water of WIF. Only 5 species of  
OCPs including α-HCH, β-HCH, γ-HCH, Heptachlor, and Aldrin were detected in the 
irrigation water. The detected OCPs also were found in profiles. It’s confirmed that 
irrigation water was a kind of OCPs pollution source, but the contribution degree still under 
discussion. In addition, DDTs was detected in the soil profiles, but not detected in surface 
water, indicating there were other sources of pollution, may be related to pesticide 
application. Other reason for that was pretreatment procedure of water samples before 
analysis. Since the water samples must be filtered by APFF glass fiber membrane to remove 
the suspend particles, the OCPs absorbed in the particles were also removed. This part 
OCPs were not count in the water analysis results. They would go into farmlands 
accompany with irrigation. 
 

 α-HCH β-HCH γ-HCH Heptachlor Aldrin 

WS-1 ＜0.60 1.47 ＜0.65 2.50 2.09 

WS-2 0.85 3.17 0.82 1.90 1.81 

WS-3 0.85 2.76 ＜0.65 2.06 2.79 
Ps: WS means surface sample of wastewater irrigation farmland 

Table 4. Concentration of OCPs in surface water of WIF (ng/L) 

5.1.2 OCPs in groundwater 
Table 5 shows the results of groundwater detection. β-HCH, Heptachlor, Aldrin and 
Dieldrin were detected in groundwater. These OCPs also detected in irrigation water and 
soil profiles except Dieldrin. Since Dieldrin was detected only once in one well, the detection 
had contingency. The consistency of detected species of OCPs supposed that wastewater 
irrigation was one of OCPs’ pollution sources. These OCPs detected in groundwater were 
supposed to have relatively higher mobility. In contrast, other OCPs such as DDTs, which 
had high detection frequency in profiles but undetected in groundwater, were poor in 
vertical migration and easy to be trapped by soils. Because DDTs were a group of 
compounds with large molecular, and had strong fat-soluble and poor water-soluble 
chemical properties.  
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 β-HCH Heptachlor Dieldrin Aldrin 
WG-1 6.08 49.44 ﹤0.50 1.94 
WG-2 2.57 ﹤0.65 ﹤0.50 0.96 
WG-3 1.27 ﹤0.65 1.16 2.48 
WG-4 1.97 ﹤0.65 ﹤0.50 ﹤0.40 
WG-5 2.82 38.96 ﹤0.50 1.55 
WG-6 2.22 ﹤0.65 ﹤0.50 0.91 

WG-7 2.27 ﹤0.65 ﹤0.50 ﹤0.40 
Ps: WG means groundwater of wastewater irrigation farmland 

Table 5. Concentrations of OCPs in groundwater of WIF (ng/L) 

5.2 OCPs in water samples of RIF 
5.2.1 OCPs in surface water 
The results of OCPs detected in irrigation water of RIF were listed in table 6. β-HCH, 
Heptachlor and Aldrin were detected in irrigation water. These three OCPs were also 
detected in soil profiles. In addition, DDTs, HCB which detected in soil profiles were not 
detected in surface water. This phenomenon was the same to WIF. 
 

 β-HCH Heptachlor Aldrin 
RS-1 0.54 1.87 3.40 
RS-2 1.41 1.78 5.87 
RS-3 1.26 1.80 2.42 
RS-4 1.25 1.94 1.96 

Ps: RS means surface sample of RIF 

Table 6. Concentrations of OCPs in surface water of RIF (ng/L) 

5.2.2 OCPs in sewage treatment plants effluent 
Reclaimed water of 4 sewage treatment plants were detected several times in this study.  
As shown in figure 19, ∑DDTs were detected in all plants with relative high concentration. It 
was the typical OCPs in wastewater and reclaimed water. The highest concentration of 
DDTs was appeared in the June from Gaobeidian secondary effluent, which was 97.8 ng/L. 
The main composition of DDTs was 4,4'-DDE, which accounted for at least 84% of DDTs. 
2,4'-DDT was also detected occasionally, but the concentration was very low. Though 
Heptachlor was only detected in May, its concentration were much higher than other OCPs 
except in Gaobeidian secondary effluent. ∑HCHs were detected in all plants too, but the 
concentration were not as high as ∑DDTs, the highest concentration of HCHs was 20.2 ng/L 
which appeared at Xiaohongmen secondary effluent in May, and 4 kinds of isomers, α-
HCH, β-HCH, γ-HCH, δ-HCH were detected occasionally. Despite of the low concentration, 
HCHs were considered as the typical OCPs of wastewater and reclaimed water for their 
high detection frequency. Like HCHs, HCB and Aldrin were detected in all plants too, and 
concentrations were not high. Since they were found in 3 farmlands, the irrigation water 
should not be excluded from the OCPs sources. Heptachlor epoxide and Dieldrin were only  
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Fig. 19. Concentrations of OCPs in sewage treatment plants 

detected occasionally, and were not detected in the 3 farmlands. Endrin was not found both 
in sewage treatment plants and farmlands. 
Through comparing the irrigation water and effluent of sewage treatment plants, we could 
find that the OCPs detected in irrigation water were all detected in effluent of four plants, 
but the concentrations were lower than in sewage treatment plants’ effluent. Pollutants 
could be removed effectively through sedimentation and degradation, during the long 
distance transportation in river channels. And these confirmed that wastewater and 
reclaimed water were the OCPs pollution sources for farmlands in some degree. 

5.2.3 OCPs in groundwater 
The concentrations of OCPs in groundwater of RIF were listed in table 7. 
 

 α-HCH β-HCH Heptachlor Aldrin 

RG-1 ＜0.60 2.71 157.45 2.25 

RG-2 2.60 9.63 24.79 1.63 
RG-3 ＜0.60 <0.40 <0.65 <0.40 
RG-4 1.72 12.90 <0.65 <0.40 
RG-5 <0.60 <0.40 22.20 <0.40 
RG-6 2.09 11.32 22.80 2.02 

Ps: RG means groundwater of RIF 

Table 7. Concentrations of OCPs in groundwater of RIF (ng/L) 

α-HCH, β-HCH, Heptachlor and Aldrin were detected in the groundwater, the other 
substances were not detected. The difference between soil profiles and groundwater was 
that DDTs were not detected in groundwater samples, while a higher detection frequency in 
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HCHs, this meant that HCHs had stronger vertical migration than DDTs. Compared the test 
results of irrigation water, groundwater and effluent from sewage treatment, common 
detected pollutants were β-HCH, Heptachlor, and Aldrin.  

5.3 OCPs in water samples of GIF 
6 wells near the boreholes were selected to gather groundwater samples, but none of 14 
kinds of OCPs were detected in them in the GIF. This supported that the OCPs pollution of 
soil in this farmlands had no relationship with groundwater irrigation. The detection in soil 
mainly came from pesticide application. 

6. The relationship between soil properties and OCPs 
The physical and chemical properties of OCPs in soil are mainly controlled by soil 
characteristics (Cheng H H et al., 1990), so it is important to study the vertical variety of soil 
properties in profiles. The solubility of OCPs in water is typically under 1 mg·L-1, while the 
distribution coefficient logKOC is usually over 3, which shows that OCPs have a high fat-
soluble and low water solubility, so the TOC will be an important factor in controlling the 
migration of OCPs. Furthermore, OCPs are mostly weak polar material, according to the 
rule of similarity, water with strong polar can play a significant inhibitory effect, thus, soil 
moisture is also the main factor in impacting the migration of OCPs. Montmorillonite is the 
most content material in soil of various components of clay mineral, it has the feature of 
double-crystal structure and large CEC, which can enhance the capacity to adsorb organic or 
inorganic ions. In order to quantitative descriptive the effects of soil properties on the 
concentration of OCPs, multiple regression analysis was taken in three farmlands, total 
content of OCPs was the dependent variable and soil properties were the independent 
variables in stepwise method. The results were in the table 8, 9, 10. 
 

Model Summary 

Model R R 
Square 

Adjusted R 
Square 

Std. Error of the 
Estimate 

1a 0.423 0.179 0.155 6.28979 
2b 0.693 0.480 0.448 5.08123 
3c 0.779 0.606 0.569 4.49014 

a. Predictors: (Constant), Soil moisture 
b. Predictors: (Constant), Soil moisture, TOC 

c. Predictors: (Constant), Soil moisture, TOC, EC 

Table 8. Multiple regression analysis in WIF 

The results in table 8 were used the stepwise removing, we can see the coefficient of 
determination in model 3 was 0.606 which was relatively high, while the TOC, soil moisture 
and EC were the independent variables. The regression equation was y=30.541+19.428 x1-
0.665x2-0.954x3, where y was the total OCPs, x1 was the TOC, x2 was the soil moisture 
content, x3 was the EC. These showed that TOC, soil moisture and soluble salt of soil were 
the impact factors of OCPs in WIF. 
In table 9, we can see the coefficient of determination in model 3 was 0.575. The TOC, soil 
moisture and Eh were the independent variables. The regression equation was 
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y=9.334+4.812x1-0.196x2-0.012x3, where y was the total OCPs, x1 was the TOC, x2 was the 
soil moisture content, x3 was the Eh. Showed that TOC and soil moisture of soil were the 
common impact factors in wastewater and RIF. 
 

Model Summary 

Model R R Square Adjusted R 
Square 

Std. Error of 
the Estimate 

1a 0.540 0.292 0.271 2.00184 
2b 0.717 0.514 0.484 1.68367 
3C 0.759 0.575 0.536 1.59737 

a. Predictors: (Constant), TOC 
b. Predictors: (Constant), TOC, Soil moisture 

c .Predictors: (Constant), TOC, Soil moisture, Eh 

Table 9. Multiple regression analysis in RIF 

 
Model Summary 

Model R R Square Adjusted R 
Square 

Std. Error of 
the Estimate 

1 0.583 0.340 0.321 1.27109 
Predictors: (Constant), Eh 

Table 10. Multiple regression analysis in GIF 

In table 10, the coefficient of determination in model 1 was 0.340, while the Eh was the 
independent variable and the regression equation was y=4.521-0.008x, where y was the total 
OCPs, x was the Eh. These showed that Eh was the common factor in reclaimed water and 
GIF. 

7. Source analyses of OCPs in three farmlands 
Sources of pesticide in soil are mainly the following aspects: using for preventing pest; the 
input of irrigation water and the deposition of atmospheric particles. In recent years, due to 
rapid growth of food demand, pesticide application in most cases are excessive. Besides, solid 
wastes are piled up and dumped to the soil surface continually, thus, hazardous wastewater is  
continued to infiltrate into the soil, more and more hazardous gases and particulates landed 
into the soil with rain. When the content of harmful substances in soil exceed the soil’s self-
purification ability, the composition, structure and function of soil will be changed, microbial 
activity will be inhibited, and harmful substances or its decomposition products will be 
accumulated in soil gradually, finally absorbed by human body, when the extent great enough 
to threaten human health, the soil pollution is formed. 
Commercial HCHs is a mixture of several closely–related compounds. The common  
components were 55%-80% of α-HCH, 5%-14% of β-HCH, 12%-14% of γ-HCH, 2%-10% of δ-
HCH and 3%-5% other organochlorine pesticides. The dechlorination rate sequence in 
HCHs is: α-HCH> γ-HCH>δ-HCH> β-HCH, in which the α-HCH is the most unstable and 
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has the fastest degradation rate; γ-HCH in agricultural soils can be easily changed into other 
HCHs by decomposition or biotransformation; β-HCH is a stable HCHs with the lowest 
solubility and difficult to evaporate(Chen L G et al., 2005; Rekha P N et al., 2004). In the 
three farmlands, δ-HCH had the highest detected concentration in all soil profiles and the γ-
HCH had the lowest, one reason was the migration from surface soil where had the high 
concentration of δ-HCH, the other reason was the high solubility of δ-HCH(Prakash O et al., 
2004), the undetected γ-HCH in profiles showed that there was no new input in recently, so 
the HCHs residues in soil was a legacy problem which caused by history wastewater 
irrigation and pesticide application. 
Commercial DDTs is a mixture too. The major components include 4,4'-DDT (75%), 2,4'-
DDT (15%), 4,4'-DDE (5%), 4,4'-DDD (<5%) and other substances, DDT in anaerobic 
condition can be degraded to DDD compounds, while degraded to DDE under aerobic 
conditions, the property of DDE is more stable and its degradation rate is proportional with 
the increasing of soil moisture, temperature and microbial activity(Hitch R K et al., 1992). In 
three farmlands, the content of 4,4'-DDE was the highest in DDTs in soil profiles, 4,4'-DDD 
was the lowest, because the 4,4'-DDE was harder to decompose than 4,4 ' -DDT and 4,4'-
DDD, 4,4'-DDE had the highest percentage in DDTs indicating that most residual DDT in 
soil was the degradation products, which consistent with the degradation in environment 
after DDTs been banned, also consistent with the Eh test results (soil in three farmlands 
were the oxidation state). DDT in soil environment undergoes a long period of physical, 
chemical and biological change, the (DDE + DDD) / DDT ratio should be greater than 1, if 
the ratio is less than 1, indicating that new sources may input (Qiu X et al., 2004; Jaga K et 
al., 2003). The ratio in WIF was 5.33 and 2.25 in RIF, DDT was not detected in GIF, all these 
values were greater than 1, indicating that no new sources input recently. 

8. Conclusions 
From the analyses and studies of irrigation water, pollutants contents in soil profiles and the 
physical-chemical properties of soils, combined with statistical analysis software to analyze 
the relationship between contents of OCPs and the physical-chemical parameters of soil, 
conclusions are as follows: 
The variations of soil physical-chemical indexes with depth in three farmlands were nearly 
consistent. The main soil particles were silt, followed by clay, and sand. Lithology changes 
in WIF and RIF were larger than in GIF. The proportion of silt and clay in RIF were less than 
in WIF, while the sand was greater than in WIF. 
Surface soil was the accumulated layer of OCPs in WIF and RIF, both ∑OCPs and single OCP 
overall decreased with depth, but there was no this phenomenon in GIF. The average contents 
of ∑OCPs in surface soils of 3 farmlands were 24.11 μg/kg, 8.64 μg/kg, and 1.15μg/kg 
respectively. Clearly the sequence of total OCPs in soils was: WIF> RIF> GIF, which supposed 
that the content of OCPs had a great relationship with the quality of irrigation water.  
OCPs detected in three farmlands were basically the same, and surface water and 
groundwater were also in good agreement. DDTs and HCHs were the main OCPs in surface 
soils which accounted for at least 80% of ∑OCPs. However, Heptachlor and Aldrin were 
common OCPs under the surface in profiles. This phenomenon supposed that Heptachlor 
and Aldrin were easier to migrate than DDTs and HCHs in soils profiles, and these two 
substances were a major threat to quality of groundwater.  
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DDTs and HCHs were not detected in irrigation water and groundwater, maybe caused by 
water sample pretreatment of filtration. OCPs detected in effluent of sewage plants 
confirmed that DDTs and HCHs were the main OCPs in wastewater and reclaimed water. 
But most OCPs could be removed effectively through sedimentation and degradation, 
during the long distance transportation in river channels. 
Heptachlor and Aldrin were detected both in irrigation water and groundwater except 
groundwater of GIF. That means except for pesticides application, wastewater and 
reclaimed water were other important sources for OCPs in farmlands. 
Using SPSS to analyze the soil properties and total OCPs, the results were that, TOC and soil 
moisture were the main impact factors of vertical distributions of OCPs in WIF and RIF, 
while Eh was the important factor in GIF. 
Source analyses supposed that, there were no new application of DDTs and HCHs in 3 
farmlands. The accumulations of DDTs and HCHs in surface soils were due to historical 
pesticides application and wastewater irrigation.   
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1. Introduction 
Pest management in both agricultural and non-agricultural settings uses established 
practices and new technologies to control harmful and nuisance pests. Pesticides are an 
important tool in integrated pest management. Without pesticides a significant percentage 
of food and fiber crops would be lost, infectious diseases would increase, and valuable 
native habitats would be devastated by invasive species. In 2000 and 2001, annual world 
pesticide usage exceeded 2.3 billion kilograms of active ingredient (Kiely et al., 2004). The 
application of pesticides to targeted areas inevitably results in the transport of a portion of 
these chemicals and their degradation products to surrounding non-target areas. Pesticides 
are biologically active compounds designed to interfere with metabolic processes 
(Matsumura, 1985; Manahan, 1994). The detection of pesticide in soil, water and air 
(Hoffman et al., 2000; Goel et al., 2005; Harman-Fetcho et al., 2005; Loague et al, 2006; Lv et 
al., 2010; Riederer et al., 2010; Weber et al., 2010; Hayward et al., 2010), and reported adverse 
effects of pesticides to non-target organisms at environmentally relevant levels (Chandler et 
al., 1991; Clark et al., 1993; Margni et al., 2002; Schulz, 2004) has invoked public concern.  
The off-site transport of pesticides and soil with runoff from agriculture is believed to be a 
large contributor to water quality degradation. It is estimated that 1 to 6% of soil-applied 
pesticides may be lost to aquatic environments in runoff and drainage from agricultural 
fields (Wauchope, 1978; Bengston et al., 1990). A number of pesticides have been detected in 
surface waters of agricultural watersheds (Baker and Richards, 1990; Thurman et al., 1992; 
Goolsby & Battaglin, 1993; Johnson et al., 1994) and research has demonstrated significant 
negative effects of pesticides on aquatic organisms and ecosystems resulting from nonpoint 
source agricultural runoff (Scott et al., 1990; Chandler and Scott, 1991; Savitz et al., 1994).  
Tomatoes are one of the most economically important vegetables grown in the United States 
with average annual yields of 1.6 billion kilograms and 8.9 billion kilograms for fresh 
market and processing tomatoes, respectively, at an estimated value of nearly $2 billion 
(Davis et al., 1998). A cultivation method widely accepted by vegetable growers is the use of 
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polyethylene mulch where a thin sheet of plastic is placed over a raised bed with bare-soil 
furrows between the beds. In 1999, polyethylene mulch was used on over 12 million 
hectares of land throughout the world; representing 450 thousand hectares in Europe, 9.7 
million hectares in Asia, 200 thousand hectares in the Americas and 80 thousand hectares in 
Africa and the Middle East (Takakura & Fang, 2001). Polyethylene mulch is a preferred 
practice because it can warm the soil and control weeds; however, nearly 50 to 75% of the 
field is covered with an impervious surface which enhances runoff due to reduced water 
infiltration. Research has shown greater runoff volumes and soil erosion associated with 
polyethylene mulch relative to bare soil (McCall et al., 1988; Wan & El-Swaify, 1999). In 
addition, compared with conventional production agriculture, polyethylene mulch systems 
have an additional surface for pesticide adsorption/desorption which may enhance or 
impede chemical runoff and degradation rates (Vuik et al., 1990; Topp & Smith, 1992; Nerin 
et al., 1996). 
Hairy vetch (Vicia villosa Roth) mulch, a vegetative cover crop, has been shown to be a 
profitable management practice for fresh market tomato production resulting in greater 
tomato yields and lower production costs than polyethylene mulch or bare soil (Kelly et al., 
1995). Cover crops including hairy vetch have been shown to suppress weeds (Teasdale, 
1996), act as a slow-release fertilizer (Ranells and Wagger, 1996), reduce soil erosion, 
increase soil organic matter, improve soil tilth (Smith et al., 1987), and increase soil 
infiltration and soil moisture (McVay et al., 1989). Field and laboratory studies have 
demonstrated that crop residues and vegetative mulches can reduce runoff, soil erosion, and 
the off-site transport of pesticides and nutrients from agricultural fields (Ghadiri et al., 1984; 
Dao, 1991; Sur et al., 1992; Zuzel and Pikul, 1993).  
Approximately 32% of pesticide use in the United States results from non-agricultural pest 
control; including applications to protect structures, maintain lawns and landscapes, control 
weeds at roadsides and right-of-ways, maintain recreational areas and gardens, and repel 
and control nuisance and disease carrying pests. In 2000 and 2001, 19% of pesticide usage in 
the United States occurred in the home and garden sectors while 13% was accounted for by 
industrial, commercial and governmental sectors (Kiely et al., 2004).  
More than 16 million hectares of land in the United States is estimated to be covered by 
tended lawn (Milesi et al., 2005). Managed turf is found in both private and public settings; 
as residential, commercial and public lawns, on golf courses and athletic fields, as sod farms, 
and in parks and cemeteries. In the late 1990s the urban/suburban pesticide market was 
estimated to be a billion dollars annually with pest control of turfgrass (e.g. professional 
lawn care, landscapers, nurseries, golf courses, sod farms and institutions) representing a 
significant portion of that market; approximately $500-$700 million (Joyce, 1998; Racke, 
2000; Clark and Kenna, 2001). Golf courses contain some of the most intensely managed turf, 
which often requires multiple applications of pesticides at rates that may exceed those 
typically found in agricultural or home environments (Barbash and Resek, 1996; Gianessi 
and Anderson, 1996). Pesticides associated with the turfgrass industry have been detected in 
surface waters of urban watersheds (Cohen et al., 1999; Gilliom et al., 2006). Examples 
include spring and summer detections of carbaryl and diazinon at levels that exceeded 
criteria for protection of aquatic life (Hoffman et al., 2000), reports of dimethylamine salt of 
2,4-dichlorophenoxyacetic acid (2,4-D), dicamba, and mecoprop in 85% of evaluated storm 
runoff events (Wotzka et al., 1994), and evidence of chlorpyrifos, diazinon and 2,4-D in 
surface waters throughout the year (Frick et al., 1998). 
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Fairways comprise approximately one-third of the managed turf of a typcial golf course 
(Watson et al., 1992; Lyman et al., 2007), which may be adjacent to surface waters such as 
streams, ponds and lakes. Golf course fairways and greens are often managed with core 
cultivation during the spring or fall to control thatch, stimulate root and shoot growth, 
alleviate surface compaction, and enhance water infiltration (Beard, 1973; White & Dickens, 
1984; Turgeon, 1985; Carrow et al., 1987; Dunn et al., 1995, Callahan et al., 1998). Solid tine 
core cultivation requires a reduced amount of labor and is less disruptive to the surface of 
the turf but is believed to cause localized compaction. Cultivation with hollow tines 
typically involves removing cores from the turf, which are air-dried and brushed back into 
the open holes (Murphy et al., 1992). Despite the widespread use of core cultivation, little is 
known about the quantity of pesticides transported in runoff from turf managed with either 
solid tine or hollow tine core cultivation practices.  
Evaluation of established and emerging management practices is important in order to 
understand their efficacy and sustainability. As benefits and improvements in management 
strategies are discovered they can be implemented; while practices with unexpected adverse 
consequences can be modified or replaced. Here we present research measuring the 
quantity of pesticides transported with runoff from agricultural (fresh market tomato 
production) and non-agricultural (golf course fairway turf) systems; to evaluate the 
influence of management practices to reduce the off-site transport of pesticides with runoff. 
Following quantification of pesticide mass transport, real-world runoff-to-surface water 
scenarios were used to extrapolate edge-of-plot runoff data to estimated environmental 
concentrations of pesticides in surface waters receiving the runoff. A comparison of surface 
water pesticide concentrations with published toxicity data assessed the ability of 
management practices to reduce ecological risk of pesticides from the evaluated agricultural 
and non-agricultural systems. 

2. Materials and methods 
2.1 Site description 
Agricultural system: Runoff water was collected from tomato (Lycopersicon esculentum Mill) 
plots located at the Henry A. Wallace Beltsville Agricultural Research Center, Beltsville, 
Maryland, USA. The 2500-m2 field is comprised of Mattapex silt loam (fine-silty, mixed, 
mesic Aquic Hapludults with 1.3 to 1.6% organic carbon content) with a 5 to 7% slope. The 
site was divided into sixteen plots, each with four raised beds (15 cm high, 27 m long, 0.9 m 
wide, and 1.5 m center-to-center), prepared in a north-south direction. A randomized 
complete block design was used to assign eight plots to tomato production and the 
remaining plots were planted with sweet corn (Zea mays). Tomato and corn plots were 
rotated annually to reduce pest pressure. Earthen berms were constructed around each plot 
to prevent water movement between the plots and to capture runoff only from the three 
central rows within each four-bed tomato plot. 
Turf system: Experiments were conducted on 976 m2 site located at the University of 
Minnesota Turf Research, Outreach and Education Center, Saint Paul, MN, USA. The soil 
was characterizes as Waukegan silt loam (sandy-skeletal, mixed superactive, mesic Typic 
Hapludolls) containing 55% silt, 29% sand, 16% clay and 3% organic carbon with a natural 
slope running east to west that was graded to 4% with less than 1% slope from north to 
south. The study area was sodded with L-93 creeping bentgrass (Agrostis palustris Huds.) 



 Pesticides - Formulations, Effects, Fate 

 

404 

and divided into plots (24.4 m x 6.1 m, length x width), prepared in an east to west direction, 
14 months prior to initiation of the reported studies. Prior to simulated precipitation events, 
plots were hydrologically isolated with removable berms, constructed from horizontally-
split 10.2-cm schedule 40 PVC pipe, inverted to rest on the cut edges. Observations during 
runoff events showed no water movement under the PVC berms.  

2.2 Management practices (treatments) 
Agricultural system: During the month of September raised vegetable beds were 
constructed in plots assigned to the vegetative mulch treatment and planted with hairy 
vetch (V. villosa) seed on the beds and in the furrows between the raised beds. In early May 
the hairy vetch was finely chopped using a flail-mower to provide a vegetative mulch 
residue over the soil surface. By mid May, beds for the polyethylene treatments were 
constructed and drip irrigation lines were installed 8 to 10 cm from the plant row prior to 
the installation of the polyethylene. Furrows between raised beds covered with polyethylene 
remained as bare soil. During the last week of May, ‘Sunbeam’ tomato plant seedlings were 
transplanted in the center of each bed with a no-tillage planter to minimize the disruption of 
the mulches (polyethylene or hairy vetch residues). Immediately after transplanting, drip 
lines were added to the surface of the hairy vetch mulch beds approximately 8 to 10 cm from 
the plants. Tomato plants grown in the polyethylene and hairy vetch mulch received equal 
quantities of water through the irrigation system to maintain the plants during dry 
conditions. The quantity of water applied with the trickle irrigation system was not enough 
to produce surface runoff. Additional information on cultivation of hairy vetch cover crops 
and installation of polyethylene or hairy vetch mulch is given elsewhere (Abdul-Baki et al., 
1996; Abdul-Baki et al., 1997; Rice et al., 2001). 
Turf system: Creeping bentgrass turf was managed as a fairway with 1.25 cm height of cut 
(3 times weekly, clippings removed), topdressed with sand (weekly, 1.6 mm depth) and 
irrigated to prevent drought stress. The quantity of water applied with the maintenance 
irrigation was not enough to produce surface runoff. Core cultivation with either solid tines 
(0.95 cm diameter x 11.43 cm length) or hollow tines (0.95 cm internal diameter x 11.43 cm 
length) was performed twice (June 21st, Sept 28th) (Rice et al., 2010b). Cores removed with 
the HT were allowed to dry, broken into smaller pieces, and worked back into the turf. A 
back-pack blower and leaf rake removed the turf and thatch from the plot surface. Sand 
topdressing was not performed immediately after core cultivation or within a week of 
simulated precipitation and generation of runoff.  

2.3 Pesticides 
Agricultural system: Pesticides monitored in the tomato production experiment and 
reported in the present publication were as follows: Bravo® 720 fungicide (ISK Biosciences, 
Mentor, OH) containing 40.4% chlorothalonil (tetrachloroisophthalonitrile); Thiodan® 50 
WP insecticide (FMC, Philadelphia, PA) containing 50% endosulfan 
(hexachlorohexahydromethano-2,4,3-benzodioxathiepin 3-oxide) and Asana® XL insecticide 
(Du Pont, Wilmington, DE) containing 8.4% esfenvalerate ((s)-cyano(3-
phenoxyphenol)methyl(s)-4-chloro-alpha-(1-methylethyl) benzeneacetate). Details on the 
applied herbicide (metribuzin) and inorganic fungicide (copper hydroxide), can be found in 
previous publications (Rice et al., 2001; Rice et al., 2002). Properties of the active ingredients 
for pesticides reported in this manuscript are provided in Table 1. 
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Water Solubility (20oC)  KOC
b  KOW

c (pH 7, 20oC)  Half Life (d)   
Pesticidea (mg/L) (ml/g) (Log P) Soil Water-Sediment Water
Chlorothalonil 0.81 850 2.94 22 0.1 0.1
Chlorpyrifos 1.05 8151 4.70 50 36.5 5
Endosulfan 0.32 11,500 4.75 50  ---d  ---
Esfenvalerate 0.001 5300 6.24 44 71 30
Flutolanil 8.01 735 3.17 233 320 90.5
ahttp://sitem.herts.ac.uk/aeru/footprint/en/index.htm.
bSoil organic carbon partition coefficient.
cOctanol-water partition coefficient.
d--- = no data.  

Table. 1. Pesticide Properties. 

Turf system: Commercially available pesticide products were tank mixed and applied at 
label rates to all plots perpendicular to runoff flow. The insecticide Dursban® 50W (Dow 
AgroSciences LLC, Indianapolis, IN) containing 50% chlorpyrifos (O,O-diethyl O-(3,5,6-
trichloro-2-pyridinyl) phosphorothioate) and fungicide ProStar® 70WP (Chipco® 
Professional Products, Aventis CropScience) containing 70% flutolanil (N-[3-(1-
methylethoxy) phenyl]-2-(trifluoromethyl) benzamide) are reported in the present 
publication. Properties of their active ingredient are provided in Table 1. Details on the tank 
mixed herbicides (2,4-D, dicamba, mecoprop-p), application equipment and spray 
characteristics are reported elsewhere (Rice et al., 2010a,b). 

2.4 Precipitation  
Agricultural system: A tipping-bucket rain gauge was used to measure the time and 
intensity of each precipitation event. Runoff resulting from natural precipitation was 
collected during the growing season, May to September. On occasions when rainfall runoff 
had not been produced within a week of pesticide applications, an overhead sprinkler 
system was used to create precipitation. The sprinkler system was erected around the field 
and between the plots with sprinkler nozzles that were 1.8 m above ground and spaced 
every 12 m, in order to give an even application of water to all plots simultaneously. This 
system delivered from 7.5 to 14.3 mm/hr rain intensities to the plots, which is similar to the 
average natural rainfall intensity (~ 11 mm/hr) during the growing season. Artificial rain 
events represented only 9 of the 41 precipitation events evaluated.  
Turf system: A rainfall simulator was constructed following the design of Coody and 
Lawrence (1994) (United States patent 5,279,151), which delivered precipitation with a droplet 
size spectrum, impact velocity, and spatial uniformity characteristic of natural rainfall. Risers 
were spaced 3.7 m apart with nozzles and spinners suspended 2.7 m above the turf. Simulated 
precipitation was initiated 26 ± 13 h after pesticide application when the wind speeds averaged 
0.8 ± 0.7 mps (1.8 ± 1.6 mph). Rain gauges (Taylor Precision Products) were distributed 
throughout each plot to quantify simulated precipitation. Measured rainfall rates were 29 ±6 
mm/h; similar to storm intensities recorded in Minnesota, USA, during July through October. 
The duration of the simulated precipitation was 2.0 ± 0.5 h, which was chosen to assure 90 min 
of runoff had been generated from each plot. Details on the materials and dimensions of the 
simulator are provided elsewhere (Rice et al. 2010a,b).  

2.5 Runoff collection 
Runoff water samples and flow data were collected from either fiber-glass H flumes 
(agricultural study) or stainless-steel trapezoidal flumes (turf study) outfitted with bubble-
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tube and sample-collection ports using automated runoff samplers (ISCO model 6700) 
equipped with flow meters (Isco model 730, Lincoln) (Rice et al., 2001; Rice et al., 2010a). 
Water samples were deposited into glass bottles, removed from the samplers and stored at -
20 oC until laboratory processing and analysis. Up to 24 300-ml samples were collected from 
each runoff event.  

2.6 Runoff processing and pesticide analysis 
Water samples resulting from overland flow in the agricultural study contained soil 
particulates while those from the turf study were relatively clear. As a result, runoff from 
the agricultural study was characterized for both dissolved- and particulate-phase pesticides 
while runoff from the turf study was characterized for dissolved-phase pesticides.  
Agricultural system: Due to the small sample volume and the large numbers of water 
samples collected in this study, composite samples from each plot for each runoff event 
were analyzed for dissolved-phase and particulate-phase pesticide concentrations. A 
detailed description of the processing and analytical methods are given elsewhere (Rice et 
al., 2001). Briefly, filtered water (0.7 µm) was extracted using a Varian SPME III autosampler 
(Varian, Palo Alto, CA) equipped with either a 100 μm polydimethylsiloxane or 85 μm 
polyacrylate fiber (Supelco, Bellefonte, PA). Analyses were carried out using a Hewlett 
Packard 5890 Series II gas chromatograph (Hewlett Packard, Santa Clarita, CA) with an 
electron capture detector. Chromatographic conditions for chlorothalonil and endosulfan 
analyses were as follows: J&W DB-5 column, 30 m x 0.25 mm i.d., film thickness of 25 μm 
(J&W Scientific, Folsom, CA), temperature program, injector temperature 270 oC, 150 oC, 
initial temperature, 2 min hold, 3 oC/min to 200 oC, 5 min hold, 10 oC/min to 260 oC, 1 min 
hold, detector temperature 270 oC. The limits of detection were 3500 ng/L for chlorothalonil, 
9.5 ng/L for α-endosulfan and 13 ng /L for β-endosulfan. Esfenvalerate was extracted from 
5-ml of runoff water using liquid-liquid extraction with 3, 5-ml aliquots of ethyl acetate. 
Organic extracts were combined and residual water was removed using a 2-g column of 
anhydrous MgSO4 and concentrated to 1 ml with high purity N2 gas and spiked with PCB 
#204 (60 ng) as an internal standard. Calibration standards were prepared in de-ionized 
water and extracted using the same method as the samples. De-ionized water control 
samples and blank water (5 ml) spiked with 400 ng Asana were extracted along with runoff 
samples. The limits of detection and extraction efficiencies for esfenvalerate were 540 ng/L, 
96.6+13.5%. Analyses were carried out using the same chromatographic conditions 
described for chlorothalonil and endosulfan, with the exception of the temperature program 
which was as follows: 150oC initial temperature, 2 min hold, 10oC/min to 200oC, 3.5oC/min 
to 270oC, 0.40oC min to 275oC, 3.5 min hold.  
In order to determine the particle-phase pesticide concentration, 50 ml from each sample 
was combined into an integrated sample from each plot for a total of 8 integrated samples 
from each rain event. Integrated samples were filtered through a glass fiber filter (Whatman 
GF/F, 0.7 μm nominal pore size) using a stainless steel filter holder. A quarter of each filter 
was extracted with 3:1 dichloromethane (DCM): acetone (chromatographic grade) for 6 h 
using a Soxhlet apparatus. Extracts were cleaned up using an LC-Alumina-N 2 g (Supelco, 
Bellefonte, PA) cartridge topped with 1 g anhydrous MgSO4 to remove color, particle 
material, and water. An additional 15-ml of 1:1 DCM:acetone was passed through the clean 
up column and combined with the extract. Extracts were reduced using N2 gas and 
exchanged into isooctane. Extraction efficiency of the method was evaluated by spiking 
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filter papers used to filter runoff water from untreated soil with the target analytes and 
dibutyl chlorendate as a sample specific extraction efficiency determination. Recoveries 
ranged from 85.3 ± 4.9% to 91.2 ± 10.1%. Blank filter papers were also extracted and 
analyzed with samples and no interfering peaks were found. Extracts were analyzed using 
the chromatographic conditions described for dissolved-phase esfenvalerate, with the 
exception of the temperature program which was as follows: 150oC initial temperature, 2 
min hold, 10oC/min to 200oC, 1 min hold, 3.0oC/min to 260oC, 10 min hold, 7.0oC/min to 
280oC, 10 min hold. The method detection limits for the target analytes were: chlorothalonil 
1.0 µg/L, α-endosulfan 0.63 µg/L, β-endosulfan 2.2 µg/L and esfenvalerate 49 µg /L.  
Turf system: Water samples were processed by filtering 3-ml through a 0.45 μm nylon 
syringe filter (Whatman) followed by methanol (0.5 ml) to rinse the filter. Irrigation source 
water, background runoff water, and background runoff spiked with known quantities of 
pesticides served as blank and positive control samples. Each runoff sample was analyzed for 
pesticides. No samples were combined. Methanol rinsates of Petri dishes, containing pesticide 
residues for determination of actual application rates, were diluted with laboratory-grade 
organic-free water to 14% methanol to mimic the methanol and water content of the filtered 
runoff samples. Concentrations of each pesticide were measured by direct injection (500 μl) 
onto a high performance liquid chromatograph (Waters model 717plus autosampler and 
model 1525 binary pump) with a photodiode array detector (Waters model 2996: Waters) set at 
230nm. Analytes were eluted from an Agilent C-18 column (150 mm long, 4.6 mm diameter, 5 
μm packing) using two solvents [solvent A: laboratory-grade organic-free water (0.17% 
trifluoroacetic acid); solvent B: 82:18 methanol:acetonitrile] at a rate of 1 ml/min. Initial 
conditions, 60% B, were held for 2 min followed by a gradient ramped from 60 to 95% B in 23 
min, a 3 min hold, then back to 60% B in 10 min with a 5 min hold. Recoveries were: 74 ± 23% 
for chlorpyrifos and 91 ± 8% for flutolanil. Method detection limits ranged from 2.5 to 3.7 
μg/L. Limits of quantification for the target analytes were: chlorpyrifos 5.3 ± 0.9 μg/L and 
flutolanil 4.5 ± 0.8 μg/L. 

2.7 Pesticide loads with runoff  
Agricultural system: Seasonal pesticide loads represent the sum of dissolved- and 
particulate-phases for all runoff events collected from May to September. Loads from 
individual runoff events were based on a composite sample made up of combined 
individual flow-weighted samples that were collected throughout the runoff event for each 
plot. Dissolved-phase pesticide loads (mg/m2) were calculated from measured runoff 
volumes from each plot (L/m2) and the concentration of pesticides in the filtered runoff 
water (mg/L). Particulate-phase pesticide loads (mg/m2) were quantified using measured 
runoff volumes for each plot (L/m2), mass of total suspended solids per unit volume of 
runoff (g/L) and the concentration of the pesticide extracted from the particulates (mg/g).  
Turf system: Pesticide loads (mg/m2) for individual runoff events were calculated from the 
sum of time-weighted samples collected throughout the runoff event. In summary, the mass 
of a pesticide transported with runoff for each time point was calculated from the measured 
pesticide concentration (mg/L) in the filtered runoff water, the flow rate at the time of 
sampling (L/min) and the time between samples (min) for the area of the turf plot (m2). 
Graphical representation of runoff volumes and pesticide loads for individual samples 
throughout a runoff event are presented as hydrographs and chemographs elsewhere (Rice 
et al., 2010a,b). 
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2.8 Pesticide concentrations in surface water receiving runoff 
Measured pesticide loads in edge-of-plot runoff were extrapolated to surface water 
concentrations using real-world runoff-to-surface water scenarios reported by others. 
Estimated environmental concentrations in the receiving surface water do not account for 
sorption or degradation of the pesticides and therefore were used as a relative comparison 
to evaluate the effectiveness of management practices to mitigate pesticide transport with 
runoff rather than represent a definitive available concentration.  
Agricultural system: Dietrich & Gallagher (2002) measured dissolved copper concentrations 
in runoff from tomato fields managed with polyethylene mulch at the edge-of-field and in 
an adjacent creek receiving the runoff. Concentrations ranged from 20-236 µg/L in the edge-
of-field runoff and were as high as 20 µg/L in a nearby creek. Using the lowest, highest and 
average chemical concentrations for the edge-of-field runoff and receiving surface water 
from their study, we determined nine dilution ratios (pesticide concentration in the runoff 
water to pesticide concentration in the creek) ranging from a 1:1 dilution to a 1:236 dilution, 
with a median dilution ratio of 1:15. Thus, in the present study, a 1:15 dilution was used to 
calculate environmentally realistic pesticide concentrations in surface water receiving edge-
of-plot runoff from the polyethylene mulch plots. 
A literature search afforded no similar dilution factor for hairy vetch mulch. Although edge-
of-plot concentrations for hairy vetch mulch were also measured in our field experiments, 
using the 1:15 dilution to calculate surface water concentrations would not be appropriate; 
as the total pesticide loads in runoff from hairy vetch mulch were significantly less than the 
total pesticide loads in the runoff from polyethylene mulch. This decrease in load was 
primarily the result of smaller runoff volumes and less total soil lost as opposed to smaller 
pesticide concentrations in the runoff (Rice et al., 2001; Rice et al., 2002). Unlike 
concentration, load accounts for overall mass differences resulting from changes in both 
runoff volumes and quantity of soil lost with runoff. Therefore, pesticide concentrations in 
surface water associated with runoff from hairy vetch mulch were based on calculations 
using the percent reduction in pesticide load for edge-of-plot runoff from hairy vetch mulch 
relative to that from polyethylene mulch. For example, average seasonal loads of 
chlorothalonil in edge-of-plot runoff during the third season for polyethylene plots (70.1 
mg/m2/season) and hairy vetch plots (4.4 mg/m2/season) represents a 94% reduction in 
mass of chlorothalonil entering the receiving surface water from hairy vetch plots. Therefore 
the creek concentration associated with hairy vetch mulch was calculated by reducing the 
polyethylene mulch creek concentration (192.4 µg/L, a 1:15 dilution of the edge-of-plot 
concentration 2885.4 µg/L) by 94%, resulting in a hairy vetch creek concentration of 12.1 
µg/L, which represents the difference in mass of chlorothalonil entering the surface water. 
Turf system: Pesticide loads in runoff from the turf were extrapolated to pesticide 
concentrations in surface water receiving the runoff based on sub-watershed characteristics 
and receiving surface water dimensions reported from a golf course located less than 20 
miles from the study site (http://www.pca.state.mn.us/publications/stormwaterresearch-
eaglelake.pdf, pond 4 sub-watershed). Using this real-world scenario, pesticide loads from 
the fairway turf plots (mg/m2) were multiplied by the area (5641 m2) of the golf course 
contributing runoff to the receiving surface water, and the estimated percentage of the golf 
course represented by fairway turf (0.33 or 33%) (Watson et al., 1992; Lyman et al., 2007), 
providing the overall mass of pesticide transported with runoff to the receiving surface 
water (440,000 L). Estimated pesticide concentrations of the surface water receiving runoff 
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from fairway turf managed with solid tine or hollow tine core cultivation were compared to 
toxicological endpoints to evaluate which core cultivation practice would be the most 
efficient at mitigating ecological risk. 

2.9 Statistical analysis 
For both the agricultural and turf studies management practices were assigned to the plots 
using a randomized complete block design. Experiments were repeated for three 
consecutive field seasons with four replications of each treatment (type of mulch) for the 
agricultural study and for two simulated precipitation events with three replications of each 
treatment (type of core cultivation) for the turf study. Analyses of variance were performed 
to evaluate runoff volumes, soil loss and chemical loads, with the management practice as 
the single criteria of classification for the data (Steel & Torrie, 1997).  

3. Results and discussion 
3.1 Agricultural crop: fresh market tomato production 
Precipitation and runoff volume. Runoff volumes were measured from each plot 
throughout three growing seasons (May to August). With the exception of a few runoff 
events, the volume of runoff collected from polyethylene mulch plots was 2 to 100 times 
more than runoff from hairy vetch plots for the 41 recorded runoff events. Precipitation and 
volumes of individual runoff events are provided in detail elsewhere (Rice et al., 2001). The 
seasonal water losses for the three growing seasons were 90.6, 55.4 and 146.0 mm per 
growing season for polyethylene plots and 36.8, 13.7 and 75.7 mm per growing season for 
hairy vetch plots; resulting in a 59, 75, and 48% reduction in runoff from tomatoes grown 
with the vegetative mulch (Figure 1A). 
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Fig. 1. Volume of runoff (A) and quantity of soil (B) transported in runoff from fresh market 
tomato production with polyethylene (plastic) and hairy vetch (vegetative) mulch. 

Precipitation rate and infiltration rate determines the overall quantity of surface runoff. 
Vegetable production with polyethylene mulch may result in up to 75% of the soil surface 
covered with an impermeable film, depending on the width of the plastic covered tomato-
beds and bare-soil furrows. McCall et al. (1988) and Wan & El-Swaify (1999) reported 
greater runoff volumes associated with the use of impermeable plastic mulch relative to 
bare soil. We have also observed that the addition of vegetative-mulch between 
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polyethylene-covered tomato-beds reduces runoff volume compared to vegetable 
production with polyethylene-covered beds and bare-soil furrows (Rice et al. 2004, 2007). 
Plant residue of the vegetative mulch dissipates raindrop energy and increases surface 
roughness, both of which reduce the velocity of surface runoff allowing for greater 
infiltration within the furrows (Mannering & Meyer, 1963; Foster & Meyer, 1972). 
Elimination of the polyethylene mulch and use of vegetative-residue mulch on both the 
tomato-beds and in the surrounding furrows reduces runoff volumes do to greater 
infiltration as well as an increase in infiltration area since the impervious surface has been 
removed.  
Soil erosion. The quantity of soil transported in the runoff ranged from 2.7 to 2000 kg/ha 
per event for polyethylene compared to 0.07 to 338 kg/ha per event for hairy vetch. Ten 
percent of the runoff events delivered >250 times more soil from the polyethylene plots 
(Rice et al., 2001). Average soil loss for the three growing seasons was 4921, 2418 and 5353 
kg/ha per season for polyethylene plots and 328, 387 and 1179 kg/ha per season for hairy 
vetch mulch plots; representing a 93, 84 and 78% reduction in soil loss with runoff from the 
vegetative mulch (Figure 1B).  
The significant reduction in soil erosion with runoff from tomatoes grown with hairy vetch 
mulch is likely the result of the hairy vetch plant residues dissipating raindrop energy and 
the anchoring characteristics of the roots providing increased structural stability in the 
vegetated soil (Mannering & Meyer, 1963; Foster & Meyer, 1972; Sur et al, 1992; Zuzel & 
Pikul, 1993). These factors contribute to greater infiltration of precipitation, reduced runoff 
volume and runoff velocity, and the significant reduction of suspended particulates 
transported with runoff. Measured flow rates of runoff from plots with polyethylene mulch 
were 1.2 to 7.5 times greater than from plots with hairy vetch mulch. Suspended sediment 
concentrations were 4 times greater in polyethylene runoff (polyethylene: 3,334 ± 0.87 mg/L; 
hairy vetch: 692 ± 1.5 mg/L).  
Pesticides in runoff. Concentrations of pesticides associated with both the dissolved and 
particulate phases of the runoff were measured for each runoff event and combined with 
runoff and soil loss data to calculate total pesticide loads transported off-plot with runoff 
during each growing season. Chlorothalonil and endosulfan were measured in both the 
dissolved and particulate phases while esfenvalerate was absent from the dissolved phase 
(Figure 2). Greater loads of all three pesticides were associated with runoff from 
polyethylene mulch than hairy vetch mulch regardless of the phase (dissolved or 
particulate) evaluated. When total pesticide loads were considered, hairy vetch mulch 
reduced pesticide loads with runoff by 70 to 97% compared to polyethylene mulch. Details 
on the dissolved and particulate phase pesticide concentrations and loads for individual 
runoff events can be obtained elsewhere (Rice et al., 2001).  
Although the fungicide (chlorothalonil) and insecticides (endosulfan, esfenvalerate) were 
applied to the tomato plants, inevitably, a percent of the applied pesticides are either 
washed off the foliage onto the mulch or are directly applied to the mulch during foliar 
application. Rainfall may interact with chemical residues in the top centimeter of soil, 
termed the extraction- or mixing-zone (ISU, 1992; Baker and Mickelson, 1994; Wauchope, 
1996). The compromised infiltration capacity of the polyethylene-covered vegetable-beds 
and reduced leaching of pesticides below the extraction zone explains, in part, the increased 
availability of pesticides for transport with runoff from the plastic mulch system. The  
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Fig. 2. Quantity of chlorothalonil (A), endosulfan (B) and esfenvalerate (C) transported in 
runoff from fresh market tomato production using polyethylene (plastic) or hairy vetch 
(vegetative) mulch. 
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adsorption and desorption of pesticides to the mulch will also influence the pesticides’ 
availability to be transported with surface runoff. The adsorption of pesticides to 
polyethylene mulch, which has been shown to be influenced by the chemical properties of 
the pesticide as well as the density of the polyethylene (Vuik et al., 1990; Topp & Smith, 
1992), may be playing an important role in the pesticide loading profile of the runoff. When 
a chemical is weakly adsorbed to the polyethylene mulch the loading profile would show a 
large pulse at the beginning of the runoff event followed by a sharp decline. Pesticides that 
are more strongly adsorbed to the polyethylene material would be illustrated by a slow 
bleed of chemicals off the plastic that may occur over the entire runoff event. McCall et al. 
(1988) reported the peak concentration of endosulfan in runoff from polyethylene mulch 
occurred at the beginning of the rainfall event compared to the peak concentration in the 
bare soil runoff that occurred in tandem with the peak flow. This illustrates endosulfan was 
more weakly adsorbed to polyethylene than soil. We found a great difference in the loading 
profile chemographs of endosulfan and chlorothalonil in the dissolved phase of runoff from 
polyethylene mulch compared to hairy vetch mulch (Rice et al., 2001). Statistical analysis 
revealed chlorothalonil loads in the dissolved phase of runoff were more associated with 
runoff volume than pesticide concentration in the runoff for both polyethylene and hairy 
vetch mulch (chlorothalonil: volume r2 = 0.57 to 0.83, concentration r2 = 0.00 to 0.06). Runoff 
volume and pesticide concentration in the runoff water were equally important for 
endosulfan (endosulfan: volume r2 = 0.48 to 0.92, concentration r2 = 0.71 to 0.99). 
Esfenvalerate was only measured in the suspended particulates, which corresponds to its 
very low water solubility (Table 1). Management practices that enhance or reduce either 
runoff volume or soil loss with runoff will influence the mass of pesticides transported with 
runoff. Additional studies on the sorption interactions of pesticides with polyethylene and 
plant residues of the hairy vetch will be needed to fully understand pesticide transport with 
runoff from these two mulch systems.  

3.2 Turf: golf course fairway 
Precipitation and runoff volume. Simulated precipitation and evaluation of resulting runoff 
occurred during the months of August and September while the turf was actively growing 
(mean air temperatures approximately 21 ˚C (70 ˚F)). Core cultivation with solid or hollow 
tines occurred 63 d prior to initiation of the first simulated rainfall event, while the period of 
time between the second core cultivation and simulated precipitation was only 2 d. The 
greater time lag between core cultivation and the runoff study for the first event was a result 
of delays in the construction of the rainfall simulator. Although differences were noted in 
the results of the 63 d (event – 1) and 2 d (event – 2) data the overall trends observed 
between solid tine and hollow tine core cultivation remained the same (Rice et al., 2010b). It 
is important to note the time between pesticide application and runoff was similar for both 
runoff events (26 ± 13 h).  
Overall, runoff volume was reduced in fairway turf plots managed with hollow tine core 
cultivation compared to solid tine core cultivation. The total volume of runoff measured 
from turf managed with hollow tines was 10% (63 d) and 55% (2 d) less than the total 
volume quantified from turf managed with solid tines (63 d: hollow tine = 21.1 ± 6.2 mm, 
solid tine = 23.4 ± 7.4 mm; 2 d: hollow tine = 12.5 ± 0.9 mm, solid tine = 28.0 ± 16.1 mm) 
(Figure 3A). Hydrographs revealed reduce runoff volumes associated with hollow tine core 
cultivation in 81% (63 d) and 87% (2 d) of the samples (Figure 3B).  
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Fig. 3. Total volume of runoff (A) and runoff hydrographs (B) from golf course fairway turf 
managed with solid tine core cultivation or hollow tine core cultivation 63 d and 2 d prior to 
precipitation.  

Solid tine core cultivation has been shown to result in localized compaction with the most 
sever compaction at the base of the zone of cultivation (Murphy et al., 1992). Hollow tine 
core cultivation has also been shown to result in compaction along the sidewalls and base of 
the coring; however, sidewall compaction dissipated while bottom compaction remained 
after 95 d (Petrovic, 1979). Our field observations and measurements showed greater 
infiltration with hollow tine core cultivation compared to solid tine core cultivation with the 
greatest difference between cultivation practices occurring shortly after treatment (2d) and 
decreasing with time (63 d) (Rice et al., 2010b). We speculate the greatest difference in soil 
physical properties was most prominent shortly after hollow tine or solid tine core 
cultivation; which diminished as roots grew, compaction dissipated, and core channels were 
covered or filled. Other researchers have reported greater air porosity and saturated water 
conductivity in turf managed with hollow tines compared to solid tines, and enhanced 
water infiltration in turf managed with hollow tine core cultivation compare to untreated 
turf (Murphy et al., 1992; Baldwin et al., 2006; McCarty et al., 2007). 
The quantity of applied precipitation measured as surface runoff represented 28 to 62% of 
the applied rainfall depending on the type of core cultivation and time duration between 
core cultivation and precipitation (2d: hollow tine = 28 ± 2%, solid tine = 62 ± 25%; 63 d: 
hollow tine = 36 ± 11%, solid tine = 41 ± 13% (Rice et al., 2010b). Shuman (2002) observed 37 
to 44 % of applied water resulted as runoff from fairways of Tifway bermudagrass (Cynodon 
dactylon (L.) Pers.), which received 50 mm of simulated precipitation, 2 d following 
irrigation to field capacity. Kauffman and Watschke (2007) observed three to 21% of applied 
simulated precipitation was measured as runoff from bentgrass and perennial ryegrass turf 
managed with hollow tine core cultivation. They attributed variations in runoff volumes to 
differences in antecedent soil moisture, slope and environmental conditions. For our 
experiments, soil moisture measurements for both cultivation practices were 46 ± 7% (n = 
54) water holding capacity 3 h prior to initiation of the simulated precipitation and 67 ± 6% 
(n = 54) water holding capacity 2 h following simulated precipitation. The slope of each plot 
was 4% and simulated precipitation and collection of runoff were performed in side-by-side 
paired comparisons (hollow tine versus solid tine for each replication) with runoff data 
normalized to the measured quantity of precipitation applied to each plot (n = 11 per plot). 
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Therefore the reduction in percentage of applied precipitation resulting as surface runoff 
from the hollow tine plots versus solid tine plots is the effect of the core cultivation 
practices.  
Pesticides in runoff. Plots receiving hollow tine core cultivation to manage thatch 63 d prior 
to runoff showed a 15% reduction in flutolanil loads (solid tine = 29.4 ± 11.2 mg/m2, hollow 
tine = 24.9 ± 10.6 mg/m2) while chlorpyrifos loads were similar (solid tine = 0.24 ± 0.01 
mg/m2, hollow tine = 0.28 ± 0.17 mg/m2) (Figure 4). Following the second core cultivation, 2 
d prior to initiation of simulated precipitation and runoff, hollow tine plots displayed a 
reduction in both flutolanil and chlorpyrifos loads relative to the solid tine plots with a 55% 
decline in total loads of flultolanil (solid tine = 29.0 ± 17.2 mg/m2, hollow tine = 13.2 ± 0.2 
mg/m2) and a 57% reduction in total loads of chlorpyrifos (solid tine = 0.71 ± 0.34 mg/m2, 
hollow tine = 0.31 ± 0.02 mg/m2). Solid tine core cultivation pushes the soil aside to create 
channels while hollow tine core cultivation removes cores and returns the soil back to the 
turf. As a result one would anticipate increased soil compaction with the solid tine 
cultivation and greater accessibility of soil adsorptive sites with the hollow tine cultivation. 
This would influence infiltration and hydraulic conductivity (Murphy et al., 1992; Baldwin 
et al., 2006; McCarty et al., 2007) as well as pesticide availability for transport (Liu et al., 
1995; Gardner et al., 2000; Raturi et al., 2005). Analysis of pesticide loads with runoff 
volumes and pesticide concentrations in the runoff showed loads were attributed to runoff 
volume more than chemical concentrations for both management practices (volume r2 = 0.78 
to 0.90, concentration r2 = 0.05 to 0.22). The greater association of pesticide load with runoff 
volume explains in part the increased pesticide transport associated with the solid tine plots 
compared to hollow tine plots and the greater difference in pesticide loads between 
cultivation practices at 2 d compared to 63 d. 
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Fig. 4. Quantity of chlorpyrifos (A) and flutolanil (B) transported in runoff from golf course 
fairway turf managed with solid tine core cultivation or hollow tine core cultivation 63 d 
and 2 d prior to precipitation.  

In addition to numerous environmental and management factors that contribute to the 
availability of pesticides for movement with overland flow, the physical and chemical 
properties of the pesticide will also influence the quantity of applied active ingredient 
observed in the runoff. A greater percentage of the applied flutolanil (less than 10%) was 
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measured in the runoff compared to chlorpyrifos (less than 2%), which corresponds to the 
greater water solubility and smaller soil organic partition coefficient of flutolanil (Table 1). 
The quantity of chlorpyrifos and flutolanil quantified in the runoff are in range of the values 
reported by others who have observed less than 2 to 15% of applied pesticides measured in 
runoff from turf (Wauchope et al., 1990; Cole et al., 1997; Ma et al., 1999; Armbrust & Peeler, 
2002). Chemical degradation was not influential in the present study as the time from 
chemical application to runoff (30 ± 8 h) was much less than the reported half lives of the 
compounds of interest (5 to 320 d) (Table 1). Chemographs of chlorpyrifos and flutolanil and 
additional information on the transport of applied nutrients and herbicides from managed 
turf are published elsewhere (Rice et al., 2009; Rice et al., 2010a,b). In general, chemographs 
of flutolanil and chlorpyrifos quickly diverged from the hydrograph compared to more 
water soluble herbicides, which had chemographs that closely resembled the runoff 
hydrograph during the first 50 minutes of runoff (Rice et al., 2010a). 

3.3 Mitigation of ecological risk with management practices 
The effectiveness of management practices to reduce ecological risk of pesticides 
transported in runoff from agricultural crops or managed turf was evaluated. Edge-of-plot 
runoff data was extrapolated to surface water concentrations using reported real-world 
scenarios of runoff from tomato production with polyethylene mulch into an adjacent creek 
(Dietrich & Gallagher, 2002.) and runoff from a golf course fairway into an adjacent pond 
(http://www.pca.state.mn.us/publications/stormwaterresearch-eaglelake.pdf, pond 4 sub-
watershed). These estimated environmental concentrations of pesticides in the receiving 
surface waters were compared to published toxicity data. The toxicity of compounds to 
organisms can be evaluated using endpoints such as behavioral, reproductive and 
developmental effects as well as lethality. Although changes in behavior or effects on 
reproduction and development are more sensitive endpoints, a common and more readily 
quantifiable endpoint used in risk assessments is the median lethal concentrations (LC50) or 
the concentration of compound that results in mortality of fifty percent of the exposed 
organisms during a measured exposure period. A summary of median lethal concentrations 
used in the assessment of the agricultural and turf management practices are presented in 
Table 2.  
Agricultural crop: tomato production. Concentrations of the fungicide chlorothalonil and 
the insecticides endosulfan and esfenvalerate in a surface water receiving runoff from 
tomatoes grown in polyethylene mulch or hairy vetch mulch are presented in Figure 5. 
Although the surface water concentrations represent a 1:15 dilution of the runoff, quantities 
of these pesticides in surface waters receiving runoff from polyethylene mulch exceeded the 
median lethal concentration for five fish (common carp, bluegill, striped bass, rainbow trout 
and fathead minnow), three crustaceans (freshwater prawn, giant river prawn and shrimp) 
and a mollusk (fingernail clam), during two or more of the growing seasons evaluated 
(Figure 5, Table 2). With a few exceptions, replacing polyethylene mulch with hairy vetch 
mulch reduced surface water concentrations of the pesticides to levels below the median 
lethal concentrations (Fig. 5). Exceptions were noted during the third season when pesticide 
loads were greatest and surface water concentrations of endosulfan exceeded the median 
leathal concentration for two fish (fathead minnow and striped bass) and two crusteaceans 
(shrimp and giant river prawn) and esfenvalerate exceeded the median lethal concentration 
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for two fish (bluegill and rainbow trout) regardless of the type of mulch (polyethylene or 
hairy vetch). Concentrations of chlorothalonil, endosulfan and esfenvalerate in the surface 
water were below median lethal concentrations for three amphibians (green frog, bog frog 
and leopard frog) and two mollusks (bivalve and mussel). 
Managed turf: golf course fairway. Estimated environmental concentrations of pesticides in 
a surface water receiving runoff from turf managed as a golf course fairway resulted in 
concentrations of chlorpyrifos from 1.0 to 3.0 µg/L and flutolanil from 55 to 123 µg/L. 
Specific concentrations associated with runoff from turf managed with solid tines compared 
to hollow tines are provided in Figure 6. With the exception of chlorpyrifos in the first 
runoff event occurring 63 days after core cultivation, replacing solid tine core cultivation 
with hollow tine core cultivation reduced concentrations of pesticides in the surface water 
receiving runoff. This included three herbicides that were co-applied with chlorpyrifos and 
flutolanil (data not shown) (Rice et al., 2010b). For the second runoff event, occurring 2 days 
after core cultivation, chlorpyrifos concentrations in the surface water associated with runoff 
from the plots managed with solid tines exceeded median lethal concentrations of three fish 
(common carp, bluegill and striped bass) and three crustaceans (copepod, shrimp and white 
river crayfish) (Table 2, Figure 6). Managing thatch with hollow tine core cultivation 
compared to solid tine core cultivation reduced surface water concentrations of chlorpyrifos 
to levels below the median lethal concentration of the copepod, white river crayfish, 
common carp and bluegill. However, the sensitivity of shrimp and striped bass to   
   

Figure   LC50 (µg/L) [exposure duration (d)]b  

lettera Scientific name Common name Chlorothalonil Chlorpyrifos Endosulfan Esfenvalerate Flutolanil

 Amphibians

A Rana clamitans Green Frog  ----c 235.9 [2]d,e 15 [13]f  ----  ----

B Rana limnocharis Bog Frog 245 [2]g 2401 [2]g 12 [2]g 28 [2]g  ----

C Rana pipiens Leopard Frog  ----  ----  ---- 7.29 [4]h  ----

    

Crustaceans

D Copepoda Copepod Subclass  ---- 2.13 [2]i  ----  ----  ----

E Macrobrachium dayanum Freshwater Prawn  ----  ---- 6.2 [1]j  ----  ----

 F Macrobrachium rosenbergii Giant River Prawn  ----  ---- 0.2 - 0.93 [4]k  ----  ----

G Paratya australiensis Shrimp 16 [4]l 0.1 [3]m 0.51 - 0.96 [2]n  ----  ----

H Procambarus acutus acutus White River Crayfish  ---- 2 [4]o  ----  ----  ----

I Streptocephalus sudanicus Fairy Shrimp  ---- 3.48 [2]p  ----  ----  ----

Fish  

J Cyprinus carpio Common carp 110 [2]q 1.8 [1]r 9.5 [4]s  ---- ≥ 2900 [2]t

K Lepomis macrochirus Bluegill 26 - 62 [4]u 1.7 - 2.5 [4]v 3.3 [1]v 0.31 [4]w 5400 [4]u 

L Morone saxatilis Striped Bass  ---- 0.58 [4]x  0.22 - 0.43 [4]y 2.17 [1]z  ----

M Oncorhynchus mykiss Rainbow trout 40.2 [1]aa 15 [1]v 8.89 [2]bb 0.07 [4]u 5400 [4]u 

N Pimephales promelas Fathead Minnow  ---- 120 - 170 [4]cc 1.84 [1]dd 0.616 [2]ee 4800 [4]u

     

 Mollusks

O Lamellidens corrianus Bivalve  ----  ---- 17 - 44 [4]ff  ----   ----
P Lamellidens marginalis Mussel  ----  ---- 6 - 40 [4]ff  ----  ----

Q Sphaerium sp. Fingernail clam  ----  ----  ---- 1.6 [2]gg  ----
   

aLetters referenced in Figures 5 & 6.  bData and references available at http://cfpub.epa.gov/ecotox/ecotox_home.cfm.  c---- = no data.  dEffect measured for EC50 = 
stimulus avoidance.  eWacksman et al., 2006.  fHarris et al., 1998.  gPan & Liang, 1993.  hMaterna et al., 1995.  iSiefert, 1987.  jOmkar & Murti, 1985.  kLombardi et al., 
2001.  lDavies et al., 1994. mOlima et al., 1997.  nHose & Wilson, 2005.  oCarter & Graves, 1972.  pLahr et al. 2001.  qHashimoto & Nishiuchi, 1981.  rDutt & Guha, 
1988.  sShivakumar & David, 2004.  tNishiuchi et al., 1985.  uOffice of Pesticide Programs, 2000.  vMayer & Ellersieck, 1986.  wFairchild et al., 1992.  xKorn & Earnest, 
1974.  yFujimura et al., 1991.  zGeist et al., 2007.  aaDavies & White, 1985.  bbCapkin et al., 2006.  ccJarvinen & Tanner, 1982.  ddKleiner et al., 1984.  eeBouldin et al., 
2004.  ffMane and Muley, 1984.  ggLozane et al., 1989.                                        .   

Table 2. Median lethal concentrations (LC50) of the selected pesticides.  
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Fig. 5. Estimated environmental concentrations of chlorothalonil, endosulfan, and 
esfenvalerate in a surface water receiving runoff receiving runoff from fresh market tomato 
production with polyethylene (plastic) mulch or hairy vetch (vegetative) mulch. The broken 
lines represent the median lethal concentrations of sensitive aquatic organisms named in the 
attached boxes. Capital letters following the name of the aquatic organisms correspond to 
the letters given in the first column of Table 2, which provides the toxicological data in 
greater detail. 
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Fig. 6. Estimated environmental concentrations of chlorpyrifos and flutolanil in a surface 
water receiving runoff from creeping bentgrass turf managed as a golf course fairway with 
solid tine core cultivation or hollow tine core cultivation 63 days and 2 days prior to runoff. 
The broken lines represent the median lethal concentrations of sensitive aquatic organisms 
named in the attached boxes. Capital letters following the name of the aquatic organisms 
correspond to the letters given in the first column of Table 2, which provides the 
toxicological data in greater detail. Surface water concentrations of flutolanil were 24 to 98 
times below the median lethal concentrations of the aquatic organisms evaluated, therefore 
no sensitive aquatic organisms are shown on the graph for flutolanil. 
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chlorpyrifos was great enough that estimated surface water concentrations exceeded the 
median lethal concentration regardless of the turf cultivation practice (solid tines or hollow 
tines). In contrast, surface water concentrations of flutolanil were 24 to 98 times below the 
median lethal concentrations of the four fish evaluated (common carp, bluegill, rainbow 
trout, and fathead minnow). 
In summary, median lethal concentrations of chlorothalonil, chlorpyrifos, endosulfan, 
esfenvalerate and flutolanil for 17 organisms were compared with estimated environmental 
concentrations of surface waters that received runoff from either vegetable production with 
polyethylene mulch compared to hairy vetch mulch or golf course fairway turf managed 
with solid tine compared to hollow tine core cultivation. These organisms were chosen to 
represent amphibians, crustaceans, fish and mollusks that spend part or all of their life in 
freshwater creeks, streams, ponds or lakes. In 18 of the 39 exposure scenarios (Table 2) 
changing the management practice reduced the ecological risk of the pesticide in at least one 
of the seasons or events, bringing the surface water concentration below the reported 
median lethal concentration for the evaluated organism (Figures 5&6, Table 2, 
chlorothalonil: organisms G, J, K, M; chlorpyrifos: organisms D, H, J, K for event-2; 
endosulfan: organisms E, J, K, M for season-3 and F, G, L for season-2; esfenvalerate: 
organisms M for season-1 and N, Q for season-3). In some circumstances the sensitivity of 
the organism to the pesticide was great enough that estimated surface water concentrations 
exceeded the median lethal concentration regardless of the management practice (Figures 
5&6, Table 2, chlorpyrifos: organisms G, L; endosulfan: organisms F, G, L, N for season-3; 
esfenvalerate: organisms K, M for season-3). Similarly, changes in management practice did 
not significantly influence the risk of pesticides to organisms with median lethal 
concentration above the estimated environmental concentration in the diluted surface water 
(Figures 5&6, Table 2, chlorothalonil: organism J for seasons-1&2, B (not shown on Figure 5); 
chlorpyrifos: organisms D, H, J, K for event-1 and A, B, I, M, N (not shown on Figure 6); 
endosulfan: organisms E, J, K, M for seasons-1&2, F, G, L for season-1 and A, B, O, P (not 
shown on Figure 5); esfenvalerate: organisms K, N, Q for season-1 and B, C, L (not shown on 
Figure 5); flutolanil: organisms J, K, M, N (not shown on Figure 6)). The toxicity of 
compounds to organisms can be evaluated using sublethal effects such as induction of 
enzyme systems, behavioral traits, or reproductive and developmental effects; which are 
often more sensitive than the end point of lethality (Klaassen, 1996). The impact of replacing 
impermeable polyethylene mulch with the vegetative hairy vetch mulch in vegetable 
production and replacing solid tine core cultivation with hollow tine core cultivation when 
managing turf will be further evident when more sensitive toxicological endpoints are 
evaluated. 

4. Conclusions 
The research described in this chapter measured the quantity of pesticides transported with 
runoff from agricultural systems (fresh market tomato production with polyethylene mulch 
or hairy vetch mulch) and turfgrass systems (golf course fairway turf managed with solid 
tine or hollow tine core cultivation) in order to evaluate the capacity of management 
practices to reduce the off-site transport of pesticides. Reported real-world runoff-to-surface 
water scenarios were used to extrapolate pesticide loads in runoff to estimated 
environmental concentrations of pesticides in surface waters receiving the runoff. Surface 
water concentrations of the pesticides were compared with published toxicity data to assess 



 Pesticides - Formulations, Effects, Fate 

 

420 

reductions in the ecological risk associated with implementation of the management 
practices. The reduced runoff volume and pesticide loads measured in runoff from the hairy 
vetch mulch and hollow tine core cultivation suggests these management practices are more 
sustainable for the agricultural and turf systems, respectively. This was further illustrated 
by reduced ecological risk in 18 of 39 pesticide exposure scenarios in which changing the 
management practice resulted in surface water concentration of pesticides below the 
reported median lethal concentrations for the evaluated aquatic organisms. The scenarios 
presented in this study do not represent absolute risk as they do not consider degradation 
and bioavailability of the pesticide, potential synergistic interactions between pesticides, 
effects of pesticides on other ecosystem components, or the life cycle of the species 
(Matthews et al., 2002). However, these assessments are informative for identifying 
management practices that reduce ecological risk by maintaining pesticides at targeted 
locations. According to the United States Environmental Protection Agency, integrated pest 
management relies on a combination of evaluations, practices, and options to manage pests 
with an effective and environmentally sensitive approach that is economical and presents 
the smallest potential hazard to people, property, and the environment 
(http://www.epa.gov/pesticides/factsheet/ipm.htm). Our results demonstrate that 
management practices can enhance the sustainability of intensely managed biotic systems; 
improving efficacy of pesticides at targeted locations while reducing adverse impacts to 
non-target organism. In addition, management practices can be instrumental in maintaining 
the use of pesticides as a tool in integrated pest management, by providing the least possible 
hazard of pesticides to the environment.  
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1. Introduction  
Endosulfan  
(6,7,8,9,10,10-hexachloro-1,5,5a,6,9a-hexahy-dro-6,9-methano-2,3,4-benzodioxyanthiepin-3-
oxide), an organochlorine pesticide, was first introduced in the 1950s by Hoechst AG and 
FMC Corporation. As a non-systemic and ingested insecticide and miticide, endosulfan was 
extensively used for over 30 years on a wide variety of food crops, such as grains, tea, fruits, 
and vegetables, on non-food crops, such as tobacco and cotton, and also used as a wood 
preservative (Sutherland et al, 2000). The commercial technical endosulfan consists of 70% 
α-endosulfan and 30% β-endosulfan (Maier-Bode, 1968; Rice et al., 1997), which are with 
similar insecticidal properties but different physicochemical properties (Peterson & Batley, 
1993; Schmidt et al., 1997). Main trade names of endosulfan are Beosit, Chlortiepin, 
Cyclodan, Devisulphan, Endocel, Endosol, Hildan, Insectophene, Malix, Rasayansulfan, 
Thifor, Thimul, Thiodan, Thionex, Thiosulfan. In the environment, the cyclic sulfite group of 
endosulfan can be hydrolyzed to form a less toxic endosulfan diol (Peterson & Batley, 1993) 
or oxidized to the corresponding endosulfan sulfate (Chandler & Scott, 1991; Miles & 
Pfeuffer, 1997). It has been reported that endosulfan is genotoxic in mammalian cells 
(Chaudhuri et al., 1999; ASTDR, 2000). Endosulfan is extremely toxic to fish and aquatic 
invertebrate (Verschureren, 1983; Sunderam et al., 1992) and it has been implicated 
increasingly in mammalian gonadal toxicity (Sinha et al., 1995), genotoxicity (Sutherland et 
al., 2002), and neuro toxicity (Southan & Kennedy, 1995). In India, the National Institute of 
Occupational Health conclusively proved that endosulfan was a causative factor in the 
incidence of all crippling illness in the Kasargode area of Kerela where this insecticide was 
sprayed aerially in the cashew plantations (Devakumar, 2002). α- and β-endosulfan, and 
their metabolize endosulfan sulfate are generally considered to be equally toxic and are 
classified by the US Environmental Protection Agency as priority pollutants (Keith & 
Telliard, 1979), and endosulfan was recently banned for use in the USA (Lubick, 2010). 



 Pesticides - Formulations, Effects, Fate 

 

430 

Endosulfan was listed as a candidate for new persistent organic pollutants (POPs) under the 
Stockholm Convention (UNEP, 2007).  
Endosulfan is still a widely-used insecticide in many countries. The World Health 
Organization estimated world wide annual production to be about 9.1 kt in the early 1980s 
(WHO, 1984), and the world average annual consumption was 10.5 kt for 1980-1989, and 
increased to 12.8 kt per year in 1990s (http://en.wikipedia.org/wiki/Endosulfan). India is 
the world’s leading manufacturer of endosulfan, and third most produced pesticide in the 
country, with almost 81.6 kt being manufactured in 1999-2000 (Saiyed et al., 2003). 
Cumulative global use of endosulfan for crops was estimated to be 338 kt (Li & MacDonald, 
2005), and the general trend of total global endosulfan use has increased continuously since 
the first year when this pesticide was applied, and the data for emissions of α-endosulfan 
show a large variance with a generally increasing trend at least up until the late 1990s (Li & 
MacDonald, 2005).   
Widespread use and atmospheric transport of endosulfan account for its ubiquitous global 
distribution. High concentrations of endosulfan, as the total of α-endosulfan, β-endosulfan 
and endosulfan sulfate, have been detected in tree bark samples throughout the world, 
particularly in India and the Pacific Rim (Smimonich & Hites, 1995). Endosulfan also 
showed the highest levels of all the OCPs in air globally, in the range of tens to hundreds of 
pg/m3. Very high air concentrations in the range of ng/m3 were observed in Bahia Blanca in 
Argentina and Las Palmas on the Canary Islands (Pozo et al., 2006).  
Endosulfan can be carried over long distances by atmospheric long-range transport (ALRT). 
A time trend of α-endosulfan air concentration at Canadian Alert Station, compiled from 
several sources (Patton et al., 1991; Halsall et al., 1998; Hung et al., 2002; Su et al., 2008), 
showed it to be one of the few OCPs that is still increasing in arctic air with a ranged from 
3.3 to 4.7 pg/m3 for 1987 – 1997 (Li & MacDonald, 2005), and the mean concentration of 4.3 
pg/m3 with a range of 0.12-25 pg/m3 for 2000-2003 (Su et al., 2008). 
In order to study the transport, fate and the impact to the health of humans and wildlives of 
chemicals on different scales, gridded emission inventories with reasonable accuracy 
evaluated by monitoring data are crucial input data for models to simulate the transport of 
chemicals and their behaviours in different environmental compartments (Li and Bidleman, 
2003; Li et al., 2004a). The objective of this research presented in this Chapter is to develop 
Chinese inventories of air emissions and soil residues for endosulfan, and from which, 
inventories of air and soil concentrations for the chemical are created. The model results are 
compared with monitoring data across China to evaluate the quantities of the inventories. 
This Chapter is divided into several sections. In Section 2 production of endosulfan in China 
is introduced, and Chinese inventories are presented for endosulfan usage in Section 3. 
Section 4 depicts the modeled emissions to air and residues in agricultural soil of endosulfan 
in China, while Section 5 discusses the monitoring results of endosulfan in Chinese air and 
soil, and also the air and soil concentrations of this insecticide. To evaluate the quantify of 
these modelled inventories, the comparisons between the monitoring results and the 
modeled data are presented in Section 6. Section 7 gives the conclusions to end the chapter. 

2. Endosulfan production in China  
China started to produce endosulfan in 1994, when it was used only on cotton (Peasant 
Daily, 2001). In 2001, there were two producers producing technical endosulfan and 36 
formulators producing formulated endosulfan products in China (Chinese Network for 
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Public Science and Technology). The number of the companies increased to 43 at the end of 
2005, three companies of which had become technical endosulfan producers and all others 
being formulators. All three producers of endosulfan in China in 2005 were located in 
Jiangsu province, while the location of formulators were mainly located in the east of China, 
especially in Shandong and Jiangsu provinces. The real production of endosulfan is not 
clear, but possibly because the domestic production of endosulfan could not meet the needs 
of the Chinese market so that the import of endosulfan has been necessary. Technical 
endosulfan has been imported from Germany, Israel, South Korea, and India to meet the 
needs of the domestic market in China (Peasant Daily, 2001). 

3. Endosulfan usage in China  
As an insecticide, endosulfan has been used only in agriculture in China. Endosulfan has 
been applied in china to control pests in cotton since 1994, and in wheat, tea, tobacco, apple 
and other fruits since 1998 (Jia et al., 2009a). According to Chinese pesticides registered, 
endosulfan was used on six crops, e.g., cotton, tea, tobacco, wheat, apples, and pears 
(Pesticide Electronic Handbook, 2006). In order to estimate the use of endosulfan in China, 
information of the application rates of endosulfan on lands of five crops, cotton, tea, tobacco, 
wheat, and apples, have been collected, and the total grow areas of these 5 crops in Chinese 
prefectures were used to estimate the endosulfan usage in each prefecture for each crop. The 
total endosulfan usage from 1994 to 2004 on cotton, wheat, tea, tobacco, and apples, were 
14,600 t, 4000 t, 2900 t, 2300 t, and 1900 t, respectively. The total usage of endosulfan in 
China was estimated to be approximately 25,700 t between 1994 and 2004 (Jia et al., 2009a). 
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Fig. 1. Annual endosulfan usage in China from 1994 to 2004 (Jia et al., 2009a) 

3.1 Temporal trend of endosulfan usage 
Annual endosulfan usage from 1994 to 2004 in China is shown in Fig. 1. The average annual 
usage was around 1,500 t from 1994 to 1997, and increased to almost 3,000 t/y from 1998 to 
2004. Usage of endosulfan after 2004 were not estimated since the information was not 
available. It was reported that the usage of endosulfan was reduced, especially on tea. 
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(a) Cotton, 1994-2004 
 

(b) Apple, 1998-2004 

(c) Tea, 1998-2004 
 

(d) Tobacco, 1998-2004 

 
(e) Wheat, 1998-2004 

Fig. 2. Distribution of endosulfan usage in Chinese crops from 1994 to 2004 with 1/4° 
longitude by 1/6° latitude resolution (unit: t/cell). 

3.2 Spatial endosulfan use distribution 
In order to obtain a high resolution of spatial distribution of Chinese endosulfan usage, 
gridded lands with a 1/4° longitude by 1/6° latitude resolution for different crops (Li et al., 
2001) was used to allocate the use of this insecticide, and the gridded Chinese endosulfan 
usage inventories with the same resolution were compiled (Jia et al., 2009a). These usage 
inventories were included endosulfan usage on cotton from 1994 to 2004 (Fig, 2 (a)), 
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(a) 

 
(b) 

Fig. 3. Distribution of total α-endosulfan (a) and β-endosulfan (b) usage in China from 1994 
to 2004 with 1/4° longitude by 1/6° latitude resolution (unit: t/cell). 

endosulfan usage on apple, tea, tobacco, and wheat from 1998 to 2004 (Fig, 2 (b) – (e)). These 
maps show that the dense use of endosulfan on cotton in China was in the central east of 
China, including Provinces of Hebei, Henan, Shandong, and Jiangsu. The use of endosulfan 
on apple in China was also mainly in the central east of China, including provinces of 
Liaoning, Hebei, Henan, Shandong, Shaanxi, and Shanxi. The dense use of endosulfan on 
tea was in the south of China, and the dense use of endosulfan on tobacco in China was in 
Provinces of Yunnan, Guizhou, and Henan, where tobacco widely grows. The area of major 
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use of endosulfan on wheat in China was in the central east of China, including Provinces of 
Hebei, Henan, Shandong, Jiangsu, and Anhui. 

3.3 Usage data for α- and β-endosulfan 
Chinese technical endosulfan usage from 1994 to 2004 was estimated to be around 25700 t, 
as the proportion of α-endosulfan and β-endosulfan is 7: 3, the usage was 17990 t for α-
endosulfan and 7710 t for β-endosulfan in this period. Gridded usage inventories for α-
endosulfan and β-endosulfan on a 1/4° longitude by 1/6° latitude grid system are given in 
Fig. 3, which indicates that the most intensive use of endosulfan in China was in the south of 
Hebei Province, west of Shangdong Province, east of Henan Province, north of Anhui 
Province, east of Jiangsu Province, and some areas in Yunnan Province and Xinjiang 
Autonomous Region.  

4. Modelling endosulfan in Chinese soil and air 
4.1 Method 
The simplified gridded pesticide emission and residue model (SGPERM) (Li et al., 2004b) 
has been used to estimate the emission and the residues for different pesticides in different 
areas, such as for toxaphene in the United States (Li et al., 2001), for α-HCH (Li et al., 2000) 
and β-HCH (Li et al., 2003) on a global scale. Details of the SGPERM can be found elsewhere 
(Li et al. 2004b; Jia et al., 2009b), and only a brief description is given here.  
The model considers a single plant/harvest cycle in each year and two different emission 
scenarios for simplicity. The first one is a spraying event and the second is a tilling event. 
Both events were assumed to happen at the same time.  
Considering two consecutive years, Year 1 and Year 2, we suppose that U(1) t of endosulfan 
is used in Year 1, and the emission in Year 1 will be (in the unit of t)  

 (1) (1)
sp spE U F=  (1) 

where Fsp is annual emission factor for spraying event. Soil is free of the pesticides 
considered before its use. After spray, the residue in soil becomes (in the unit of t)  

 (1) (1) (1)
1 spR U E= −  (2) 

The residues of all endosulfan applied are assumed to be mixed and stay in the soil until the 
next tilling event in the next year. In Year 2, the residue due to the previous year is given by  

 (2) (1)
1 1

tR R e μ−=  (3) 

where μ is the degradation rate constant of endosulfan in soil (in the unit of year−1), and 
equal to ln2/t 1/2 with t1/2 being the half-life of degradation (in year) for the pesticide in soil. 
t is the time period and equal to 1 year in our study.  
Suppose U(2) of endosulfan are used in Year 2, and the emission due to spray in Year 2 will be  

 (2) (2)
sp spE U F=  (4) 

Emission due to the tilling is given by  
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 (2) (2)
1tl tlE R F=  (5) 

where Ftl is annual emission factor for tilling event. After both the events in Year 2, the 
emission is given by E(2) = E sp(2) + Etl(2) and the residue by  

 (2) (2) (2) (2) (2)
2 1( ) ( )sp tlR U E R E= − + −  (6) 

Therefore, in Year 2, there are two values for residues, R1(2) and R2(2). The former is the 
residues of endosulfan remaining in the soil from the previous year and the latter is residues 
of endosulfan remaining in the soil from the previous year plus the residues due to the 
current use of the pesticide. Obviously, R1(2) − Etl(2) and R2(2) are the minimum and maximum 
values of residue in the same year, respectively. The unit of all U, E, and R is in t, given total 
usage, emission, and residue in 1 year, respectively. The residue in soil decreases over time 
by degradation until the sudden increase in the next year due to application of the pesticide. 
Equations for Year 2 were used for any year after Year 2.  
It appears that the calculation of emissions on a grid system covering the whole China 
requires considerable human and computer resources. The difficulty in undergoing such a 
large number of calculations is that some of the input data required for the calculations, 
such as the timing and mode of application and the degradation rates in the soil. Within the 
scope of the present study, a number of assumptions have been made for simplicity. In 
present study, only one plant/harvest cycle is assumed in a given year, and emission of 
endosulfan residues in the agricultural soil are assumed to start at the time of tilling in each 
year. The errors created by these assumptions are reduced since only annual emissions are 
considered here. But the re-emission by endosulfan deposition on soil and water 
transportation in the atmosphere has not been considered here, so in this case, only first-
time emissions are estimated. Besides emission to the air, the residues of the pesticides in 
soil are lost over time by degradation. 
To calculate the emission and residue of endosulfan, emission factors are crucial parameters 
in the SGPERM. Emission factors of the pesticides represent the emission potential of 
pesticides in a geographical area, and are used to calculate the emission. In present study, a 
simplified approach is taken for estimating the annual emission factor by considering two 
different emission factor scenarios: one is spraying event (Fsp) and the other is tilling event 
(Ftl). The definition of the emission factor is given as (Li et al., 2000) 

 k
k

k

EF
V

=  (7) 

where the subscript k = s corresponds to a spraying event and k = t corresponds to a tilling 
event. In the case of a spraying event, Vs is the current usage of pesticide as a spray, Esp is 
the amount of pesticide emitted to the atmosphere due to the spraying event, and the 
emission factor (Fsp) is defined as the ratio of the emission (Esp) to the usage (Usp). In the case 
of a tilling event, Ut is the current usage of pesticide applied using a soil incorporation mode 
(if any) plus any pesticide residues remaining in the soil due to applications in previous 
years from all application modes. Etl is the amount of pesticide emitted to the atmosphere, 
and the emission factor (Ftl) is defined as the ratio of the emission (Etl) to the amount of 
current usage of pesticide applied by a soil treatment mode plus the residues in the soil. This 
definition is convenient for considering the emissions due to several consecutive years of 
pesticide application (Li et al., 2000). 
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The emission factors of organochlorine pesticides are a very complicated function of a large 
number of variables. They depend on a number of factors such as the physical and chemical 
properties of pesticides, application modes, the local meteorological conditions when they 
applied, the soil type, and the temperature (Li et al., 2000; Li et al., 2001). 
Some prior researchers performed on emission of pesticides on a local scale (Baas & 
Huygen, 1992; Baas, 1994; Baart et al., 1995; Dörfler et al., 1991; Rüdel, 1997), and Rüdel 
(1997) concluded the volatilisaion rates of endosulfan were 50-70% from soil surfaces after 
this pesticide application. Further, Scholtz et al. tailed estimated emission factors for 20 
pesticides for North America (1997) and on a global scale (1998). It had been realized that 
most pesticides emissions from soil residues happened due to high temperature (Harner et 
al., 2001). In this case, the emission factor (Ftl) defined as the ratio of annual emission (Etl) to 
the amount of residues can be treated as the annual emission factor of endosulfan due to 
tilling or soil-air exchange. This will not create significant errors since only annual emissions 
are considered in this study. 
Emission factors of endosulfan for China area are obtained from Scholtz et al. (1998), and 
were organized into a 1/6° x 1/4° grid system. The emission factors range from 0.41 to 0.55 
for the spray mode are given in Fig. 4 (a) and at a tilling mode, the range is from 0.068 to 
0.092 (Fig. 4 (b)). The areas with the highest emission factors are Xinjiang autonomous 
region, northwest of China, and Hainan province, the south of China.  
It appears that the calculation of emissions on a grid system covering the whole China 
requires considerable human and computer resources. The difficulty in undergoing such a 
large number of calculations is that some of the input data required for the calculations, 
such as the timing and mode of application and the degradation rates in the soil. Within the 
scope of the present study, a number of assumptions have been made for simplicity. 
Emission and residue of endosulfan can be calculated by using the simplified gridded 
pesticide emission and residue model (SGPERM) (Li et al., 2004b), and in order to calculated 
the air/soil concentrations, a module were added to SGPERM. The detailed descriptions can 
be found elsewhere (Jia et al., 2009b). In present study, only one plant/harvest cycle is 
assumed in a given year, and emission of endosulfan residues in the agricultural soil are 
assumed to start at the time of tilling in each year. The errors created by these assumptions 
are reduced since only annual emissions are considered here. But the re-emission by 
  

(a) 
 

(b) 

Fig. 4. Emission factors of endosulfan for (a) spray event, and (b) tilling event in China with 
1/4° longitude by 1/6° latitude resolution. 
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endosulfan deposition on soil and water transportation in the atmosphere has not been 
considered here, so in this case, only first-time emissions are estimated. Besides emission to 
the air, the residues of the pesticides in soil are lost over time by degradation. 

4.2 Temporal trends  
Temporal trends of emissions to air and the highest and the lowest residues in Chinese 
agricultural soil for α- + β-endosulfan from 1994 to 2004 are given in Fig. 5. The annual 
emission were approximately 600 t from 1994 to 1997, 1,200 t for each year from 1998 to 
2004, and the annual highest residue was approximately 629 t in 2004 with the lowest 
residue in the same year being approximately 120 t, around one fifth of the highest value. 
The highest residues of these 2 isomers appeared after the application of endosulfan, and the 
lowest residues occurred before the first application of this pesticide in the year. 
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Fig. 5. Annual endosulfan emission and residue in China from 1994 to 2004 (Jia et al., 2009b) 

4.3 Residues in soil and soil concentrations 
The annual average soil concentrations of endosulfan in agricultural soil of each cell can be 
determined by using its residue inventories, given by  

 /( )soilC R ALD=  (8) 

where A is the area of the agricultural land in a grid cell, L is the depth of the soil (assuming 
that endosulfan residues in each grid cell are contained in the top 15-cm layer of cropland 
soil), and D is the density of the soil. The gridded soil density with 1/4° longitude by 1/6° 
latitude resolution was interpolated from a soil density dataset with 1° longitude by 1° 
latitude resolution, available at http://islscp2.sesda.com/ISLSCP2_1/data/hydrology_ 
soils/islscp2soils-1deg. The soil densities in the model domain are from 0.53 to 1.79 g/cm3.  
R is either R1(2) or R2(2), but with a unit of ng in this equation. The unit for C soil is usually 
given in ng/g dry weight (dw). There are also two values for C soil, the lowest value when 
R = R1(2) and the highest when R = R2(2).  
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(b) 

Fig. 6. Distribution of (a) the lowest and (b) the highest residuest of endosulfan in Chinese 
agricultural soil in 2004 with 1/4° longitude by 1/6° latitude resolution. (unit: t/cell) 



Endosulfan in China: Usage, Emissions, and Residues   

 

439 

Distribution of the lowest and the highest residues of endosulfan (α- + β-isomer) in Chinese 
agricultural soil in 2004 with 1/4° x 1/6° longitude and latitude resolution are shown in Fig. 
6, which indicating heavier residues of these 2 isomers located in the central east China, 
including Henan, Shandong, Anhui provinces, and the south of Hebei, north and east 
Jiangsu, parts of Hubei, Hunan provinces. In 2004 the lowest and the highest residues 
endosulfan were 120 and 629 t, respectively in Chinese cropland where endosulfan had been 
applied. 
Fig. 7 and Fig. 8 depictes the gridded lowest and highest concentration of α-endosulfan and 
β-endosulfan in Chinese agricultural soil in 2004 with 1/4° x 1/6° longitude and latitude 
resolution, respectively. The densest concentrations of endosulfan in Chinese agricultural 
soil were in Yunnan Province, where tobacco planning is a common agricultural practice. 
Other regions with dense soil concentrations included northern Gansu, southern Anhui, 
north of Fujian, and parts of Xinjiang Autonomous Region. As shown in Fig. 7 and Fig. 8, 
while the highest concentration is only several times higher than the lowest concentration 
for β-endosulfan, the difference between the lowest and the highest concentration for α-
endosulfan in agricultural soil is very large, reaching as high as 2-3 orders of magnitude. 
The much longer (135 days) half-life for β-endosulfan than α-endosulfan (35 days) leads to a 
more stable soil concentration in soil for β-endosulfan. 

4.4 Emissions to air and air concentrations 
The annual average concentration of endosulfan in air can be calculated by using a 
simplified Gaussian formula (Jiang & Wu, 1990). 
 

 /( )airC E ut l h= Δ Δ  (9) 
 

where C air is air concentration in each grid cell (in unit pg/m3), E is annual emission in the 
grid cell (=Esp + Etl) (t before, but needs to be transferred to pg here), t is the time period, and 
equal to 1 year here, Δl is the dimension of the grid cell (24 km used here), Δh the height of 
the boundary layer, which is assumed to be 1,000 m in this study, and u is the annual mean 
wind speed (in m/year), which was obtained from the National Centers for Environmental 
Prediction (NCEP) reanalysis at standard atmospheric pressure levels (Kalnay et al. 1996). 
The annual wind speeds (in m/s) in the model domain were from 2.7 to 8.0. It is worthwhile 
to point out first that the air concentration estimated using our model is an annual average, 
and actual air concentration will vary from season to season. Secondly, our model does not 
consider the transport of the insecticide in the atmosphere, which could be very important 
in some areas.  
Emissions of α- and β-endosulfan on a 1/4° longitude by 1/6° latitude resolution in 2004 are 
shown in Fig. 9. Total emissions of α- and β-endosulfan in 2004 were estimated to be 890 t 
and 390 t, respectively, and the highest emissions per each grid cell were 1.45 t for α-
endosulfan and 0.64 t for β-endosulfan. 
Distribution of air concentrations for these 2 isomers in 2004 with 1/4° x 1/6° longitude and 
latitude resolution are shown in Fig. 10. The highest α-endosulfan concentrations in air were 
in the Shandong, Henan, Shanxi, and Shaanxi provinces, which are the wheat and cotton 
growing area. 
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(b) 

Fig. 7. Distribution of of (a) the lowest and (b) the highest concentration (ng/g dw) of α-
endosulfan in Chinese agricultural soil in 2004 with 1/4° longitude by 1/6° latitude 
resolution. 
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Fig. 8. Distribution of of (a) the lowest and (b) the highest concentration (ng/g dw) of β-
endosulfan in Chinese agricultural soil in 2004 with 1/4° longitude by 1/6° latitude 
resolution. 
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Fig. 9. Distribution of endosulfan emissions in China in 2004 with 1/4°longitude by 
1/6°latitude resolution. (unit: t/cell) 
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Fig. 10. Distribution of annual mean concentration of endosulfan (pg/m3) in Chinese air in 
2004 with 1/4° longitude by 1/6° latitude resolution. 
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5. Monitoring endosulfan in Chinese soil and air 
5.1 Concentrations of endosulfan in Chinese soils 
A survey of endosulfan in Chinese soil was carried out by the International Joint Research 
Center for Persistent Toxic Substances (IJRC-PTS) in 2005 as part of a Chinese persistent toxic 
substances (PTSs) Soil and Air Monitoring Program, Phase I (SAMP-I), in which 
concentrations of endosulfan were monitored from 141 Chinese surface soil (Jia et al. 2010).  
Endosulfan was found ubiquitous in Chinese surface soil. Occurrence frequencies (OFs) 
were high in the 141 soil samples, and 83%, 96%, and 91% for α-endosulfan, β-endosulfan 
and endosulfan sulfate, respectively. Concentrations of total endosulfan ranged from BDL 
(below detection limit) to 19,000 pg/g dry weight (dw) with GM = 120 pg/g dw. Spatial 
distribution of soil concentration for endosulfan isomers and endosulfan sulfate is shown in 
Fig. 11. It is clear that endosulfan sulfate had highest concentration in Chinese soil, followed 
by β-endosulfan. The concentration of α-endosulfan in Chinese soil was the lowest although 
its usage was much higher than that for β-endosulfan (Fig. 3). The highest total endosulfan 
(sum of α-endosulfan, β-endosulfan and endosulfan sulfate) concentration (19,000 pg/g dw) 
was found at a rural site in Yancheng, Jiangsu Province, which is located in an agricultural 
area where endosulfan was extensively used. High concentrations (>4000 pg/g dw) of total 
endosulfan were also found at some other rural sites which were also laid on agricultural 
area. Among urban sites, high concentrations of total endosulfans were found in Xizang 
Autonomous Region (Tibet), and the other two in Fujian Province.  

 

 
Fig. 11. Distribution of α-, β-endosulfan and endosulfan sulfate in Chinese surface soil from 
141 sites, among which 6 are background sites (blue), 95 are rural sites (green) and 40 are 
urban sites (red).  
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5.2 Concentrations of endosulfan in Chinese air 
Chinese air concentrations of endosulfan from thirty seven cities and three background 
stations were measured in the former study (Liu et al., 2009) in 2005. Endosulfan 
concentrations for α-isomer were ranged 0-340 pg/m3 and 0-121 pg/m3 for β-isomer, which 
were generally lower than those reported for North America, South America, Europe, and 
Africa by the GAPS study (Pozo et al., 2006; 2009), and also lower than that reported for India 
(Zhang et al., 2008). The high concentrations of total endosulfan occurred in the cotton 
production areas in thiry seven Chinese cities were also reported by Liu et al. (2009), which is 
according with that endosulfan was mainly used for controlling cotton bollworm in China. 

 
Fig. 12. Distribution of α-endosulfan (red) and β-endosulfan (green) in Chinese air from 37 
urban sites and 3 background sites (Liu et al., 2009). 

6. Comparison between monitoring and modeling results 
6.1 Comparison of concentrations in soils 
The lowest (pre-application) and highest (post-application) concentrations for α- and β-
endosulfan were calculated in this study in Chinese agricultural soil between 1994 and 2004 
in 1/4° × 1/6° longitude and latitude resolution. Our modeling work indicated that, before 
the pesticide application, the soils had the lowest residues caused by endosulfan remaining 
in the soil from the previous year, and after application, the soils had the highest residues 
due to endosulfan remaining in the soil from the previous year plus the residues from the 
current use of the pesticide. In order to further assess the differences between modeled and 
monitored data, annual average soil concentrations of endosulfan were also calculated for 
China in this study. 
Correlations between monitored and the annual mean modeled results (log-scale) in all soil 
samples were found significant for both isomers (P < 0.0001) with the correlation coefficient  
R = 0.48 for α-endosulfan and R = 0.80 for β-endosulfan (Fig. 13). Better agreement for β-
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endosulfan indicated their longer half-life in soil for β-endosulfan than α-endosulfan in soil. 
Besides, Paired-Sample T test was made to address the possible difference between monitoring 
and modeling data for both α- and β-endosulfan separately, and the results show that, at the 
0.05 level, no significantly differences were found between modeled and monitoring results.  
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Fig. 13. Comparison between monitoring soil concentrations in 2005 and modeling data in 
2004 for (a) α-endosulfan, (b) β-endosulfan. The monitoring data were from Liu et al (2009). 
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Fig. 14. Comparison between monitoring air concentrations in 2005 (Liu et al. 2009) and 
modeling data in 2004 for (a) α-endosulfan, (b) β-endosulfan. 
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6.2 Comparison between concentrations in air 
Fig. 14. depicts correlation between modeling and monitoring concentrations (log-scal) in air 
across China. The measured soil concentration data for α- and β-endosulfan at the 40 
monitoring sites in 2005 (Liu et al. 2009). were compared to their corresponding modeled 
concentration data in 2004 and a good consistence was found. Firstly, Paired-Sample T test 
was made to address the possible difference between monitoring and modeling data for 
both α- and β-endosulfan separately, and the results show that, at the 0.05 level, no 
significantly differences were found between modeled and monitoring results. Secondly, 
regression analysis between the monitoring and modeled data indicated a weak correlations 
with R = 0.30 for α-endosulfan and R = 0.43 for β-endosulfan. Besides, GM of measured air 
concentration of α-endosulfan from 40 sampling site was 18 pg/m3, which is the same as our 
modeling results (18 pg/m3), and for β-endosulfan, GM of measured concentration was 7 
pg/m3, which is also close to the modeled data (3 pg/m3). 

7. Conclusion and future work 
The following conclusions were derived from this chapter: 
• Chinese endosulfan usage inventories were developed with a high resolution of 1/4° 

longitude by 1/6° latitude, which localized the source of this pesticide in China. 
• Chinese endosulfan inventories for emissions to air and residues in soil were calculated 

for both α- and β-endosulfan by using the SGPERM, and the inventories for air and soil 
concentrations were also compiled for these two isomers. 

• Soil and air samples were collected from 141 and 40 sites over China, respectively, for 
α- and β-endosulfan and their concentrations in these two media were measured. The 
results gave general spatial trends of the occurrence of these two isomers in Chinese air 
and soil. 

• Comparison between the measured and modeled results for both α- and β-endosulfan 
led to a good consistence between them, indicating the accuracy of the developed 
inventories. 

This research has paved the way for further research for endosulfan in future, which 
includes development of inventories of emissions to air, residues in soil, and air and soil 
concentrations for endosulfan sulfate, the metabolize of both α- and β-endosulfan, the 
transport and the fate of endosulfan in Chinese environment, and risk assessment of this 
pesticide to the health of humans and wild lives. This work is also beneficial to the study of 
endosulfan on a global scale, including development of global gridded emission/residue 
inventories for this pesticide. 
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1. Introduction     
Pesticides are a group of chemicals made for the purpose of killing or otherwise deterring 
“pest” species. The word pesticides may refer to insecticides, fungicides, herbicides or other 
pest control formulations. Introduced in 1940s, organochlorine pesticides (OCPs) were 
widely used as insecticides in agriculture and pest control until research and public concern 
regarding the hazards of their use and adverse effects in the environment led to government 
restrictions and bans. Two International legally binding instruments have been negotiated 
and concluded: the Protocol to the regional United Nations Economic Commission for 
Europe Convention on Long Range Transboundary Air Pollution (CLRTAP) on Persistent 
Organic Pollutants (POPs), opened for signature in June 1998 and entered into force on 23 
October 2003 and the Stockholm Convention on POPs, opened for signature in May 2001 
and entered into force on 17 May 2004. Both these agreements identify POPs that should be 
banned and/or phased out or whose use or emissions should be restricted, they include 
industrial chemicals and by-products such as PCBs, hexachlorobenzene, dioxins and furans, 
and a number of OCPs such as aldrin, chlordane, DDT, dieldrin, endrin, heptachlor, 
hexachlorobenzene, mirex and toxaphene. All together are often called the “dirty dozen” 
(Stockholm Convention, 2004). The hexachlorocyclohexanes (HCHs) are covered by the 
UNECE Protocol but not the Stockholm Convention. For several listed substances, some 
limited use is allowed, for example DDT for fighting malaria. Despite the actions of these 
two Conventions, POPs are still present at high levels in the polar regions and will require 
vigilant action in the continuing implementation of the Conventions to prevent further 
contamination of these rich and productive ecosystems. 
OCPs are organic chemical substances which possess a particular combination of physical 
and chemical properties and once released into the environment they remain intact for long 
periods of time (from weeks to decades). They are persistent that is they resist to 
environmental degradation through chemical, biological and photolytic processes. They are 
toxic to both humans and wildlife and accumulate in the fatty tissue of living organisms 
(bioaccumulation), and are found at higher concentrations at higher levels of the food webs 
(biomagnification). They are subjected to long range transport (LRT) and can be found in 
remote regions, including Arctic and Antarctica, where they have never been used or 
produced (i.e.: Su et al., 2006; Bargagli, 2008; Corsolini, 2008; Rigét et al., 2010; Donaldson et 
al., 2010) 
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The transport of POPs in the Northern and Southern hemispheres is a well documented 
phenomenon. POPs are thought to be transported such long distances by a variety of 
processes including:  
- a process known as global distillation (Wania and Mackay, 1993; 1996), according to 

which POPs with sufficiently high vapour pressure evaporate from the warmer regions, 
(where they are used or released), and then move through the atmosphere, condense at 
colder and high latitudes, finally concentrating in Arctic and Antarctic. According to 
this process, POPs of higher volatility like HCHs may migrate faster towards the poles 
than those of lower volatility such as DDTs; 

- migration through ocean circulation;  
- deposition by means of wet (snow, rain, mist) or dry depositions (i.e. atmospheric 

processes (particle settling)) onto terrestrial and aquatic surfaces;  
- transport through migratory animals which are thought to offload their body burdens 

into polar ecosystems through their excretion and during body decomposition (Wania, 
1998). 

The fate and different transport routes of a POP are strongly influenced by its specific 
physical and chemical properties such as water solubility, vapour pressure (VP), Henry’s 
law constant (H), octanol-water partition coefficient (Kow) and the carbon-water partition 
coefficient (Koc). 

2. POPs in polar regions 
The polar regions are of great intrinsic value and vital importance for the conservation of 
biological diversity. 
Even though the Antarctic is still the region of the earth that is the least influenced by 
human activity, strict regulation is needed to maintain its untouched and pristine condition 
today. Most of the Antarctic region is situated south of 60°S latitude and is governed in 
accordance with the International legal regime of the Antarctic Treaty System. The Protocol 
on Environmental Protection to the Antarctic Treaty, which came into effect in 1998, 
designates Antarctica as an internationally important natural reserve devoted to peace and 
science, and provides a comprehensive environmental management regime. The Treaty area 
cover the continent itself as well as the archipelagos of the South Orkney Islands, South 
Shetland Islands, Peter Isalan, Scott Island and Balleny Island. Antarctica and the Southern 
Ocean are a remote region with no indigenous human population and no industrial and 
agriculture activities. Human impact is concerned largely with scientific investigations and 
the logistic operations in support of these. As a result of Antarctica’s designation as a Special 
Conservation Area, many countries that maintain research stations in Antarctica have 
improved management practises and developed strategies to reduce environmental 
disturbances. The protection of the Antarctic Environment is the primary responsibility of 
the Antarctic Treaty Parties and the release of POPs into the Antarctic environment is 
incompatible with the comprehensive approach of the Protocol. Therefore, the obligation to 
monitor the introduction of these substances is vested upon the Parties to the Protocol and 
practices have been improved and importation of specific POPs has been prohibited. 
However, LRT remains an important process by which POPs contaminate the Antarctic 
environment.  
In the last decades, extensive international cooperation has also been developed in several 
fields in the Arctic region as well. The Arctic Monitoring and Assessment Programme 
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(AMAP) is the first international programme to design and develop monitoring 
programmes to study the sources, transport mechanisms and pathways, levels, fate and 
behaviour of most of the groups of contaminants, including POPs, in the Arctic environment 
and its ecosystems (atmospheric, marine, terrestrial, humans). Further aims of the AMAP 
are to prevent releases of radioactive substances and emissions of other hazardous 
chemicals and provide scientific advice on actions to be taken in order to support Arctic 
governments in their efforts to take remedial and preventive actions relating to 
contaminants. AMAP is one of the six scientific Working Groups of the Arctic Council 
(Arctic Contaminants Action Program - ACAP, AMAP, Conservation of Arctic Flora and 
Fauna – CAFF), Emergency, Prevention, Preparedness and Response – EPPR), Protection of 
the Arctic Marine Environment - PAME and SDWG) a forum of cooperation between the 
eight Arctic countries (Canada, Greenland (Denmark), Finland, Iceland, Norway, Russia, 
Sweden and United States), and also between national governments and indigenous 
peoples. 
POPs are now distributed in the global environment and their accumulation of 
organochlorine pesticides in Northern and Southern latitudes has been extensively 
documented. In particular, HCHs have been extensively used throughout the world and this 
factor in combination with a relatively high vapour pressure, a low octanol-air partition 
coefficient, a low Hanry’s law constant and the highest water solubility of all 
organochlorines (Harner et al., 1999, Brubaker and Hites, 1998, Gregor and Gummer, 1989, 
Kucklick et al., 1991) is reflected in the relative abundance of these compounds in Arctic and 
Antarctic ecosystem compartments.  
Most of the associated literature focuses on the occurrence and levels of HCHs in air and on 
the study of air/water exchanges fluxes (UNECE, 1998; Hargrave et al.,1997), while only a 
little number of papers can be found dealing with water samples probably due to the 
difficulty involved in determination of very low concentrations of these contaminants in the 
Arctic and Antarctic seawaters. However seawater is an almost unique passage where 
pollutants transfer from the atmosphere or rivers to the shallow water. It is also a significant 
path way for OCPs accumulated in the plankton and therefore enter the terrestrial food 
webs of the polar regions (Cai et al., 2010). 
This review reports the levels, trends and distribution of HCHs in water and biota of both 
polar regions. The accumulation in marine organisms will be described; in particular, krill, 
fish, seabirds and seals will be considered. Moreover, the α-HCH enantiomeric composition 
in the Arctic and Southern oceans will be reviewed in order to evidence the presence of 
environmental biochemical processes. 

2.1 Hexachlorocyclohexanes 
Hexachlorocyclohexane (HCH), also known as benzene hexachloride (BHC), is one of the 
most widely studied pesticides with respect to its environmental fate and effects (Breivick et 
al., 1999). It is an organochlorine insecticide that is available in two commercial 
formulations: technical grade and lindane. 
Technical HCH was heavily used and it is an ubiquitous pesticide introduced in world war 
II and consists of a mixture of different isomers α-HCH (60-70%), β-HCH (5-12%), γ-HCH 
(10-15%), δ-HCH (6-10%) and ε-HCH (3-4%) (Kutz et al., 1991). Because of its low cost and 
high effectiveness, HCH was one of the most widely used insecticides in the world (Li, 
1998). The insecticidal properties of HCH were first discovered in Europe in 1941-1942, 
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however, in 1944 it was found that the γ-isomer is the only HCH isomer responsible for 
these properties (Hardie, 1964). Lindane is the γ -HCH (>99% pure) (UNEP, 2006). Lindane 
has been used as a broad-spectrum insecticide, which acts by contact, against a wide range 
of insects. Its main uses include treatment of seeds, on crops, in warehouses, in forestry, on 
domestic and agricultural animals, and for pest control of scabies and lice on humans 
(WHO, 1991). 
 

α-HCH β-HCH γ-HCH

Molecular weight 290.85 290.85 290.85

Structural code 
Axial/Equatorial

AAEEEE EEEEEE AAAEEE

Melting point (°C) 159.5 309.5 112.5

Boiling point (°C) 288 at 760 mmHg1 60 at 0.5 mmHg2 323.4 at 760 mmHg1

Vapour Pressure1 4.5 x 10-5 mmHg at 25°C 3.6 x 10-7 mmHg at 20°C 4.2 x 10-5 mmHg at 20°C

Henry's law constant3 LogHα= 10.13(±0.29)-3098(±84)/T LogHβ= 9.96(±0.23)-3400(±68)/T LogHγ= 10.14(±0.59)-3208(±161)/T

Log Kow
4 3.94 3.9 3.9

Log Koc
5 3.57 3.57 3.57  

Table 1. Physical and chemical properties of key HCHs (References: 1.HSDB, 2003; 2. Lide, 
1991; 3. Sahsuvar et al., 2003; 4. Shen et al., 2004; Willett et al., 1998; 5. Weiss, 1986) 

           
 
               (+)α-HCH                                                        (-)α-HCH 
 
 
 

      
 
                    β-HCH                                                          γ-HCH  

Fig. 1. Structure of the principal HCH isomers (α, β and γ ) 
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Because of the environmental and biological persistence of HCHs, many developed 
countries banned or restricted technical HCH usage since 1970s, a ban followed by many 
developing countries in 1980s (Voldner and Li, 1993). In 2009, an International ban on the 
use of lindane in agriculture was implemented under the Stockholm Convention on POPs. A 
specific exemption allows for it to continue to be used in second-line treatments for the head 
lice and scabies for 5 more years. 
Distribution, transportation and fate of HCHs in the environment is strongly influenced by 
the different physical and chemical properties of the various isomers and these are, to a 
great extent, responsible for the vast differences in the fates of the α, β and γ-isomers. 
The chemical structures and chemical-physical properties of the key HCHs are reported in 
Table 1 and Figure 1. 

2.2 Antarctica 
2.2.1 The marine environment 
The Southern Ocean occupies a belt between 55-70°S. The more southerly part of this zone is 
covered by sea ice for all or part of the year. Water temperatures vary very slightly in both 
time and space. Summer temperatures may be as high as 3-4°C in the northern part of the 
Southern Ocean, decreasing to slightly below zero close to the continent. The annual range 
of water temperature is typically only a few degrees. Despite this apparently hostile 
environment, the Southern Ocean supports a diverse biota, in strong contrast to Antarctic 
terrestrial ecosystems that is a cold desert. The region supports a number of fisheries, some 
of which are of global importance. 

2.2.2 HCHs in Antarctic seawater 
Relatively few investigations have been carried out to determine HCHs content in Antarctic 
seawater. The first HCHs data in seawater samples were reported by Tanabe et al. (1982a, b) 
who found the sum of HCHs ranging from 260 to 920 pg/L during an Antarctic supply 
voyage between Japan and the Syowa Research Station in 1980-1981. Similar total HCH 
concentrations (210-930 pg/L) were determined in seawater samples collected close to 
Syowa Station, not showing strong variations between samples collected under fast ice and 
at the outer margins of pack ice (Tanabe et al., 1983). Authors found mean α-HCH 
concentrations of 3.2 pg/L in 2002 and 1.41 pg/L in 2003-2004, showing little spatial and 
temporal variability during each sampling period. These values were lower than those 
measured in 1989-1990 (18-43 pg/L) (Iwata et al., 1993), 1997 (3.6-15 pg/L), 1997-1998 (5.1-28 
pg /L) (Jantunen et al., 2004), and 1999 (2-9.6 pg/L) (Lakaschus et al., 2002).  
Desideri et al. (1991) and Cincinelli et al (2009) measured the concentrations of HCHs in 
surface seawater samples collected at Terra Nova Bay in the spring-summer periods 1988-
1989 and 2003-2004, respectively. They found mean α-HCH concentrations of 129 (±42) and 
3.13(±0.89) pg/L, and mean γ-HCH concentrations of 562 (±335) and 7.11 (±1.22) pg/L, 
respectively. Desideri et al. (1991) found a mean of 147±25 pg/L of a-HCH  and 470±229 
pg/L of g-HCH in sea-ice samples and these values were higher than those measured in 
seawater samples; they hypothesized that POPs are accumulated during winter in the sea 
ice and then released into the seawaters during the seasonal ice melting, wich contribute to 
the Summer POP increasing concentration in the seawater. This hypothesis was also 
confirmed by Cincinelli et al. (2009), who found higher HCH concentrations in the seawater 
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samples collected at Terra Nova Bay than those measured later in the Ross Sea (α-HCH 
1.08±0.40 and γ-HCH 2.12±1.08), as well by Dickhut et al. (2005), who detected higher levels 
of γ-HCH in surface water collected during the early part of the summer in the vicinity of 
Palmer Station on the western Antarctic Peninsula in 2002. These authors found 
concentrations of α-HCH ranging from 1.65 to 4.54 (mean value 3.20±0.82) pg/L, and 
concentrations of γ−HCH ranging from 0.90 to 10.6 (mean value 4.09±4.08) pg/L in seawater 
samples. 

2.2.3 HCHs in Antarctic biota 
The scientific literature on the presence of HCH isomers in Antarctic organisms is very 
scarce, owing to the difficulty of collecting biotic samples in such an extreme environment, 
the distance from any part of the world, the very high cost of scientific expeditions and the 
need to be part of one of those to be allowed to reach the continent and collect organism 
samples, whose collection need special internationally valid permits released by a 
commission of the Antarctic Treaty. Moreover, data are often reported in different ways and 
thus no comparisons are allowed owing to different tissues, unit of measures (on a lipid, 
wet, or dry wt), chemicals analyzed, and species. The presence of HCHs in Antarctic marine 
organisms has been reported in few articles since 1960s.  
The presence of HCHs in krill (Euphausia superba) and in Emperor penguin (Aptenodytes 
forsteri) feathers was reported first by Sen Gupta et al (1996); they detected 141.3±9.8 - 
164±16.6 pg/g dry wt of α+γ-HCHs in krill, and 108.7±7.6 - 112.5±8.6 pg/g dry wt in 
penguin feathers collected in 1987 near the Indian Station Daksin Gangotri (70°05’S, 
12°00’E). They reported that the γ-isomer was the most abundant in both species. Twenty 
years later, Bengston-Nash et al. (2008) found 0.03 ng/g wet wt of HCHs; the most abundant 
isomers were α-HCH > β-HCH > δ-HCH (14.2, 9.3, and 6.9 pg/g wet wt, respectively). HCH 
concentrations in the Antarctic Peninsula were 0.009 ng/g lipid wt in samples collected in 
2001 (Chiuchiolo et al. 2004) and 0.25 ng/g wet wt (0.14-0.35 ng/g wet wt) in samples 
collected in 2005 at King George Is. (South Shetlands). Concentrations in krill samples 
collected in the Ross Sea were reported by Corsolini et al. (2006) and Cincinelli et al., (2009) 
and they were 0.28±0.04 ng/g wet wt and 0.11±0.07 ng/g wet wt, respectively. 
Notwithstanding the difference in the unit of measure, samples collected in 1980s seems to 
be more contaminated than those collected in the 2000s; moreover, the Indian Sector of the 
Southern Ocean showed lower levels than the Ross Sea in 2000s. 
Data in fish are very scarce. A paper reported 1.35±0.72 ng/g wet wt of ΣHCHs in the 
emerald rockcod (Trematomus bernacchi) muscle, where γ-HCH was the principal contributor 
(1.23±0.67 ng/g) (Corsolini et al., 2006). Usually β-HCH is stable in animals, but it is less 
volatile than α- and γ-HCH, thus it can reach the Polar Regions less easily than other HCH 
isomers, due to the global fractionation (Wania and Mackay, 1993). β-HCH concentration in 
Arctic atmosphere (Li et al., 2003) and in some species of seal and whale (Willett et al., 1998) 
is very low in comparison with the more volatile α- and γ-HCHs. Several industrial 
countries such as Canada, European Countries and the U.S. have banned HCHs since the 
1970s. However, a few developing countries from tropical belt continued to use Lindane 
(pure γ-HCH) until the 1990s (Li et al., 1996, 2003; Senthil Kumar et al., 2002); this would 
have influenced γ-HCH occurrence in Antarctic food webs.  
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The HCH contamination in seabirds will be discussed in reference to penguins; in fact, 
among seabirds, penguins spend all their life cycle in the Antarctic Ocean; other seabird 
species nest in Antarctica during Summer, but they overwinter northward, often in non-
Antarctic seawaters. Thus they can accumulate higher burdens of contaminants and they do 
not reflect exactly the contamination status of the Antarctic ecosystems (Corsolini, 2009). 
Penguins feed mainly on krill and they are a good indicator of HCH contamination; many 
different chemical families have been studies in various species since 1960s (for a review see 
Corsolini, 2009). Data of HCH presence in their tissues were first reported in 1985: Schneider 
et al. (1985) detected γ-HCH in Adélie penguin fat (Pygoscelis adéliae) (73 ng/g lipid wt), and 
Emperor penguin fat (26 and 118 ng/g lipid wt). The figure 2 shows the ΣHCH 
concentrations in Adélie, Chinstrap (Pygoscelis antarctica) and Gentoo (Pygoscelis papua) 
penguins from different regions of Antarctica and collected from 1988 to 2005. Levels ranged 
between below the detection limit in Adélie penguin muscle from King George Island to 5 
ng/g wet wt in blood of Gentoo penguin from the same area (Inomata et al., 1996). The 
minimum and maximum concentrations found ranged from 0.25 to 1.32 ng/g wet wt in 
Adélie penguin, from 0.17 to 2.28 ng/g wet wt in Chinstrap penguin, and from 0.1 to 5 ng/g 
wet wt in Gentoo penguin, showing a weak increase of concentration in Gentoo > Chinstrap 
> Adélie penguins. These penguin species nesting at King George Island share the same 
environment and have adopted a fine ecological segregation to reduce niche overlap and 
food competition (Trivelpiece et al., 1987). In fact, all the Pygoscelid species are usually very 
synchronous in nesting, while the breeding chronologies of these populations are 
asynchronous (Trivelpiece et al., 1987). Chicks hatched at approximately 2 week intervals, 
with Adélie penguin being the earliest and Chinstrap penguin the latest to hatch annually. 
Asynchronous breeding chronologies greatly reduce competition for food between species 
during chick rearing. At the same time, this asynchrony may affect the HCH accumulation; 
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Fig. 2. ΣHCH concentrations (ng/g wet wt) in tissues of Adélie (ADPE), Chinstrap (CHPE), 
and Gentoo (GEPE) penguins from King George Island (BS-KGI) and Falkland Islands (FI) 
(YoS = year of sampling; Refs = references: 1. Lara et al., 1990; 2. Inomata et al, 1996; 3. 
Wanwimolruk et al., 1999; 4. Corsolini et al., 2006; 5. Cipro et al., 2010; 6. de Boer et al., 1991). 
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in fact, large amounts of HCH pesticides are used in tropical and temperate regions during 
Summer, with resulting HCH increasing levels in the Antarctic environment in Summer and 
Autumn (Larsson et al., 1992). The seasonality of HCH transport to Polar Regions has 
already been reported, and it affects also the accumulation in Antarctic organisms (Sen 
Gupta et al., 1996; Corsolini et al., 2000). Interestingly, the HCH concentrations in Adélie, 
Chinstrap and Gentoo penguin eggs increased from 1993 (Wanwimolruk et al., 1999) to 2005 
(Cipro et al., 2010) (figure 3). This pattern may be due to the historical use of HCH-based 
pesticides worldwide and in particular in American, European and some Asiatic countries: 
after a massive use until the 1970s and 1980s, governments started to ban their use and 
production. First, levels continued to increase as a result of their global transport and 
dispersion, but then concentrations in biota showed a light decrease followed by the 
reduced use. The new increase observed at the end of 1990s can be as a result of a couple of 
reasons. The first reason can be the slow release of these chemicals from legal or illegal 
stocks. Secondly, the releases from the final sink as deep oceanic sediments and waters that 
may follow natural cycles in the marine ecosystems. Increasing concentration trends have 
been observed in other Antarctic species and also for other chemicals (Aono et al., 1997; 
Corsolini, 2009; Corsolini, 2011).  
 
 

0.004

12

0.014
1.5

0.65
2.2

0
2
4
6
8

10
12
14

BS-KGI BS-LI BS-KGI BS-KGI BS-EI BS-EI

fat blubber fat fat blubber blubber

Agazella Agazella Lweddelli Lweddelli Mleonina Mleonina

2004 1994 1997-2000 1997-2000

1 2 1 1 3 3

ng
/g

 w
et

 w
t

 
Fig. 3. ΣHCH concentrations (ng/g wet wt) in tissues of fur seal (Agazella), Weddell seal 
(Lweddelli), and elephant seal (Mleonina) from King George Island (BS-KGI), Livingston 
Island (BS-LI), and Elephant Island (BS-EI) (YoS = year of sampling; Refs = references: 1. 
Vetter et al., 2001; 2. Schiavone et al., 2009; 3. Miranda-Filho et al., 2007). 

There are few articles that report HCH levels in Antarctic seals. HCH were very low in the 
fur seal (Arctocephalus gazella) from King George Island, 0.04 ng/g wet wt, and in the 
Weddell seal (Leptonychotes weddelli), 0.014 ng/g wet wt (Vetter et al., 2001). HCH higher 
concentrations were reported in specimens of Weddell seal and elephant seal (Mirounga 
leonina). Schneider et al. (1985) detected 13 and 20 ng/g lipid wt in the Weddell seal blubber, 
and 39 and 103 ng/g lipid wt in the Crabeater seal blubber (Lobodon carcinophagus), collected 
in 1981. The β-HCH prevailed in samples of fur seal from Livingstone island, where the 
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isomer pattern abundance was β-HCH > α-HCH > γ-HCH > δ-HCH (Schiavone et al., 2009). 
The pattern was γ-HCH> α-HCH > β-HCH in the elephant seal (Miranda-Filho et al., 2007). 
A temporal trend of HCH concentration in Antarctic organisms is not evident mainly 
because of the paucity of data available. Extreme environments promote the selection of 
peculiar adaptations like the use of lipids to store energy, to protect against cold, to aid 
buoyancy in fish; the presence of this lipid component may affect the concentrations of 
lipophylic contaminants such as HCHs in relation to the season and period of the biological 
life cycle during which sampling is carried out. Therefore, HCH concentrations may vary 
depending on all such factors. Similar patterns have been reported also for other families of 
POPs in most of the species analyzed and collected in Antarctic seawaters (for a review see 
Corsolini et al., 2009). 

2.3 Arctic 
2.3.1 The marine environment 
The Arctic region can be defined as the area north of the Arctic circle (63°33’N). It covers an 
area of approximately 13.4 million km2 and large tracks of land are covered by glacial ice. 
The Arctic includes the Arctic Ocean and parts of Canada, Greenland, Russia, the United 
States (Alaska), Iceland, Norway, Sweden and Finland. The Arctic marine area includes the 
Arctic Ocean, the adjacent shelf seas (Beaufort, Chukchi, East Siberian, Laptev, Kara and the 
Barents Sea), the Northern Seas (Greenland, Norwegian and Iceland seas), the Labrador Sea, 
Baffin Bay, Hudson Bay, the Canadian Arctic Archipelago and the Bering Sea. The 
connection with the shallow Bering Sea occurs through the narrow Bering Strait, while the 
main connection with the Atlantic Ocean is via the deep Fram Strait and the Nordic Seas. 
The Arctic Ocean is divided into two deep basins, the Eurasian and the Canadian by the 
transpolar Lomonosov Ridge (AMAP 1998), extending as a submarine bridge about 1060 
miles from Siberia to the northwestern tip of Greenland. Parallel to it there are two shorter 
ridges: the Alpha Ridge on the North American side, defining the Canada and Makarov 
basins, and the mid-ocean ridge on the Eurasian side, defining the Nansen and Fram basins.  
Due to ice coverage the temperature of the Arctic Ocean is close to freezing point year 
round. Surface water salinities vary between 30-33 in the Arctic Ocean. The salinity is lower 
in the summer due to the input of freshwater from rivers and terrestrial ice melting (AMAP, 
1998). 
The Arctic ocean is considered a sink for global pollution because of the flow of oceanic and 
atmospheric currents. It is a fragile ecosystem threatened by land-based sources of pollution 
particularly POPs and heavy metals (Lystsov, 2006). Principal loadings of HCHs to the 
Arctic Ocean during the last decades occurred by atmospheric transport and air-water 
exchange, precipitation and riverine input, and migration through north flowing ocean 
currents (Li et al., 2004). However the relative inputs by these pathways varied over time 
and differed for the eastern and western sides of the Arctic Ocean which have been termed 
the North American Arctic Ocean (NAAO) and Eurasian Arctic Ocean (EAO) (Bidleman et 
al., 2007). 

2.3.2 HCHs in Arctic sea-water 
Seawater samples were collected from a few limited number of cruises under taken 
throughout the 1980s to 2000s in different regions of the Arctic Ocean. The most extensive 
database on HCH concentrations in Arctic seawater samples belongs to the Bering and 
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Chukchi Seas where several cruise expeditions occurred, mainly organised by Japan, USA, 
Canada and former USSR.  
An USSR/US investigation was begun in 1984 in the Bering and Chukchi Seas to study the 
transport of agricultural chemicals such as pesticides and other persistent pollutants 
(Chernyak et al., 1995). Results showed that α-HCH concentrations ranged from 810 to 1220 
pg/L on the transect from the Sea of Japan to the Bering Sea, and a trend of increasing 
concentration with increasing latitude was observed (r2= 0.88). This correlation is proved to 
be even stronger when average concentrations and latitudes from the Bering and Chukchi 
Seas and the Chirikov Basin were included in the regression (r2= 0.99) (Chernyak et al., 
1992), an increasing of with α-HCH concentrations from 800 pg/L in the South China Sea 
to 2500 pg/L in the Chukchi Sea. This trend for α-HCH concentration may reflect the effect 
of much colder surface water temperatures in the polar seas, because the Henry’s law 
constant of α-HCH decreases with decreasing water temperature, thus favouring deposition 
to the water phase. However the same trend was not observed for the γ- and β- isomers 
which ranged from 770 to 1150 pg/L and from 80 to 740 pg/L, respectively. 
Mean concentrations of α-HCH and γ-HCH of 7.1 and 0.8 ng/L, respectively, were reported 
by Patton et al. (1989) for four seawater samples collected over a depth of 1-10 m from the 
Ice island in the Beaufort Sea in June 1987. In the same area Hargrave et al. (1988) measured 
α-HCH levels in seawater samples at different depths and found average values of 4249 
pg/L at 0-60 m, 2030 pg/L at 75-200 m and 320 pg/L at a depth >200 m in May 1986, 
average values of 5430 pg/L at 0-60 m, 2230 pg/L at 75-175 m in August 1986 and average 
values of 2820 pg/L at 10 m and 1440 pg/l at 110 m in June 1987. In general, concentrations 
of HCHs were maximum in the upper 60 m layer with decreasing values towards greater 
depths. The observed vertical distribution of α-HCH and other OCPs observed in this study 
indicated a source in the upper low salinity surface layer, probably a direct exchange 
between atmosphere and ocean (sea ice). In fact, most relevant inputs of pesticides into the 
Arctic marine environment may be atmospheric, riverine and oceanic transport even if the 
relative importance of each of these sources is difficult to assess.  
Similar concentrations of ΣHCH (5-7 ng/L) in the Beaufort Sea were also reported by 
McDonald and McLaughlin (1993, 1994) for surface water samples collected between 1992 
and 1993. Graphical presentation of data in Mc Donald et al. (2000) indicated levels for both 
isomers of 0.4-0.8 ng/L. 
On the third Soviet-American Joint Ecological Expedition to the Bering and Chukchi Seas 
(August 1988), seawater samples were collected and analysed for OCPs. Average α-HCH 
concentrations in surface water samples were 2.4 ng/L, and average γ-HCH concentrations 
were 0.6 ng/L (Hinckley et al., 1991). In the same seas, Iwata et al (1993) collected seawater 
samples during the period between April 1989 and August 1990 reporting no differences 
between the mean concentration values of α-HCH (1.5 ng/L(range 1.2-1.9 ng/L) and 1.4 ng/L 
(range 1.3-1.6 ng/L)) and γ-HCH (0.190 ng/L (range 0.160-0.230 ng/L) and 0.180 ng/L (range 
0.150-0.220 ng/L)), in the Bering and Chukchi Seas, respectively. 
Paired air and water samples were collected at Resolute Bay (74°N, 95°W) in summer 1992 
to estimate the direction of gas exchange of HCHs and investigate possible loss processes in 
the water column (Bidleman et al. ,1995; Falconer et al., 1995). Average concentrations of α-
HCH and γ-HCH in ocean surface water were 4.75±0.9 and 0.44±0.11 ng/l, respectively. 
Water/air fugacity ratios were 1.03 for γ-HCH and 1.57 for α-HCH, indicating a slight 
potential for volatilization of α-HCH. The average concentration of the sum of α-HCH and 
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γ-HCH (5100 pg/L) (Bidleman et al., 1995; Falconer et al., 1995) was higher than values from 
Bering Sea and Chukchi Sea (1600 -3400 pg/L) reported by Iwata et al.(1993) and Kawano et 
al.(1988) (mean α-HCH 2800 pg/L, γ-HCH 610 pg/L).  
During August-September 1993 a joint Russian –US expedition to the Bering Sea and 
Chukchi Sea took place and surface water samples (from 1 to 2 m) were collected from 21 
sites. Highest water concentrations were observed for HCH in open waters north and south 
of the Bering strait, both regions being similar (α-HCH 2.2 ng/L and lindane 0.35 ng/L) 
(Strachan et al., 2001). The water-air fugacity for the HCHs indicated that α-HCH is 
degassing in both Bering and Chukchi Seas while γ-isomer is degassing in Bering Sea but it 
is close to equilibrium in the Chukchi Sea (Strachan et al., 2001). 
In the summers of 1993 and 1994, seawater samples from the surface layer (40–60 m) were 
collected to determine the spatial distribution of organochlorine pesticides on expeditions 
that crossed the Arctic Ocean from the Bering and Chukchi Seas to the North Pole, to a 
station north of Spitsbergen, and then south into the Greenland Sea (Jantunen and 
Bidleman, 1998). In the upper 40 m of the northern Chukchi Sea, α-HCH and γ-HCH 
averaged 2.06±0.48 ng/L and 0.43±0.09 ng/L. In the polar mixed layer (60 m) of the western 
Arctic Ocean α-HCH and γ-HCH averaged 2.42±0.23 ng/L and 0.47±0.11 ng/L. 
Concentrations were 2–3 times lower than these means at two stations near Spitsbergen and 
one station in Greenland Sea, averaging 0.87±0.22 ng/L for α-HCH and 0.20±0.03 ng/L for 
γ-HCH. Thus, HCHs in the upper 40–60 m increased from the Chukchi Sea to the pole, and 
then decreased toward Spitsbergen and Greenland Sea.  
Similar results were found by Harner et al. (1999) who measured HCH concentrations in 
seawater samples collected during a cruise abroad the Swedish icebreaker “Oden” in July-
September 1996 and found mean concentrations in surface water of 910 pg/L (range 350-
1630 pg/L) for α-HCH and 270 pg/L (range 120-400 pg/L) for γ-HCH. Both HCHs 
increased with latitude between 74°-88°N (r2= 0.58 and 0.69 for α-HCH and γ-HCH, 
respectively). Same authors also observed that mean surface concentrations of HCHs in the 
eastern Arctic ocean were lower than those in the western Arctic.  
Further water samples from the Bering and Chukchi Seas were collected and analysed by 
Yao et al. (2002) during the first Chinese Arctic Research Expedition from July to September 
1999. They investigated the distribution and composition of organochlorine pesticides 
(including HCHs, heptachlor, heptachlor epoxide, aldrin, endosulfan I, p,p’-DDE, dieldrin, 
endrin, p,p’-DDD, endosulfan II, p,p’-DDT, endrin aldehyde, and endosulfan sulphate) and 
found that the most abundant pesticide in the Arctic seawater was α-HCH, whose 
concentration was usually one or two magnitude grade greater than other contaminants. α-
HCH concentrations ranged between 156 and 683 pg/L and between 157 and 662 pg/L in 
the Bering Sea and Chukchi Sea, respectively. The average of ΣHCHs (α, β, γ, δ) was nearly 
equal in the Bering Sea (mean concentration 412.7 pg/L) and in the Chukchi Sea (mean 
concentration 445.8 pg/L), showing no latitudinal difference of these two regions. 
Compared with previously reported studies, concentrations of OCPs in these regions were 
much lower than the levels in the last decades. The α/γ-HCH ratio was 5.0±1.8 and 3.4±1.0 
for the Bering and Chukchi Seas, respectively, which indicated the different pesticide 
composition in these regions. The ratio of α/γ in Bering Sea suggested a technical HCH  
mixture indicating that OCPs were mostly transported from the low latitude. However the 
observed low α/γ ratio observed in the Chukchi Sea might imply the presence of a possible 
emission source of lindane nearby this region. 
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Hexachlorocyclohexanes (HCHs) in the surface water of the Canadian Archipelago and 
south Beaufort Sea were measured in summer 1999 (Bidleman et al., 2007). Overall 
concentrations of HCH isomers were in order of abundance: α-HCH (ranging between 1.1 
and 5.4, mean value 3.5±1.2 ng/L) > γ-HCH (ranging between 0.19 and 0.45, mean value 
0.31±0.07 ng/L) > β-HCH (ranging between 0.056 and 0.16, mean value 0.10±0.03 ng/L). 
Concentrations also varied latitudinally for α-HCH and γ-HCH (p < 0.002) but not for β-
HCH.  
A recent study reports HCHs data collected on the FS Polarsten during the cruise ARKXX in 
the North Atlantic and Arctic Ocean in 2004 (Lohmann et al., 2009) and shows the α-HCH 
concentrations near 1 pg/L in many samples < 80°N to mostly >20 pg/L above 80°N. The 
concentrations of γ-HCH were generally lower than α-HCH ranging from <1 to 20 pg/L. 
These authors confirmed that concentrations of HCHs have continued to decline in the last 
few years. 
The most recent data on HCHs concentrations in Arctic ocean are presented by Cai et al. 
(2010), who successfully applied the new analytical method developed by Qiu and Cai 
(2010) based on the combination of solid phase extraction and headspace solid phase 
microextraction (HS-SPME), for the determination of 17 ultra trace OCPs. Surface seawater 
samples were collected during the third Chinese Arctic expedition cruise from July to 
September 2008 on board the R/V “Xuelong” The track covered the Japan sea, Okhotsk sea, 
Bering sea and the zone to the North of the Bering Strait including the Chukchi sea, 
Canadian Basin and Arctic ocean. Cai et al. (2010) found that among the organochlorine 
pesticides, HCHs, especially α-HCH and γ-HCH, were the most predominant in the Arctic 
surface water body as found by other authors (Iwata et al., 1993; Chernyak et al., 1995; 
Jantunen et al., 1995; Yao et al., 2002; Weber et al., 2006). This trend might be attributable to 
the higher historic usage of HCHs compared to the other investigated compounds (Li and 
McDonald, 2005). In the Bering Sea, the surface water concentrations were found to be 0.065-
0.2671 ng/L for α-HCH, 0.0775-0.8075 ng/L for β− HCH and 0.0725-0.7175 ng/L for γ-HCH. 
Respect to concentrations values reported earlier for this area, γ-HCHs values reported by 
Cai et al (2010) showed a level comparable to that reported in 1999, but a slightly decreasing 
trend was observed for α-HCH. Water samples collected in the western Arctic Ocean 
presented concentrations of 2.07-2.63 ng/L and 0.33-070 ng/L for α-HCH and γ-HCH, 
respectively. Results for α-HCH in the Chukchi Sea (0.0583-0.3926 ng/L) were slightly lower 
than those in 1999 (Yao et al., 2002) while γ-HCH concentration level were fairly comparable 
indicating that a state of equilibrium of γ-HCH was achieved recently. β-HCH showed 
higher concentrations respect to previous data in the Chukchi Sea and authors (Cai et al., 
2010) attributed this result to the extremely low sensitivity of detection which could lead to 
higher error in the integration of the peak area.  

2.3.3 HCHs in Arctic biota 
The POP presence in Arctic organisms has been investigated during the last decades and 
many articles have been published in international scientific journals. The easier access to 
the area with respect to the Antarctic region is responsible of the high number of studies on 
Arctic biotic ecosystems. The interest in this polar region increased when the presence of 
very high concentrations of POPs was detected in those human populations that live the 
further north lands of Europe, Asia and America (for a comprehensive study see the AMAP 
Report 2009, AMAP, 2009). In the framework of the AMAP, many researches have been 
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carried out. Recently, reviews of POP presence and trends in the Arctic have been published 
(Muir et al., 2010). The occurrence of HCHs in the Arctic organisms will be examined in the 
same classes reported for the Antarctic organisms, that is pelagic crustaceans (krill), fish, 
seabirds, and seals, in order to allow a discussion.  
Borgå et al. (2005) reported 26.1±2.3 ng/g lipid wt of ΣHCHs in the Arctic krill Thysanoessa 
inermis. The isomer abundance followed the pattern α-HCH > δ-HCH > β-HCH (α-HCH 
made up more than 60% of the ΣHCHs); samples were collected in 1999 in the Greenland 
Sea and NW and NE of Svalbard Islands. The extracted organic matter in these samples was 
10.7±0.4. The comparison with concentrations in Antarctic krill showed a higher 
concentration in Arctic krill. These two species of Euphausiacea are important species in 
their trophic webs being food of many species of fish, seabirds, seals, and whales. 
Fish species collected in the Arctic region and analyzed for HCHs were mostly the Arctic 
cod (Arctogadus glacialis), the Polar cod (Boreogadus saida), the Greenland halibut 
(Reinhardtius hippoglossoides), and others. ΣHCH concentrations in Polar cod muscle from the 
Canadian Arctic were 90.2±13.7 ng/g lipid wt (Moisey et al., 2001), 40±3.2 ng/g lipid wt 
(Hoekstra et al., 2003), and 10 ng/g lipid wt (Kelly et al , 2008); concentrations in the 
Greenland halibut muscle were as 81 ng/g lipid wt in (Fisk et al., 2002), and 53 ng/g lipid 
wt in Greenland shark (Somniosus microcephalus) liver (Fisk et al., 2002). Levels in Polar cod 
were of the same order of magnitude, but a decreasing trend can be observed during 2000s. 
Sinkkonen et al. (2000) analyzed Polar cod liver in specimens collected from 1987 to 1998 in 
the Norwegian Arctic and they detected 4-23.3 ng/g lipid wt of α-HCH and 2.9-8.1 ng/g 
lipid wt of δ-HCH. Their decreasing trend were very significant (p = 0.001) during this time 
span; these Authors reported that α-HCH concentrations declined faster than those of δ-
HCH, in agreement with observations for Arctic air and water (Li et al., 1998; Bidleman et 
al., 1995; Jantunen and Bidleman, 1995). The HCH isomer abundance were α-HCH > β-HCH 
> δ-HCH in Polar cod (Sinkkonen et al., 2000; Moisey et al., 2001) and δ-HCH > α-HCH > β-
HCH in the Antarctic T. bernacchi (Corsolini et al., 2006). These patterns could be interpreted 
as an indication that the use of technical HCH (containing 60-70% of α-HCH) has decreased 
faster than that of pure lindane (Li et al., 1998). Li et al. (1998) reported that there were two 
significant drops of HCH concentrations in the Arctic air: in 1982-1983 and in 1990-1992 and 
they followed the ban of technical HCH use in China (1983), India and ex-Soviet Union 
(1990). This decrease was not followed by a decrease of α-HCH concentrations in Arctic 
seawater. These speculations might help to interpret the different patterns found in Arctic 
and Antarctic fish. In fact, chemical concentrations and patterns in the two polar regions 
might be influenced by the air mass movement and the different use of HCHs in the two 
hemispheres, in agreement with the model proposed by Wania et al. (1999), suggesting that 
levels in the Southern Ocean are higher than those in tropical seas. Anyway, α- and δ-HCH 
were reported to be decreasing in the Arctic (Rigét et al., 2010). 
A study on the occurrence of HCH in several species of seabirds from the Northwater 
Polynia (NOW) reported ΣHCH concentrations in various species: 222±19.9 ng/g lipid wt in 
dovekie, 84.5±9.6 ng/g lipid wt in thick-billed murre, 285±46.7 ng/g lipid wt in black 
guillemot, 47.3±6.3 ng/g lipid wt in black-legged kittiwake, 442.7±51.9 ng/g lipid wt in 
glacous gull, 143.0±32.7 ng/g lipid wt in ivory gull, 65.1±5.8 ng/g lipid wt in northern 
fulmar (Moisey et al., 2001). These Authors reported the α, β and γ-isomer patterns of 
abundance was β-HCH > α-HCH > δ-HCH in all these species.  
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Concentrations of ΣHCHs collected from 1975 to 2003 were 2.0±0.4 – 5.7±0.7 ng/g wet wt in 
northern fulmars, 4.0±0.4 – 7.7±0.6 ng/g wet wt in black-legged kittiwake, and 9.2±1.3 – 
18.6±2.0 ng/g wet wt in thick-billed murre (Braune, 2007 a, b). The isomer abundance 
patterns were α-HCH > β-HCH in northern fulmar and thick-billed murre collected from 
1975 to 1993, and β-HCH > α-HCH in northern fulmar and thick-billed murre collected in 
1998 and 2003, and in black-legged kittiwake. Braune (2007 a, b) noted significantly 
increasing concentrations of β-HCH in northern fulmars and thick-billed murres, and ΣHCH 
in black-legged kittiwakes and northern fulmars; the increasing ΣHCH concentrations in the 
northern fulmars and black-legged kittiwakes were owed to β-HCH. 
Other articles reported ΣHCH levels ranging from <1-170 ng/g lipid wt (white-winged 
scoter and common eider: Kelly et al., 2008; herring gull, common guillemot, Atlantic puffin, 
and black-legged kittiwake: Helgason et al., 2008; black guillemot: Vorkamp et al. 2004; 
northern fulmar:  Knudsen et al., 2007; glacous gull: Verrault et al., 2005; peregrine falcon: 
Vorkamp et al. 2009), and 24-80 ng/g wet wt (northern fulmar, glacous-winged gull, and 
tufted puffin: Ricca et al., 2008). Concentrations exceeding 100 ng/g lipid were detected in 
black guillemot eggs from east Greenland (Vorkamp et al., 2004), glacous gull plasma from 
Svalbard Islands (Verrault et al., 2005), and ivory gull eggs from Canada (Braune et al., 
2007a, b). A decreasing or stable temporal trend of ΣHCHs, α−, β-, and δ-HCH 
concentrations during the last decade was reported in all these species except fulmar and 
thick-billed murre eggs, and the rate of decrease varied among species and geographical 
areas (Rigét et al., 2010).   
Pinnipeds may accumulate high amount of chemicals and different concentrations in their 
tissues are often evident and depending on their diet. ΣHCH concentrations in seal blubber 
were 150.5±13.1 ng/g lipid wt in ringed seal collected in the NOW in 1998 (Moisey et al., 
2001), 145 ng/g lipid wt in specimens from the Canadian Arctic (Kelly et al., 2008), and 
190±50 ng/g lipid wt in the same species collected in 1999-2000 (Hoekstra et al., 2003). 
Lower concentrations were detected in ringed seal from Greenland: 67 ng/g lipid wt 
(Vorkamp et al., 2004) and 40 ng/g lipid wt (Vorkamp et al., 2008). Vetter et al. (2001) 
reported ΣHCH concentrations in three species of Arctic seals and in three species of 
Antarctic seals: they were 659 ng/g wet wt in grey seal from the Baltic Sea, 5-11 ng/g wet wt 
in grey seal from Iceland, and 181 ng/g wet wt in harp seal from the North Sea. Values 
found in samples from Iceland were of the same magnitude than those found in Antarctic 
species (Weddell seal = 14 ng/g lipid wt, fur seal = 4 ng/g wet wt, elephant seal = not 
detected). The concentrations of ΣHCHs and HCH α, β and γ-isomers were reported to be 
decreasing in ringed seals (Rigét et al., 2010). Riget et al. (2008) reported annual decreases in 
ringed seals from East and West Greenland from 1986 to 2006 that were 9.1–11.7%, 1.4–3.9% 
and 6.0–6.4% for α, β and γ-HCH, respectively. δ-HCH was the less abundant isomer both in 
West Greenland juvenile seals (4.95 ng/g lipid wt in 1995 and 1.91 ng/g lipid wt in 2002) 
and in East Greenland juvenile seals (7.89 ng/g lipid wt in 1986 and 2.57 ng/g lipid wt in 
2006); adult seals showed larger temporal variation (9.3 ng/g lipid wt in 1994 and 2.7 ng/g 
lipid wt in 2002).  

2.4 Enantiomer fraction of α-HCH in Antarctic and Arctic marine environment 
α-HCH is a chiral compound and thus exists in two enantiomers forms. Enantiomers are 
stereoisomers in which the atoms are arranged such that the molecules are mirror images of 
each other. The two enantiomers can rotate polarized light in different directions. Two 
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principal metrics are used for reporting enantiomer composition of chiral POPs. The 
enantiomer ratio (ER) and the enantiomer fraction (EF). Most earlier studies used ER, 
consisting in the separation of these enantiomers by GC and subsequent calculation of the 
peak area or height  ratio of the (+) ad (-) enantiomers. The ER ranges from zero to infinity, 
with a racemate having an ER of 1. The EF, now more commonly used, is defined as the ratio 
of the (+)enantiomer to the sum total enantiomer concentrations. EF ranges between zero to 
infinity with a racemic value of 0.5. EF are preferred to ER as the EF is bounded and a 
deviation from the racemic value in one direction is the same as in the other (Harrad, 2009).  
Chirality has been used to detect, characterize and differentiate biotic and abiotic 
transformation processes. Biotic processes such as microbial degradation, enzymatic 
processes or biological uptake may be enantioselective, causing the observed ER or EF to 
vary from the racemic value of 1.0 or 0.5, respectively; while abiotic processes such as 
hydrolysis and photolysis are not enantioselective (Helm, 2000) and affect both enantiomers 
of achiral compound in the same way. 
The enantiomer composition of α-HCH in Antarctic seawater samples is not well 
documented; in fact only Jantunen et al. (2004) studied the influence of latitude on EF ratio 
on seawater samples collected during the South African National Antarctic Expedition 
(December 1997 – February 1998). Same authors reported EF values ranging from 0.477 to 
0.515 and evidenced a significant regression of EF versus latitude (R2=0.28, p≤0.005) with a 
slight preferential tendency to degradate of (-) enantiomer at the lower latitudes (EF ≥0.500), 
versus racemic or depletion of the (+) enantiomer (EF≤0.500) at the higher latitudes.  
Enantiomeric fractions of chiral α-HCH in Antarctic biota were studied by Corsolini et al. 
(2006). They reported average EF values of 0.44±0.01, 0.49±0.01 and 0.58±0.04 in krill, 
emerald rockcod and Adélie penguin eggs, respectively. According to these results, these 
authors suggested enantioselective biotrasformation at lower trophic animal, with a 
decrease in the (+)α-HCH enantiomer compared to the (-)α-HCH. The (+)α-HCH 
contribution increased by 14% from lower to the higher trophic level (from krill to penguin): 
the proportion of the (+) enantiomer increased from 44% to 58%, suggesting an 
enantioselective biotransformation up the food web. Accumulation of (+)α-HCH in the 
higher trophic levels was already reported for marine mammals and polar bear (Iwata et al., 
1998; Wiberg et al., 2000; Kallenborn and Huhnerfuss, 2001). 
There has been an extensive analysis of α-HCH enantiomer composition in the Arctic Ocean.  
Falconer et al. (1995) found ER of 0.93 ± 0.06 in Resolute Bay in August –September 1992, 
showing that the (+) enantiomer was depleted in seawater and suggesting a microbial 
degradation of HCHs. A microbial degradation was also observed in seawater samples 
collected on a cruise along the Eastern Arctic Ocean in July-September 1996 (Harner et al., 
1999), where the ER values ranged between 0.72 to 0.94 (mean value 0.87± 0.06) in surface 
water and decreased with depth. 
The ER of α-HCH ((+)-α -HCH /(-)- α -HCH) in Arctic seawater was reported by Jantunen 
and Bidleman (1996, 1997), who found ER generally > 1.00 in the Bering-Chukchi Seas, 
indicating preferential degradation of (-)α -HCH, whereas depletion of the (+)α -HCH in the 
Arctic Ocean and Greenland Sea, with ERs < 1.00. One hypothesis to explain this different 
enantiomer depletions could be due to the different microbial populations in these regions. 
Although generally HCHs are measured in the dissolved fraction, levels of HCHs in water 
were high enough to allow ER values to be measured on the filters of the large volume 
samples. The results showed different enantioselective degradation in the dissolved and 
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particulate phase suggesting that different microbial populations are involved in these two 
phases. Authors also noted that ERs for α-HCH decreased with depth (Jantunen and 
Bidleman 1996, 1997) as observed by Harner et al. (1999) in the Eastern Arctic ocean, where 
the ER ranged from 0.72 to 0.94 (mean 0.87 ±0.06) in 21 surface water samples indicating 
selective degradation of (+)α-HCH and microbial degradation was suggested as the major 
removal process of HCHs from the water column. The reversal of enantiomer preference 
observed respect to the early 1990s could be due to changes in microbial degradation in the 
water column with subsequent changes over time leading to consistent enrichment of the (-
)enantiomer (Harrad, 2009). 
Tracer studies have determined that the “ventilation age” of the 250-1000 m water in the 
Nansen Basin of the eastern Arctic Ocean is in the range of 12-20 years (Wallace et al., 1992). 
The ventilation age is the time since the water was at the surface and able to exchange gases 
with the atmosphere. This information, combined with measurements of HCH 
concentrations in 1996 (Harner et al. 1999) and 1979 (Gaul et al., 1992), allows us to estimate 
the removal rates from the water column, which are due to microbial degradation, 
hydrolysis and sedimentation. The latter is negligible, and microbial degradation is 3-10 
times faster than hydrolysis (Harner et al. 1999). 
In a recent paper, Lohmann et al. (2009) found depletion of the (+) enantiomer, with EFs 
ranging from 0.432-0.463, and increased from west to east in the Archipelago.  

3. Conclusions  
The concentration levels of α- and γ-HCH in surface waters of Antarctica are much lower 
(by 1-2 orders of magnitude) than those in the Arctic, due to the remoteness of this continent 
from populated and industrial regions relative to the Arctic. A decreasing trend was 
observed for α-HCH and γ-HCH concentration in both Arctic and Antarctic oceans, 
corresponding to the global bans on HCHs. However the recent declining usage and 
atmospheric inputs of α-HCH isomer have caused the exchange to reverse, and made the 
Arctic ocean a source of α-HCH to the atmosphere rather than the major sink for LRT of it.  
A comparison between levels and trends in Arctic and Antarctic biota indicates higher 
contamination levels in the Arctic organisms in relation to the geographical isolation of the 
Antarctic continent and Southern Ocean, which make difficult for chemicals to reach this 
region. It might be that the global transport to Antarctica and equilibrium between phases of 
HCHs follow different mechanisms of time scale in the two Polar Regions; Antarctica could 
show a delay in the chronological steps that characterize the HCH distribution globally and 
in the marine ecosystems. The Arctic is showing a decreasing temporal trend of 
contamination followed the peak occurred in the past years and in relation to the great HCH 
use/production and following ban. Thus, a decreasing or stable temporal trend of ΣHCHs, 
α−, β−, and δ-HCH concentrations during the last decade was reported in seawater and 
most of the studied species, and the rate of decline varied among species and geographical 
areas.  
By comparing available data, it emerges a different pattern in the Antarctica where a 
temporal trend is not clearly recognizable, owing to the paucity of data and unevenness of 
report features and style. In this regard, compared to the Arctic, it could be hypothesized a 
slight delay in the transport, accumulation, and decrease of HCH in the southern polar 
region, that can be an effect of the geography and of the chemical transport pathways, that 
affect the distribution on the marine ecosystems.  
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1. Introduction    
In the past decade pyrethroids have emerged as a major class of highly active insecticides 
due to their high bio-efficacy and relatively low toxicity in comparison to organochlorine 
and organophosphate pesticides, which are more acutely toxic to birds and mammals than 
the pyrethroids. These chemicals have been largely used for the control agricultural pests, 
with Lepidoptera representing the highest percentage (40%) of pyrethroid targeted insects, 
followed by sucking insects  and Coleoptera (Wirtz et al., 2009). On the other hand, insect 
parasitoids are of high importance in natural and agricultural ecosystems where they 
regulate or influence the population density of their hosts, being therefore worldwide used 
in the control of several agricultural pests, particularly Lepidoptera and Hemiptera. 
Parasitoids can be released in the field either by inundative (for an immediate and non 
sustaining  reduction of the target host population) or inoculative (where the objective is to 
release the natural enemies early in the season and so is the progeny who will have a later 
effect on the target host population) approaches. In the first approach, parasitoids are 
positioned as a fast-acting replacement of insecticides, while in the second parasitoids are 
considered as one aspect of integrated pest management (Smith, 1996). According to the 
review by Collier and Steenwyk (2004), biological control by augmentative releases of 
natural enemies is not likely to replace insecticides in the near future, in part due to the 
apparent lack of efficacy compared to conventional insecticide applications. Thus the 
integration of biological and chemical controls is an essential alternative to the conventional 
use of insecticides that requires knowledge of the lethal and sublethal effects that chemicals 
may have on the natural enemies. Actually most of the studies regarding the effects of 
insecticides (inclusive for pyrethroids) on parasitoids and other natural enemies have relied 
on the evaluation of acute toxicity by determination of a median lethal dose (LD50) or 
concentration (LC50) (Desneux et al., 2007). Though estimation of LD50 or LC50 is a simple 
and a fast approach to compare and evaluate the acute toxicity of insecticides to parasitoids, 
it overlooks sublethal effects that will interfere with the physiology and behaviour of the 
natural enemies. Insecticides may directly interfere with the efficacy of biological control 
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agents by changing biological traits, such as, fecundity, fertility, longevity, developmental 
rates, emergence rates, or indirectly, by modifying behavioural traits that will affect the 
interactions between parasitoids and their hosts.  
In view of the current literature, this chapter aims to cover the main sublethal effects of 
pyrethroids on insect parasitoids and then discuss the need to develop further research on 
physiological and behavioural effects that are considered important to the success of insect 
pest management programs. The chapter is organized as follows. The first section deals with 
a brief explanation of what are pyrethroids, discussing their role in agriculture nowadays. 
The second section is dedicated to the knowledge of the main aspects of the biology of insect 
parasitoids (particularly of egg and larval parasitoids) and makes a summarizing overview 
of their current use in biological control and Integrated Pest Management (IPM) programs. 
The third section reviews the lethal and sublethal effects of pyrethroids on parasitoids 
published in the past 10 years, highlighting the studies that cover the effects of these 
insecticides on physiological and behavioural traits. 

2. Pyrethroids 
2.1 What are pyrethroids? 
Pyrethroids are neurotoxic manufactured insecticides that are very similar in structure to 
the pyrethrins, but are often more toxic to insects as well as to mammals, and last longer in 
the environment than the pyrethrins. Pyrethrins are naturally-occurring insecticidal esters of 
chrysanthemic acid (pyrethrins I) and pyrethric acid (pyrethrins II), originally found in the 
flowers of Chrysanthemum cinerariaefolium (Asteraceae) and C. coccineum (Todd et al., 2003; 
Davies et al., 2007). Pyrethrin-I, cinerin-I, and jasmolin-I are esters of chrysanthemic acid 
whereas pyrethrin-II, cinerin-II, and jasmolin-II are esters of pyrethric acid (Essig & Zhao, 
2001).  
The use of crushed and powdered Chrysanthemum plants as an insecticide by the Chinese 
dates back 1st century AD and by the Middle Ages were to be found in Persia. The “Persian 
Insect powder”, produced from dried flowers of Chrysanthemum roseum and C. 
cinerariaefolium, became known and sold in Europe via Armenian traders in the beginning of 
19th century (Housset & Dickmann, 2009). In the mid of 19th century, the commercial 
production of pyrethrins from Chrysanthemum flowers started at full-scale, and the chief 
active chemicals in the extract (pyrethrins I and II) are still in use nowadays in many 
household sprays and products to control insects on pets or livestock (Davies et al., 2007). 
Insects can become resistant to pyrethrins via the production of enzymatic detoxifiers, thus 
these active chemicals are usually commercialized in combination with the synergists 
piperonyl butoxide and n-octyl bicycloheptene dicarboximide that retard enzymatic 
degradation of pyrethrins within the insect (Reigart & Roberts, 1999). Moreover, pyrethrins 
degrade rapidly when exposed to natural sunlight (thus not persisting in the environment 
beyond a few weeks), so their use for the control of agricultural pests is limited; this issue 
was surmounted in the 1970s by the structural modification of pyrethrins (Todd et al., 2003), 
resulting in the production of synthetic pyrethroids that presently account for 15% of the 
world insecticide market (Wirtz et al., 2009). Currently pyrethroids are formulated as 
emulsifiable concentrates, wettable powders, granules, and concentrates for ultra low 
volume application, being worldwide used in agriculture, in homes and gardens, and for 
treatment of ectoparasitic diseases, through the commercialization of more than 50 distinct 
commercial products (Reigart & Roberts, 1999). 
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There are two types of synthetic pyrethroids that differ in chemical structure: Type I 
pyrethroids (allethrin, bifenthrin, permethrin, phenothrin(Bio), resmethrin, tefluthrin and 
tetramethrin) are derivatives of pyrethrins that do not include a cyano group and may elicit 
tremors,  and type II pyrethroids (cyfluthrin, cyhalothrin, cypermethrin, deltamethrin, 
fenvalerate, fenpropathrin, flucythrinate, flumethrin, fluvalinate and tralomethrin) are 
derivatives of pyrethrins that include a cyano group and may elicit sinuous writhing and 
salivation (Todd et al., 2003). Synthetic pyrethroids and pyrethrins affect both the peripheral 
and central nervous system of insects, by acting on the voltage-gated sodium channel 
proteins found in nerve cell membranes. By prolonging the opening of these channels, 
pyrethrins and pyrethroids stimulate nerve cells to produce repetitive discharges, causing 
paralysis (known as insect ‘knockdown’) and possible insect death (Gunasekara, 2004; 
Davies et al., 2007). While the development of synthetic pyrethroids was done towards a 
selective toxicity to insects, they are also highly toxic to many aquatic organisms, inclusive 
fish (Todd et al., 2003). Though the systemic toxicity by inhalation and dermal absorption of 
pyrethroids is low for mammals, certain pyrethroids show a high neurotoxicity when 
administered by intravenous injection, and some are toxic when ingested. In addition to the 
limited dermal absorption, the low systemic toxicity is also related to the rapid 
biodegradation of pyrethroids by mammalian liver enzymes (Reigart & Roberts, 1999).  

2.2 Current status of pyrethroids in agriculture 
After more than 30 years on the market, the role of pyrethroids in modern pest control is 
still significant today. Synthetic pyrethroids represent the 3rd largest class of chemical 
insecticides after organophosphates and chloronicotinyl insecticides (CNI, or 
neonicotinoids), with a market value of 1,300 Mio. US$, a share of 15% of the global foliar 
and soil insecticide markets and 320 Mio. hectares of treated agricultural area  (Wirtz et al., 
2009). Pyrethroids are worldwide used in over 300 distinct crops, being their use 
particularly relevant for the control of agricultural pests of the following crops: fruit (apples, 
peaches, etc.), grain (sweet and field corn) and vegetables (soybeans, peppers, Brussel 
sprouts, cucumbers, broccoli, peas, cabbage, tomatoes, potatoes, etc.). Vegetable and flower 
crops represent >40% of pyrethroid targeted crops in the market, followed by corn and other 
cereals (30%) and, fruit and nuts (15%); regarding the targeted pests, these chemicals have 
been largely used for the of Lepidoptera (40% of pyrethroid targeted insects), followed by 
sucking insects (32%) and Coleoptera (20%). Though currently farmers have commercially 
available pyrethroids-based ready-mixtures, they still prefer to use straight pyrethroids 
products, due to their compatibility with other compounds which allows farmers to mix 
pyrethroids whenever practical. Even so the market share of pyrethroids-based ready-
mixtures has grown strongly and constantly over the last years, particularly for pyrethroid-
CNI mixtures (Wirtz et al., 2009). Mixing pyrethroid with neonicotinoids results in a product 
where the effects from active substances from both chemical classes complement each other, 
either regarding their mode of action (acting on the sodium channel or on the nicotinic 
acetylcholine receptor), via of contact (absorption/ingestion or systemic) and, their 
immediate or residual effects. Furthermore, given that pyrethroids are insecticides of broad 
spectrum and of low cost, the use of pyrethroid-CNI mixtures reduces the cost of only using 
neonicotinoids. The market share of pyrethroid-CNI mixtures is expected to be particularly 
relevant in the major emerging countries such as China, India and Brazil, where the impact 
of climate change and the growing population will promote the need for higher yield and 
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quality products, while fulfilling the environmental safety requirements (Smith et al., 2008; 
Wirtz et al., 2009). To contribute to IPM programmes, these chemicals are required to be 
highly specific and selective (products must be benign to non-target species ranging from 
aquatic species through to beneficial insects), show benign environmental and toxicological 
profiles, and be biodegradable (Smith et al., 2008).  

3. Insect parasitoids 
3.1 Parasitoid definitions and natural history 
Parasitoids are insects whose larvae develop by feeding on the bodies of other arthropods, 
usually insects, eventually resulting on the death of their host, and a single host provides all 
the food required for the development of the parasitoid into an adult. They represent about 
8,5% of all the described insect species, although this value may rise up to 20% given that 
many workers argue that parasitoids are relatively poorly known (Godfray, 1994). 
Parasitoids are holometabolous insects (their life cycle is divided in 4 stages - egg, larva, 
pupa and adult), that can develop to adult singly from one host or gregariously on the same 
host (gregarious parasitoids). Gregarious parasitism may be the result of multiple eggs laid 
on or in a single host, or it may result from the repeated division of a single egg, being in 
this case termed as polyembryony (Gauld & Bolton, 1988).   
After oviposition, the host is either killed or permanently paralyzed (idiobiont parasitoids), 
so the parasitoid larvae is limited to the host resources present at the moment of oviposition, 
or it is maintained alive or only temporarily paralyzed, and after recover continues to feed 
until it dies due to parasitoid development and feeding (koinobiont parasitoids). Parasitoids 
can be further classified as endoparasitoids, which develop inside the host, and 
ectoparasitoids, which develop outside the host body, though they are frequently attached 
or embedded in the host tissues. In some cases the female lays the eggs on the host’s 
foodplant and parasitism occurs either when the host eats the parasitoid eggs or when there 
is a free-living first instar parasitoid larva that actively searches for the host. Adult 
parasitoids may feed from several energy sources, such as flowers, sap fluxes, and even 
from potential hosts, a behaviour designated host feeding. Parasitoids are classified as egg, 
larval, pupal or adult parasitoids when they parasitize respectively the egg, larva, pupa or 
adult host stage. Some parasitoids may lay the eggs in one host stage but their progeny only 
emerges until the host has entered a later stage, being therefore designated as egg-larval or 
larval-pupal parasitoids. Egg, pupal and adult parasitoids, as well as larval parasitoids 
whose sting causes permanent paralysis of the host, are usually idiobionts while the 
remaining usually are koinobionts. Idiobionts that attack concealed hosts are usually 
ectoparasitoids, while those attacking exposed hosts are in general endoparasitoids. 
Koinobionts are in majority endoparasitoids and usually attack exposed or weakly 
concealed hosts. Generalist parasitoid species are able to develop in several host species, 
while specialists can only develop on one or few closely related host species. Species that are 
parasitoids of other parasitoids are designated hyperparasitoids. Sex determination in 
hymenopteran parasitoids is haplodiploid, being the males generally haploid (unfertilized 
eggs develop to become males), while individuals developing from fertilized eggs become 
females; this type of reproduction is termed arrehenotoky. Some parasitoids reproduce 
asexually by thelythokous parthenogenesis; in these case diploid females produce a diploid 
female progeny by a variety of asexual mechanisms. One relevant aspect of arrenothokous 
parthenogenesis is the ability of females to determine the offspring sex ratio by altering the 
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proportion of laid fertilized eggs, in response to distinct factors, such as host size, host 
distribution and abundance (Gauld & Bolton, 1988; Godfray, 1994; Quicke, 1997).   
Regarding parasitoid diversity, these insects are mainly from the order Hymenoptera (with 
about 50000 described parasitoids), followed by the order Diptera (with about 15000 described 
parasitoids), being the remaining species (about 3000) from other orders, such as Coleoptera. 
For Hymenoptera, parasitoids within the superfamily Ichneumonoidea represent half of the 
described parasitoids (about 25000 species) followed by the Chalcidoidea (>17500 species). 
Within the order Diptera, the family Tachinidae with 8200 described parasitoid species 
represents more than half of dipteran parasitoids (Godfray, 1994). 

3.2 Parasitoids and insect pest management 
Due to their life histories, parasitoids have an important role in natural and agricultural 
ecosystems by influencing and regulating the population density of their hosts. According 
to Van Lenteren (1986) more than 80% of the successful natural enemies are parasitoids, 
being the remainder predators (17%) and pathogens (1%). The role of parasitoids in the 
natural and agricultural ecosystems has enhanced many studies, generating a vast quantity 
of information on the behaviour and ecology of several distinct genera and species 
(Godfray, 1994); Van Lenteren (1986) estimated that up to that date, 5000 species have been 
tested for use in biological control and out of these, 270 species have led to partial (100), 
substantial (100) or complete control (70). Parasitoids can be released to the field by an 
inundative approach to achieve an immediate, non-sustaining reduction of the target pest or 
by an inoculative approach, in which few parasitoids are required early in the season 
because it is the progeny that will have a later effect on the target pest; therefore, in 
inoculative release the parasitoid must be faced as one aspect of IPM. The choice of the 
release approach is based on established criteria for pre-introductory evaluation of natural 
enemies. Among such criteria, synchronization with the host (both seasonal and internal), 
host specificity and high reproductive potential are quite relevant when using an inoculative 
approach, while for inundative the more relevant factors are adaptation to the climatic 
conditions of the environment and a good mass rearing method (Van Lenteren, 1986). 
According to Greathead (1986), in classical biological control (the introduction and 
permanent establishment of an exotic biological control agent) three taxa stand out as major 
sources of parasitoids: Ichneumonoidea and Chalcidoidea (Hymenoptera), and Tachinidae 
(Diptera). Within Ichneumonoidea, Braconidae and Ichneumonidae are families that have a 
broad range of hosts and life cycles. Braconidae are usually egg-larval or larval parasitoids 
of aphids, bark beetles, and foliage-feeding caterpillars; the genera Apanteles s.l., Bracon s.l. 
and Opius s.l. are within this family the more important groups of wasps used in biological 
control. Ichneumonidae wasps attack larvae or pupae of flies, caterpillars, beetles and 
sawflies; their eggs are usually placed inside the host larvae and develop internally, though 
a few are ectoparasitoids, feeding on the outside of the host. Within the superfamily 
Chalcidoidea, most of the species are parasitoids of other insects, attacking the egg or larval 
stage, though many other life cycles are known; the most relevant wasps in biological 
control are from the families Eulophidae, Pteromalidae, Encyrtidae and Aphelinidae 
(Greathead, 1986). Regarding Diptera, the family Tachinidae ranks with the more important 
families of Hymenoptera as a source of biological control agents; tachinid larvae are internal 
parasitoids of many insects, especially Lepidoptera and, their oviposition and larviposition 
strategies are very diverse, varying from those which lay eggs and wait for the host larvae to 
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find them, to other species which retain the egg until it is about to hatch before inserting it 
into the body of the host (Greathead, 1986). 
In biological control, using egg parasitoids over larval for the control of pests has the 
advantage of preventing the hatch of the host prior it causes major damages; furthermore, 
egg parasitoids are also easier to mass rear given that these wasps usually are less host-
specific than larval parasitoids. The most successful families of egg parasitoids in biological 
control are Scelionidae, Mymaridae and Trichogrammatidae (Greathead, 1986).  
Among Trichogrammatidae, the genus Trichogramma (Hymenoptera: Trichogrammatidae) as 
been considered for the control of lepidopterous pests for more than 100 years (Smith, 1996). 
The genus Trichogramma is worldwide distributed and consists of about 145 described 
species. These minute wasps (0,2-1,5 mm) have a preference for Lepidoptera, but there also 
records of parasitism from eggs of Coleoptera, Diptera, Hemiptera, Homoptera, 
Hymenoptera (Symphyta) and Neuroptera (Pinto & Stouthamer, 1994). Thelytoky is 
described for 10 Trichogramma species and is associated with an infection of the wasps with 
Wolbachia bacteria (Stouthamer et al., 1993). Arrhenotokous lines of these species can be 
started either by treating thelytokous females with antibiotics (tetracycline, rifampicin or 
sulfamethoxazole) or by rearing the parasitoids at temperatures above 28ºC (Pintureau et al., 
1993; Stouthamer & Werren, 1993). A species with both modes of reproduction allows the 
choice of which form to use in a biological control release:  for inundative release thelytoky 
seems to be in advantage, given that the production costs per female are lowered; for 
inoculative releases, Stouthamer (1993) suggested that the thelytokous strains should be 
used when hosts are very patchily distributed because of their superior colonization 
characteristics. On the other hand, the sexual strains will likely be able to adapt faster to 
changing circumstances so they should preferentially be used for inoculative releases, where 
parasitoids are expected to be and reproduce in the fields for a larger period.  
Research on the use of Trichogramma in biological control initiated in the second decade of 
the 20th century and a method to mass produce these wasps using Sitotroga cerealella Olivier 
(Lepidoptera: Gelechiidae) was developed in 1930 in the USA (Hassan, 1993); yet, the mass 
rearing and release of these wasps only fully began in Europe and North America in the 
1970s (Smith, 1996). Since 1975, several species of Trichogramma have been used to control 
pests of over 20 different crops (e.g., cotton, sugar-beet, cabbage, corn, rice, sugar-cane, 
soybean), in more than 50 countries from all over the world being reported to be used 
commercially on more than 32 million ha each year (Li-Ying, 1994; Smith, 1996). Although 
there are almost 20 years apart between the reviews made by Stinner (1977) and by Smith 
(1996), both authors emphasise on integrating Trichogramma with other control options, 
particularly in combination with selective insecticides.  
Aphid parasitoids (Hymenoptera, Braconidae) are also well recognized worldwide for their 
importance in controlling aphid pests within a range of cropping system, with more than 
400 different species documented. The female parasitoid oviposits into the host but the 
aphid is only killed prior to parasitoid pupation, being only kept the skin of the host, termed 
as mummy. The parasitoid then completes the development to adult, which emerges from 
the host (Longley, 1999).  
The immature stages (egg, larva and pupa) of both egg and aphid parasitoids can be often 
protected from insecticide applications since parasitoids are housed within the host egg 
chorion or host skin during their development, being therefore key stages for IPM 
programs.  
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4. Sublethal effects 
Integrated pest management combines chemical, biological, and cultural control to provide 
targeted and efficient pest management solutions that can be tailored to specific climates 
and habitats in order to maximize a program’s efficacy (Gentz et al., 2010). However, and in 
addition to the development of pest resistance (Denholm et al., 2001), the extensive use of 
insecticides in crop systems surely has effects on non-target organisms. Among these effects, 
the reduction of the efficiency of biological control agents, such as parasitoids, has been 
highlighted by several authors (Cross et al., 1999; Sterk et al., 1999; Brunner et al., 2001; 
Hewa-Kapuge et al., 2003). Since insecticides may cause the death of the biological control 
agents (lethal effects) or change several other traits of their biology (either physiological or 
behavioural) without killing the individuals (sublethal effects), the success of IPM programs 
depends, in part, on the optimal use of selective insecticides that are less harmful to natural 
enemies. Thus, in addition to direct mortality induced by insecticides, we should also have 
knowledge of the effects on physiological and behavioural traits of the natural enemies for a 
complete analysis of the insecticides impact (Desneux et al., 2007; Stark et al., 2007a).  
The main routes of pyrethroid exposure for adult parasitoids or for ectoparasitoids are 
uptake after direct exposure to spray droplets, uptake of residues by contact with 
contaminated surfaces, e.g. soil or vegetation, and oral uptake from contaminated food 
sources (Langley & Stark, 1996), e.g. when parasitizing and/or feeding on insecticide-treated host. 
Endoparasitoids are mainly exposed to pyrethroids trough the uptake of residues from 
insecticide-treated host upon the emergence of the adult, or by contact with the active 
ingredient after its penetration trough the host skin or chorion, being therefore more often 
protected than adults or ectoparasitoids. Pyrethroids are considered harmful (mortality 
>99%) to insect parasitoids, particularly to adults; nevertheless, when testing the less 
susceptible life stages of endoparasitoids (e.g., larval or pupal stages), there is reduction in 
the mortality, lowering the evaluation category to slightly harmful (30-70% of mortality) 
(Sterk et al., 1999). According to the review made by Longley (1999), organophosphate 
insecticides prove to be generally more toxic to developing aphid parasitoids within 
mummified hosts than pyrethroid compounds (pyrethroids were included by the authors in 
a rank that gives mortalities between 21-30%, while organophosphates ranked for 
mortalities between 51-60%). However, even if immature stages of insect parasitoids might 
be less susceptible to pyrethroids, these insecticides most probably have effects on the 
wasp’s longevity, fecundity, developmental rates, sex ratios, mobility, etc., and therefore 
such traits should also to be considered when assessing the side effects of insecticides on 
beneficial organisms. Even such approaches show the consequences of any detrimental side 
effects of pyrethroids that otherwise go undetected in the standard direct mortality 
assessments, they are laborious to perform and so are frequently ignored by researchers. 
A revision of the sublethal effects of pyrethroids on parasitoids published in the past 10 
years is made in this section, highlighting the studies that cover the effects of these 
insecticides on physiological and behavioural traits. Information regarding the main 
sublethal effects analysed in these studies is summarized in Table 1.  

4.1 Physiological traits 
The effects of insecticides caused by direct contact with the toxin are manifested as short-
term mortality or relatively long-term sublethal effects. The majority of the studies that 
evaluate the side effects of pyrethroids on natural enemies report primarily to short-term 
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mortality by directly analyzing the mortality of adults and immature stages and, indirectly 
trough the evaluation of the emergence of parasitoids from the host (e.g., Tillman & 
Mulrooney, 2000; Kok & Acosta-Martinez, 2001; Raposo et al., 2003; Symington, 2003; 
Youssef et al, 2004; Prabhaker et al., 2007; Wang et al., 2008). However, in the last years the 
number of studies that additionally report to the sublethal effects of pyrethroids has 
increased, highlighting effects on the larval and pupal development, longevity, fecundity, 
sex-ratio, oviposition behaviour, mobility/orientation, etc. Some of the studies mentioned 
herein have also analysed the effects of pyrethroids on the emergence rates of parasitoids, 
but this trait will not be particularly discussed in this chapter since it is an indirect via of 
quantifying wasp mortality within the host.  
Development 
Insecticides may interfere with the development rate of parasitoid preimaginal stages, 
which can have a large impact on a natural enemy’s intrinsic rate of increase (rm) and 
phenological synchrony with the host or prey (Desneux et al. 2007). Egg-adult development 
time of Apanteles galleriae (Hymenoptera: Braconidae) reared on Achoria grisella (Lepidoptera: 
Pyralidae) larvae exposed to different doses of cypermethrin was increased by more than 
50% than those parasitoids that developed on untreated hosts (Ergin et al., 2007). According 
to these authors, the delay in the parasitoid development may be due to changes in the 
hormonal milieu of the host (since the larval parasitoid synchronizes the development with 
the host by making use of host hormones) or to insufficient food supply from the host (due 
to the cypermethrin-induced decline in diet quality and to the potency of cypermethrin as 
an antifeedant). Conversely, Symington (2003) observed that the pupation and adult 
emergence of the larval endoparasitoid, Orgilus lepidus (Hymenoptera: Braconidae), was 
hastened (approximately 24h and 48h, respectively) when parasitoids were developing in 
permethrin-treated host larvae. Vieira et al. (2001) did not observe changes in the 
developmental rate of Trichogramma cordubensis (Hymenoptera: Trichogrammatidae) treated 
with pyrethroids (deltamethrin and lambda-cyhalothrin) at different preimaginal stages; in 
this case, the chorion of the host egg most probably provided a protection for the immature 
stages of the parasitoids, and thus the wasp’s preimaginal development was not affected by 
both pyrethroids. 
Longevity 
Reductions in longevity have been generally observed in parasitoids that had been exposed 
to insecticides when developing inside of hosts (Longley, 1999; Desneux et al., 2006ab; Ergin 
et al. 2007).  
The consequences of reduced longevity on population dynamics were recently emphasized 
by studies assessing pesticide impacts on arthropods using life table analysis, given that a 
decrease in survival may result in a strong reduction on the natural enemy’s intrinsic rate of 
increase (Stark et al., 2007b). 
Effects on parasitoid longevity may be considered a sublethal effect or latent mortality, 
depending on the biology of the natural enemy (e.g., proovigenic parasitoids are more likely 
to reproduce before their premature death than synovigenic wasps, given that proovigenic 
wasps have a full complement of mature eggs at emergence). According to Bayram et al. 
(2010), the longevity of Trichogramma busseolae (Hymenoptera: Trichogrammatidae) females 
was significantly reduced by deltamethrin or cyfluthrin, but the authors refer that such 
reduction may not affect the reproductive efficacy of the parasitoids under field conditions  
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Pyrethroid
active ingredient

Microplitis croceipes (Hym.: Braconidae) esfenvalerate Contact with odours (adults) B (food searching*) Alyokhin et al. (2010)

cyfluthrin F*, L* 
B (walking and response to host cues*) 

OF (emergence rates, sex ratio) 
Cotesia vestalis  (Hym.: Braconidae)

(Hym.: Braconidae)

(Hym.: Braconidae)

(Hym.: Braconidae)

 permethrin Spraying host plants (adults) B (flight response and foraging behaviour) Kawazu et al. (2010)

deltamethrin
lambda-cyhalothrin

betacyflurin F* Vianna et al. (2009)
 esfenvalerate OF (fecundity*) 

L*, D* 
OF (sex ratio; body size) 

alpha-cypermethrin
zeta-cypermethrin

deltamethrin

Spraying (aphid mummies) L*
Contact with residues (adults) B (response to host cues) 

Spraying/topical (aphid mummies) L*
Contact with residues (adults) B (response to host cues) 

deltamethrin Spraying F, EG 
(prepupa within the host) OF (emergence rates*) 

Leptopilina heterotoma  (Hym.: Figitidae) deltamethrin Contact with residues (adults) B (walking* and response to host cues*) Delpuech et al. (2005)

Spraying L, F 
(larvae within the host) OF (emergence rates, sex ratio) 

Aphidius ervi (Hym.: Braconidae) lambda-cyhalothrin Contact with residues (adults) B (response to host cues) Desneux et al. (2004a)

Diaeretiella rapae (Hym.: Braconidae) 
Aphidius matricariae (Hym.: Braconidae) 

B (response to host cues*)  
B (oviposition experience and behaviour*) 

Trissolcus basalis (Hym.: Scelionidae)  deltamethrin Contact with residues (adults) B (walking* and response to host cues*) Salerno et al. (2002)

Trichogramma cacoeciae   deltamethrin Contact with residues (adults) F* Youssef et al. (2004)

Spraying 
(immature stages within the host)

Trichogramma brassicae  deltamethrin Contact with residues (adults) B (sex pheromonal communication*) Delpuech et al. (2001)

deltamethrin Spraying 
lambda-cyhalothrin (immature stages within the host)

lambda-cyhalothrinAphidius ervi (Hym.: Braconidae)

(Hym.: Braconidae)

 

Desneux et al. (2004b)B (oviposition behaviour) 

Desneux et al. (2003)Contact with residues (adults)

Trichogramma cordubensis   L, D Vieira at al. (2001)

Saber et al. (2005)

Orgilus lepidus  permethrin Symington (2003)D*

deltamethrin Contact with residues (adults)

Desneux et al. (2006a)

Desneux et al. (2006b)

deltamethrinTrissolcus grandis (Hym.: Scelionidae)  

Trichogramma cordubensis  Garcia et al. (2006)

Trichogramma cordubensis (Hym.: Trichogrammatidae)

(Hym.: Trichogrammatidae)

(Hym.: Trichogrammatidae)

(Hym.: Trichogrammatidae)

(Hym.: Trichogrammatidae)

(Hym.: Trichogrammatidae)

(Hym.: Trichogrammatidae)

 

deltamethrin

deltamethrinAphidius ervi 

deltamethrinDiaeretiella rapae  

Reference

Bayram et al. (2010)

Parasitoid species  

Trichogramma pretiosum   

Trichogramma pretiosum   Spraying host eggs (adults)

Telenomus busseolae (Hym.: Scelionidae) 

Via the host (host diet)cypermethrinApanteles galleriae   

F* Bastos et al. (2006)

Exposure (individuals exposed)

Contact with residues (adults)

Contact with residues (adults)

Spraying (diapausing prepupae) L*, F* Garcia et al. (2009)

Sublethal effect  

Ergin  et al. (2007)

 
Table 1. Summary of literature published from 2000-2010 (data from ISI Web of Knowledge 
database) regarding the sublethal effects of pyrethroids on parasitoids; L= Longevity, F= 
Fecundity, EG= egg maturation, D= Development, B= Behaviour (specified), OF= offspring 
traits (specified); *Significant effects. 

because the parasitoid lays most of its eggs within 72 h of emergence (longevity of 
pyrethroid-treated wasps averaged 11 days). On the other hand, Desneux et al. (2006ab) 
confirmed a high risk of deltamethrin treatments for aphid parasitoids [Diaeretiella rapae and 
Aphidius ervi (Hymenoptera: Braconidae)] that may recolonize the treated crop when 
emerging from the mummies, since deltamethrin induced a decrease in the longevity of 
emerged individuals and of the adults that walked on treated leaves, and thus, potential 
fecundity will also be limited. In the case of A. ervi, the authors have calculated a Population 
Survival Index (that takes into account the percentage of aphid of mummified parasitoids, 
the percentage of parasitoid emergence from the mummies, the percentage of emerged 
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adults that survived more than 48h and the percentage of adults that survived to residual 
exposure) which foresee that only 5% of the parasitoid population would be able to 
recolonize a deltamethrin-treated field (at the recommended rate) by the ‘‘vertical 
recruitment’’ process (Desneux et al., 2006b); for D. rapae this index dropped the prediction 
to 3% (Desneux et al., 2006a). 
Fecundity, Egg maturation and Sex-ratio 
Reductions in fecundity due to pyrethroids may be due to both physiological (e.g., by 
interfering with oogenesis) and behavioural (e.g., by interfering with host acceptance) 
factors. Although several authors have shown that pyrethroids reduce the fecundity of 
parasitoids (Youssef et al., 2004; Bastos et al., 2006; Vianna et al., 2009; Bayram et al., 2010), 
the physiological and behavioural causes of such reduction are not usually discussed. Bastos 
et al. (2006) showed that although the pupal stage of Trichogramma pretiosum (Hymenoptera: 
Trichogrammatidae) developing in Sitotroga cerealella (Lepidoptera: Gelechiidae) eggs was 
less susceptible to alpha-cypermethrin and deltamethrin than parasitoids developing in 
Ephestia kuehniella (Lepidoptera: Pyralidae), the fecundity is highly reduced by these 
pyrethroids regardless of the host species. These authors hypothesized that the differences 
in the structure and composition of host egg chorions may have provided a higher 
protection for the parasitoids developing inside S. cerealella eggs, but variations in egg 
structure, however, would not account for the difference in the ability of the adults to 
parasitize eggs. Bayram and co-authors (2010) showed that T. busseolae females exposed to 
cyfluthrin parasitized significantly fewer eggs than untreated females, whereas deltamethrin 
did not significantly affect the wasp’s fecundity; nevertheless, neither the emergence rates 
nor the sex ratio of the offspring was affected by both insecticides. These authors 
hypothesized that the reduction in fecundity was probably due to perturbations in 
behaviour (cyfluthrin also negatively affected the parasitoid behavioural responses to host 
cues) rather than the reduction of egg load. The influence of deltamethrin on the 
reproduction of T. cordubensis was investigated by Garcia et al. (2006) when studying egg 
maturation and daily fecundity of deltamethrin-treated wasps (prepupal stage) and 
emergence rates of their offspring. In this study, the authors demonstrated that although 
daily fecundity and egg maturation patterns were not modified by the pyrethroid, the 
offspring emergence rates of wasps that started the vitllelogenesis upon emergence from the 
host were most probably reduced by deltamethrin residues resting on the chorion of the 
host egg. Vianna et al. (2009) observed that the fecundity of T. pretiosum was significantly 
reduced by pyrethroids (betacyflurin and esfenvalerate) in two consecutive generations, 
despite the fact that only the first one contacted with pyrethroid-treated host eggs. Even 
though Saber et al. (2005) had observed a significant reduction in the adult emergence of 
Trissolcus grandis (Hymenoptera: Scelionidae) from host eggs treated with deltamethrin, the 
pyrethroid did not negatively affect the longevity or fecundity of emerged females. 
Changes in the sex-ratio of parasitoids exposed to pyrethroids are mainly related to 
differential survival as a function of sex, either during development or as adults (Saber et al., 
2005), or an effect during sex determination in haplodiploid species, in which the parasitoid 
defines the sex of the progeny when laying the eggs, a behaviour that can be disrupted by 
the pyrethroid. Nevertheless, when endoparasitoids are exposed to pyrethroids during the 
preimaginal stages it seems that the sex-ratio is not usually disrupted, as the results by Saber 
et al. (2005), Ergin et al. (2007) and Bayram et al. (2010) underline.  
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4.2 Behavioural traits 
The effectiveness of a parasitoid in biological control is, to great extent, dependent on the 
ability of the parasitoid ability to locate, recognize and parasitize the host. Successful 
parasitisation has been divided into several phases, mediated by a variety of chemical and 
physical stimuli: host-habitat location, host location, host acceptance and host regulation 
(Nordlund, 1994). The recognition of chemical stimuli (e.g., host-produced cues) by foraging 
parasitoids plays an important role to their success on finding and parasitizing hosts. The 
process of odour detection of these chemical stimuli, and consequent parasitoid responses, is 
dependent on neural transmissions, which are expected to be affected by neurotoxic 
insecticides, such as pyrethroids. The recognition that the evaluation of the impacts of 
pyrethroids on the behavioural traits of parasitoids is also of high relevance in IPM, has 
conducted to an increase in the number of published studies in the past decade.  
Mobility and Orientation 
Pyrethroids may interfere by direct intoxication with the mobility of parasitoids, producing 
uncoordinated movements, trembling and even a knockdown effect; these neurotoxic 
insecticides may also change their mobility patterns such as, angular speed and linear speed. 
Disruption in the detection of habitat and host chemical cues by pyrethroids also interferes 
with the orientation of the parasitoids, resulting in behaviours like parasitoid arrestment or 
repellence (Desneux et al., 2007). Salerno et al. (2002) found significant sublethal effects of 
deltamethrin on the arrestment response and walking behaviour of Trissolcus basalis 
(Hymenoptera: Scelionidae) to a contact kairomone (chemical traces) from its host, Nezara 
viridula L. (Heteroptera: Pentatomidae). These authors have shown that T. basalis females  
that had been exposed to a low concentration of deltamethrin reduced their linear speed 
and, in the presence of host cues, females spent less time on host patches but their walking 
speed was not altered.  In face of these results, the authors hypothesize that the sublethal 
effect of deltamethrin on host foraging may decrease T. basalis efficacy in controlling N. 
viridula. Delpuech et al. (2005) also found that deltamethrin increased the arrestment 
response of Leptoplilina heterotoma (Hymenoptera: Figitidae) to host cues and reduced their 
linear speed. The authors explained that the observed increase in the arrestment response is 
coherent with pyrethroid intoxication, given that deltamethrin induces a prolongation of 
nervous stimulations each time neurons are stimulated by the perception of host cues. 
Bayram et al. (2010) observed that cyfluthrin-treated T. busseolae females failed to respond to 
the host sex pheromone, although deltamethrin-treated females responded similarly to 
untreated females. These authors have also evaluated the sublethal effects of both 
pyrethroids on the parasitoid arrestment behaviours (residence time, linear speed) in an 
open arena containing abdominal scales from virgin female moths (which are a source of 
host-contact kairomonal cues), but no significant differences were found. According to 
Bayram et al. (2010), the fact deltamethrin had no effect on sex-pheromone detection by the 
parasitoid is probably related to the experimental procedure: all behavioural observations 
undertaken on T. busseolae were performed 12 h after the exposure, a period that may have 
enabled parasitoids to compensate for sublethal effects of deltamethrin. Desneux et al. 
(2006ab) also confirmed that the orientation behaviour A. ervi and D. rapae toward aphid-
infested plants is not altered after parasitoid exposure to deltamethrin, suggesting that the 
greater vigour in the surviving insects may explain this lack of effect; similar results were 
observed by Desneux et al. (2004a) when analysing A. ervi responses to the odour from 
aphid-infested plants after parasitoid exposure to increasing doses of lambda-cyhalothrin 
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residues. In very recent study, Kawazu et al. (2010) demonstrated that permethrin had an 
inhibitory effect on Cotesia vestalis (Hymenoptera: Braconidae) flight response, given that 
wasps showed significant preference for host-infested plants over insecticide-treated plants. 
Moreover, searching time was significantly shorter and the mortality of C. vestalis adults on 
the insecticide-treated plants significantly higher than in the control plants (treated with 
distilled water).  
Oviposition behaviour 
Once a host is detected, the female parasitoid evaluates its suitability, by checking the 
presence of the physiological conditions necessary for the development and growth of her 
progeny. Host acceptance or rejection depends on a variety of cues perceived by the female 
parasitoid during antennal contact with the host and/or ovipositor insertion (Godfray, 
1994). All the behaviours involved in this process, from the detection of host chemical cues 
to oviposition, involve neural transmissions, which are targeted by neurotoxic insecticides, 
and thus pyrethroids have been reported to disrupt both sensory perception and motor 
functions of parasitoids. Such disruptions were demonstrated by Desneux et al. (2003) when 
studying the sublethal effects of lambda-cyhalothrin on host searching (at a low sublethal 
dose of exposure) of A. ervi females without oviposition experience and oviposition 
behaviours (at a lethal dose of exposure) of oviposition experienced females; however, no 
effect was observed on the orientation behaviour toward aphid-infested plants when 
females had an oviposition experience prior to the olfactometer test. Furthermore, all the 
behavioural effects disappeared 24 h after the end of insecticide exposure. The results 
obtained by these authors draw attention to the fact that orientation and oviposition 
behaviours of parasitoids may be disturbed by pyrethroids, depending on the dose, the 
parasitoid experience and the type of behaviour. Conversely, the oviposition behaviour 
(both frequencies and behavioural sequences) of D. rapae and A. matricariae (Hymenoptera: 
Braconidae) on aphid-infested plants and patch-time allocation were not disturbed 
following exposure to deltamethrin residues (Desneux et al., 2004b), regardless of the dose. 
According to these authors the unexpected lack of effects after deltamethrin exposure can 
have two explanations: either the deltamethrin molecules did not alter the functions 
necessary for host-handling behaviour, or the surviving insects were less susceptible 
(reflecting differences in parasitoid vigour or in genetically determined susceptibility to 
pesticides).  

Communication 
Disruption by pyrethroids of sexual communication and mate-finding in insect parasitoids 
may be due to changes in the capacity to create and/or perceive chemical stimulus involved 
in the communication process (Desneux et al. 2007)). According to Delpuech et al. (1999) 
deltamethrin induced an increase of the arrestment of Trichogramma brassicae (Hymenoptera: 
Trichogrammatidae) males by the sex pheromone when only males but not females were 
exposed a sublethal dose of the insecticide; when the pheromone was emitted by treated 
females, deltamethrin induced a decrease of the response of non insecticide-treated males 
(Delpuech et al., 1999). Afterwards, Delpuech and co-authors (2001) demonstrated that these 
effects are counterbalanced when both sexes are exposed to an equal sublethal dose of 
deltamethrin (that causes theoretically 0.1% of mortality), being the mean response to 
pheromone extract not significantly different from that of controls. However, the kinetics of 
their response was modified by the pyrethroid: for controls, the mean response to the 
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pheromone regularly decreased during time (probably due to an increasing saturation of 
pheromone receptors), while the mean response of deltamethrin-treated males stabilized 
throughout time. As a result, the decrease of the emission of sex pheromone by treated 
females would be compensated by the increased receptivity of treated males.  
Food searching 
Volatiles present in the environment, such as insecticide odours, may interfere with the 
specific olfactory cues (such as odours from food sources) through repellent and/or 
masking action, or may enhance them by providing a contrasting background against which 
the informative odours become easier to distinguish. This issue was very recently 
investigated by Aleyokin et al. (2010) using the food-searching behaviour of Microplitis 
croceipes (Hymenoptera: Braconidae) in laboratory arenas in the presence of odours from 
distinct pesticides as a model system. Their results showed that the odour of esfenvalerate 
decreased M. croceipes response to food odours, being this effect less pronounced for the 
unfed parasitoids. In face of such behaviour, the authors suggest that provision of food may 
potentially be used to keep beneficial natural enemies away from insecticide-treated areas. 

4.3 Other effects 
Controlling diapause in egg parasitoids increases the efficiency of their long-term storage 
with important implications for their use in pest control programs, by allowing producers to 
stockpile the parasitoids for release in the growing season (Rundle et al. 2004), and therefore 
reduce the costs of mass rearing. However, when storing diapausing wasps one must not 
disregard the biological traits of post-diapausing insects, such as their susceptibility to 
pesticides, because poor-quality parasitoids could yield low efficiency in pest management 
programs. A recent study by Garcia et al. (2009) demonstrated that emergence rate, 
longevity and fecundity of pyrethroid (deltamethrin and lambda-cyhalothrin) treated 
diapausing prepupae of T. cordubensis generally decreased with increasing duration in cold 
storage. Emergence rates were particularly affected regardless of the period of cold storage, 
given that both pyrethroids significantly reduced the emergence rates (<25%) compared to 
the control (emergence varied from 83% to 89%). These results highlight the fact that the 
sublethal effects of pyrethroids on long-term cold stored diapausing wasps are more 
noteworthy that on non cold stored parasitoids and thus such effects must not be 
disregarded when considering the use of cold-stored wasps in IPM programs. Another 
important issue when analysing sublethal effects of insecticides is the variation in 
susceptibility that occurs between distinct populations of parasitoids. The results by Vianna 
et al. (2009) showed that the impact of pyrethroids on distinct populations of T. pretiosum 
can vary significantly, which indicates that the tolerance or resistance to insecticides may be 
related to biotic (adaptability and intrinsic capacity of the population in a specific 
environment) and abiotic (environmental conditions) factors of their origin place. Therefore, 
and as suggested by the authors, different populations of parasitoids should be used when 
evaluating insecticide toxicity. 

5. Future prospects and needs  
Although insecticides still dominate commercial agriculture, increased public awareness of 
their deleterious non-target effects, including those on human health, provides a strong 
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incentive for the use of alternatives. Still, complete pesticide replacement by non-chemical 
methods is unlikely to happen in the near future. Therefore, compatibility with chemical 
control is essential for the increased adoption of alternative methods, such as the integration 
of biological and chemical controls. In general, field studies have shown that natural 
enemies, particularly adult parasitoids, are highly affected by pyrethroids, even when these 
insecticides are applied at a low dosage (e.g., Ruano et al., 2010). However, in the case of 
endoparasitoids, laboratory trials generally have shown that when pyrethroids are applied 
on parasitized hosts, their impact on the parasitoids is lowered (e.g., Longley, 1999; Sterk et 
al., 1999). Even so, their impact on sublethal effects on natural enemies, and consequently 
the success of biological control programs, can be as deleterious as mortality. Most of the 
studies for pyrethroid sublethal effects report effects in behavioural and physiological traits 
of parasitoids in laboratory trials, which can severely disrupt intraspecific or interspecific 
interactions. Such disruptions generally decrease the success of biological control or IPM 
programs since they usually interfere with the natural enemies’ long-term survival and 
reproduction and, consequently, reduce their effectiveness in controlling the targeted pest. 
However, in some field and semi-field studies pyrethroid residues where shown to have no 
effect on the limitation of parasitoids when recolonizing treated fields (e.g., Desneux et al., 
2005) and so, in a perspective of integrated pest management, pyrethroids and parasitoids 
can have additive effects in controlling the targeted pest. Increasing temporal and spatial 
separation between insecticide treatments and parasitoids is instrumental for their 
integration in pest management programs, and certainly behavioural manipulation may 
provide an additional tool for achieving this goal. The combination of knowledge on 
physiological and behavioural sublethal effects of pyrethroids, and as well of pesticides in 
general, provides valuable information for IPM decision-making, as highlighted by most of 
the studies discussed in this chapter. The integration of these effects in an analysis of 
population fitness, specifically focused on the population growth rate of the natural 
enemies, would also provide a more holistic picture of the ability of biocontrol agents to 
manage insect  
pest populations. Therefore, predicting the overall effects of pyrethroids on natural enemies, 
including mortality and sublethal effects, confirmed by field data, followed with 
demographic and modelling analysis, is the safest via, although complex, to develop and 
use truly selective insecticides that cause minimal disruption to naturally occurring 
biological control agents. 
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1. Introduction 
During the last several decades there have been widespread uses of potent substances that, 
although effective in their intended use, have also been suspected of being harmful to 
reproductive health. This mixture of environmental contaminants that may adversely affect 
human fertility includes heavy metals (lead, mercury, arsenic), phthalates (plasticizers), 
bisphenol-A (building block of several plastics), polychlorinated biphenyls (lubricants), 
dioxins (byproducts of manufacture), pesticides and other agents. The impact of adverse 
effects on reproductive health include impaired gametogenesis, sperm maturation, 
decreased semen quality, miscarriages, ovulation and menstrual disturbances, infertility, 
stillbirths, developmental anomalies, cryptorchidism, hypospadias and cancer. The effects 
can be reversible, permanent or even transgenerational, take place in the offspring, as 
exposure can occur during pregnancy and intrauterine life, childhood or later. The route of 
exposure, dose, age, gender and genotype (susceptibility of the individual) are important 
factors that can determine the reproductive disorder. In this chapter we focus on the effects 
of exposure to pesticides during adulthood, on human male and female fertility, giving 
emphasis to semen quality and time to pregnancy.  

2. Pesticides  
Pesticides are mainly utilized in agriculture for crop protection, often replacing the natural 
processes on which agricultural production had previously depended. Pesticides are also 
applied in homes and gardens. More than 140.000 tones of pesticides are used annually in 
the European Union for agricultural purposes only (Ramazzini, 2009). 
A pesticide is “any substance or mixture of substances intended for preventing, destroying 
or controlling any pest, including vectors of human or animal disease, unwanted species of 
plants or animals causing harm during or otherwise interfering with the production 
processing, storage, transport or marketing of food, agricultural commodities, wood and 
wood products or animal feedstuffs, or substances which may be administered to animals 
for the control of insects, arachnids or other pests in or on their bodies” (FAO, 2003). They 
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fall into three major classes: insecticides, fungicides, and herbicides, classification based 
upon the target organism. There are also rodenticides (for control of vertebrate pests), 
nematicides (to kill eelworms, etc), molluscicides (to kill slugs and snails), and acaricides (to 
kill mites) (Cox & Surgan, 2006). Pesticides may differ according to their chemical structure, 
their mechanism of action and the toxicity they exhibit, but typically each pesticide consists 
of one (or more) active ingredient, which exerts the pesticidal activity, and an inert 
ingredient, which is inactive and helps in handling the active ingredient. Several studies 
have shown that the inert ingredient is not as inactive as it was previously believed to be 
(Surgan, 2005; Cox & Surgan, 2006). Over 700 active ingredients are in use worldwide as 
pesticides, each with distinct chemical and toxicological properties (Toppari et al., 1996). 
Another classification categorizes pesticides according their chemical structure (Table 1). 
Insecticides include organochlorines, organophosphates, and carbamates. Organochlorine 
hydrocarbons (DDT, heptachlor) operate by disrupting the sodium/potassium balance of the 
nerve fiber. They are persistent in human tissue with the potential to bioaccumulate. 
Organophosphate (parathion, malathion) and carbamates (carbaryl, carbofuran) are less toxic 
and largely replaced organochlorines. They are inhibitors of acetylcholinesterase, causing 
paralysis. Common herbicides include pheoxy and benzoic acid herbicides (2,4-D) and 
triazines (atrazine). Fungicides (vinclozolin, mancozeb) have sulfur as the most common active 
ingredient. Nicotinoids and pyrethroids are plant-derived pesticides (fenvalerate, pyrethrin). 
In addition to the desired effects of crop protection and pest management, pesticides have 
some recognized adverse impacts on human health and the environment. Humans have a 
great risk of exposure through several pathways in occupational, agricultural and 
household use. Inhalation, oral, dermal and ocular, are four possible routes for pesticide 
exposure. Ingestion of food and water is thought to be the main routes of pesticide exposure 
in the general population, while dermal absorption is suspected to be the main source of 
occupational exposure (Toppari et al., 1996). Over 25% of fruits, vegetables, and cereals are 
known to contain detectable residues of at least two pesticides and more than 300 different 
pesticides are known to contaminate food products sold in the EU (Ramazzini, 2009). In the 
majority of cases, however, human exposure is unintentional and unintended (Ribas-Fitó, 
2002). 
Pesticides are accused of causing short-term adverse health effects. Acute health effects include 
stinging eyes, rashes, blisters, blindness, nausea, dizziness, diarrhea and death (Jeyaratnam, 
1990; Sanborn et al., 2007). They are suspected also for a wide range of chronic effects, which 
can occur months or years after the exposure, such as cancers, neurological and developmental 
toxicity, immunotoxicity, genotoxicity, respiratory effects and disruption of the endocrine 
system. Pesticides may affect not only the exposed individual but also subsequent generations 
(Alavanja et al., 2004; Ritter et al., 2006; McCauley et al., 2006; Bassil et al., 2007). 
There has been rising concern in many developed countries about the adverse effects of 
pesticides on human reproduction, ranging from female and male subfertility to abortion, 
stillbirths, birth defects and malformations (García, 2003; Weselak et al., 2007; Peiris-John & 
Wickremasinghe, 2008). They may cause reproductive toxicity with direct damage to the 
structure of the cells or as a result of biotransformation into metabolites, or interference with 
processes necessary for the natural homeostasis and equilibrium. They may act like 
hormones in the endocrine system and disrupt the function of the natural endogenous 
hormones, when doing so they are often called endocrine disrupting chemicals (EDC) 
(Lathers, 2002; Diamanti-Kandarakis et al., 2009). This group of compounds identified as 
EDC is heterogeneous and includes synthetic or natural chemicals.    
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organochlorides DDD, DDT, DDE, chlordane, kepone, dieldrin, 
endosulfan, heptachlor, lindane, mirex, 

methoxychlor, toxaphene 
organophosphorus chlorpyrifos, glyphosate, diazinon, 

dimethoate, malathion, methamidophos, 
parathion, terbufos, tribufos, trichlorfon 

carbamates aldicarb, carbaryl, carbofuran, fenoxycarb, 
propoxur 

pyrethroids cypermethrin, fenvalerate, permethrin, 
pyrethrin, pyrethrum, resmethrin, 

tetramethrin 
anilides/anilines metolachlor, pretilachlor, propachlor, 

trifluralin 
phenoxy 2,4-D,  2,4-DB ,  2,4,5-T,  MCPA,  MCPB , 

fenoprop 
triazines atrazine, cyanazine, hexazinone, prometryn, 

propazine, simazine, terbutryn 
quaternary diquat, MPP, paraquat 

ureas chlortoluron, DCMU, metsulfuron-methyl, 
monolinuron 

others acetamiprid, amitraz, chlordimeform, 
cyromazine, diflubenzuron, nithiazine, 

sulfuramid, thiachloprid, xanthone 

Table 1. Classification of pesticides based on their chemical structure. 

3. Pesticides as Endocrine Disrupting Chemicals (EDC) 
Pesticides may act as endocrine disruptors and alter the hormonal homeostasis in both 
males and females and lead to subfertility. The term “endocrine disruptors” was introduced 
into literature with an article published in 1993 (Colborn, 1993). An endocrine disruptor was 
defined by the U.S. Environmental Protection Agency (EPA) as “an exogenous agent that 
interferes with the synthesis, secretion, transport, binding, action, or elimination of natural 
hormones in the body that are responsible for the maintenance of homeostasis, reproduction 
and developmental process” (Kavlock et al., 1996). The group of EDC includes pesticides 
and various synthetic substances such as polychlorinated biphenils (PCB), polybrominated 
biphenyls (PBB), bisphenol-A (BPA), phthalates and dioxins natural compounds such as 
phytoestrogens (Fourth National Report on Human Exposure to Environmental Chemicals, 
2009) are used as solvents, lubricants, plasticizers, cosmetics etc. They are usually small 
molecules (mass 1000 Daltons) and often have a phenolic moiety that probably mimics 
natural steroid hormones (Diamanti-Kandarakis et al., 2009). They contain chlorine or other 
halogens (bromine, iodine or fluorine) with strong interaction and so they resist 
degradation. They usually have a long half-life and accumulate in the environment, 
sometimes remotely from the place they were produced. Substances banned even decades 
ago can still be found in the environment and in living organisms. In humans and animals 
EDCs are stored in fatty tissue or they may be metabolized into more toxic compounds. The 
predominant sources of exposure are food, water and air. The routes of exposure include 
ingestion, inhalation and dermal absorption.  
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Natural hormones act in very low concentrations, similarly, can elicit adverse effects in low 
doses. Occasionally, the EDCs do not follow the classic dose-response effect and low doses 
may result in stronger effects than high doses (vom Saal et al., 2009). Humans are exposed 
concomitantly to a large number of compounds. These substances may enhance and have a 
synergistic or antagonistic effect, and as cited above, some substances can be metabolized in 
more toxic products (Crews et al., 2003). One of the reasons of the difficulty studying the 
damage after exposure to a single agent is this mixture of compounds which is accumulated 
in human organisms. 
An issue of critical importance is the timing of exposure, since damage is age sensitive. The 
same dose can have different effects in fetuses, newborn, infants or adults. Given the same 
doses, a developing organism (embryo, neonate) whose growth is highly controlled by the 
endocrine system is more vulnerable to EDCs, than an adult (Guo et al., 1995; Bigsby et al., 
1999; Lilienthal et al., 2006). The damage incurred by the exposure may not be immediate 
and may only be manifested in adulthood or during aging. The consequences may be 
apparent even in subsequent generations and the classic example is the cases of vaginal 
carcinoma in daughters of mothers who were exposed to DES during their pregnancies 
(Herbst et al., 1999; Anway & Skinner, 2006; Rubin, 2007). The susceptibility of an individual 
may vary due to genetic polymorphism and so the results of the same exposure could be 
different. 
Initially it was thought that ECDs act via nuclear hormone receptors (e.g. estrogen, 
progesterone, androgen, thyroid receptors), but now it is believed that they act also via 
membrane, non-steroid receptors (e.g. dopamine, serotonin, nor-epinephrine receptors). 
Catecholamine hormones following synthesis are stored in granular vesicles intracellularly. 
Steroid hormones are not stored but readily synthesized following gonadotropin 
stimulation of the gonads and are usually found in the circulation bound by carrier proteins 
(only free hormones are biologically active). Once reaching their tissue targets steroid 
hormones exert their action by binding to different kinds of nuclear receptors. Explicit 
hormones bind specific receptors and individualized mechanisms follow by intracellular 
signalling (e.g. protein kinase–C activation or phosphatidylinositol turnover). Hormones are 
mostly catabolised in the liver. Consequently, EDCs can participate in most aforementioned 
pathways thereby changing hormone synthesis patterns, mimicing hormone function or 
blocking it by occupying the receptor site, modulating the number of the receptors and their 
affinities for specific molecules and altering hormone clearance (Gore et al., 2006; Gore, 2007; 
Gore, 2008). Sex hormones synthesis is regulated by the hypothalamic-pituitary-gonadal 
axis. LH and FSH are synthesized by the anterior pituitary under the influence of pulsatile 
secretion of GnRH, released by the hypothalamus. 
Several pesticides have been reported to act as estrogen agonists, e.g.  methoxychlor, 
endosulfan, toxaphene, kepone, DDT, fenarimol, alachlor, pentachrophenol, fenvalerate, 
chlordecone (Soto et al., 1995; Cummings & Gray, 1997; Garey & Wolff, 1998; Andersen et 
al., 2002; Kojima et al., 2004). On the other hand, other pesticides such as vinclozolin, p,p-
DDE and  o,p-DDT may have anti-androgenic activity, or both estrogenic and 
antiandrogenic activity (Kelce et al., 1994; Kelce et al., 1995; Kelce & Wilson, 1999). The 
fungicide methyl-2-benzimidazole carbamate decreases estradiol production in primary 
cultures of human ovarian granulosa (Can & Albertini, 1997). Treatment of rats with 
heptachlor suppresses progesterone and estradiol concentrations in blood (Oduma et al., 
2006). Progesterone concentrations also decrease during early pregnancy in the rabbit 
following exposure to the pesticide DDT (Lindenau et al., 1994). DDT was found to be 



Pesticide Exposure and Health Related Issues in Male and Female Reproductive System   

 

499 

estrogenic, but its major metabolite DDE, has considerable antiandrogenic activity (Kelce et 
al., 1995). Further, atrazine seems to have estrogenic and antiandrogenic properties and was 
suggested to reduce testicular testosterone in male rats exposed to it (Stoker et al., 2000). 
Lindane intercalates into the sperm membrane and may inhibit sperm responsiveness to 
progesterone in vitro (Silvestroni & Palleschi, 1999). Lindane also inhibits steroidogenesis by 
reducing StAR (steroidogenic acute regulatory) protein-mediated cholesterol transfer 
(Walsh & Stocco, 2000). Neonatal exposure to either DES or flutamide also inhibited 
steroidogenesis and StAR protein expression in the fetal rat Leydig cell (Mikkilä et al., 2006). 
This protein mediates cholesterol passage through mitochondrial membranes and impaired 
expression results in decreased testosterone production in vitro (Manna et al., 2001). 
Testosterone concentration is also reduced with azole fungicides (ketoconazole) due to 
impaired enzymatic activity of 17α–hydroxylase and 17,20-lyase (Wang et al., 1992; 
Bahshwan et al., 1998; Taxvig et al., 2008). In rats, fenarimol, a different fungicide, was 
found to cause a dose-related decrease in fertility (Hirsch et al., 1986). In vitro studies of 
some pesticides such as fenarimol, prochloraz, imazalil and dicofol, indicate these pesticides 
inhibit the conversion of androgens to estrogens through CYP 19 aromatase inhibition 
(Vinggaard et al., 2000). Rats treated with mancozeb demonstrate a decrease in the number 
of healthy follicles and an increase in the number of atretic follicles (Mahadevaswami et al., 
2000). EDCs have also been associated with breast cancer, PCO and endometriosis in 
women, cryptorchidism, hypospadias, testicular and prostate cancer in men, alteration in 
pituitary and thyroid gland functions (Crisp et al., 1998; Bretveld et al., 2006; Diamanti-
Kandarakis et al., 2009). 

4. Pesticides and semen quality 
Approximately 6% of adult males are thought to be infertile (Purvis & Christiansen, 1992). 
Male factors are responsible for at least 20% of cases of infertility. Male infertility is related 
to impaired semen quality and may be due to a variety of causes including genetic 
(Klinefelter’s syndrome), congenital (cryptorchidism), endocrine (hypogonadism), 
obstructive (vasectomy), infective (chlamydia), vascular (varicocele), neoplastic (carcinoma 
of the testis), lifestyle, and environmental (heat, drugs, pesticides, irradiation) factors. 
Others causes include sexual dysfunction related to erection and ejaculation (Purvis & 
Christiansen, 1992; Dohle et al., 2005). However, in many cases male infertility is regarded 
as idiopathic (40-75%), and no cause can be identified. Semen analysis is used to evaluate 
semen quality, which is taken as a surrogate measure of male infertility. The World Health 
Organization has provided reference values for human semen characteristics (Cooper et al., 
2010).  
There is evidence of regional variation in semen quality that may be an expression of gene 
polymorphisms, different climate, lifestyle and exposure to magnetic fields or chemical 
substances such as pesticides (Mallidis et al., 1991; Jørgensen et al., 2001; Swan et al., 2003; Li 
et al., 2010). Seasonal variation has also been detected (decrease of sperm density and total 
sperm count during summer) (Levine, 1999; Krause & Krause, 2002). These factors, together 
with the variability in techniques and methodologies used, are reasons for some 
controversial results in studies that analyze semen quality changes overtime. Thus, the issue 
of a decline in semen quality overtime is equivocal. Following the publication of the meta-
analysis conducted by Carlsen et al. in 1992, demonstrating a decline in human semen 
quality over the last 50 years (mean sperm count from 113 millions/ml in 1940 to 66 
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millions/ml in 1990), numerous related studies have been published. Studies by Swan et al. 
had consistent results with those of Carlsen et al. (1992) and supported that historical data 
on sperm density, despite large random error, are reliable (Swan et al., 1997; Swan & Elkin, 
1999; Swan et al., 2000). However, Olsen et al. (1995) reanalyzed the data used in a linear 
model to predict sperm quality deterioration in the last 50 years, advocate that the data are 
only robust during the last 20 years (1975-1995), in which other statistical models (quadratic, 
spline fit and stairstep), except the linear model, suggest constant or slightly increasing 
sperm counts. Studies from Italy, Denmark, Canada, Tunisia, India, Poland, Israel, Scotland, 
Greece and Germany suggest that there has been a decline, or sperm parameters are 
impaired in young populations (Adamopoulos et al., 1996; Younglai et al., 1998; Bilotta et 
al., 1999; Almagor et al., 2003; Vicari et al., 2003; Jørgensen et al., 2006; Sripada et al, 2007; 
Adiga et al., 2008; Paasch et al, 2008; Horak et al., 2008; Feki et al., 2009). Conversely, other 
reports from US, Japan, Korea, Sweden, Spain, Israel and Czech Republic showed no 
significant evidence of deterioration in sperm quality (Fisch et al., 1996; Paulsen et al., 1996; 
Benshushan et al., 1997; Berling & Wölner-Hanssen, 1997; Andolz et al., 1999; Seo et al., 2000; 
Itoh et al., 2001; Zvĕrina et al., 2002). The materials and methods of the studies mentioned 
varied widely, as well as time period (one, two, or more decades), population sample (e.g. 
individuals in infertile relationship or fertile subjects who participated voluntarily) and the 
level of pollution in the various geographical regions. Merzenich et al. (2010) conclude that 
former meta-analyses of sperm count data show a global downward trend, but this 
conclusion should be interpreted with caution, because the included studies are of great 
heterogeneity. The geographic variation in semen quality may reflect different exposures to 
endocrine disruptors, such as pesticides (Swan, 2006). Pesticides might have the ability to 
interrupt male fertility at several different sites in the reproductive pathway and by one or 
more mechanisms, as cited previously. Thus, they can interfere with the 
hypothalamopituitary axis that regulates, through the production of the gonadotrophins 
FSH and LH, the function of Sertoli and Leydig cells, impairing spermatogenesis and 
steroidogenesis.  
Tables 2a,b,c lists the studies published evaluating the association between exposure to 
pesticides and human sperm quality. Literature reviews and articles investigating chemical 
compounds, without including pesticides, were excluded. Studies evaluating pregnancy 
outcomes and no sperm quality were excluded too. Sperm quality was assessed evaluating 
conventional parameters (concentration, motility, morphology) or sperm DNA/chromatin 
integrity and aneuploidy. Sixty-three reports, satisfying these criteria were identified and 
included in Tables 2a,b,c. Among them six (6/63) studies evaluated the recovery of sperm 
quality, years after cessation of exposure to DBCP (5) and kepone (1). Thirty-six (36/63) 
studies examined exposure to single, specific pesticides or metabolites and included  DBCP, 
DDT, DDE, EPB, 2,4-D, kepone (chlordecone), molinate, carbaryl, fenvalerate, 
ethylparathion, methamidophos, 1N (metabolite of carbaryl and naphthalene), TCPY 
(metabolite of chlorpyrifos and chlorpyrifos-methyl) and 3PBA, CDCCA, TDCCA 
(pyrethroid metabolites). The majority of the pesticides cited above are now banned or 
severely restricted, at least in USA or EU. Twenty-one (21/63) studies evaluated mixture of 
compounds such as fungicides, insecticides or herbicides with or without specifying the 
exact pesticides. Some of the pesticides involved in these studies are: alachlor, diazinon, 
acetochlor, malathion, atrazine, metolachlor, DEET (insect repellent), 2,4-D, aldicarb and 
cadusaphos, ethoprothos, isazophos, terbufos, pyrimiphos-ethyl (organophosphorus  
pesticides). 
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4.1 Studies with little or no evidence of an association 
Eighteen studies of the 63 (18/63) found no or little evidence of association between 
pesticide exposure and sperm quality (Table 2a). Eight studies (8/18) involved a mixture of 
compounds and ten (10/18) single pesticides. Carbaryl and molinate were reported in one 
study each. Ten studies (10/18) were related to DDT and metabolites most of the times p,p’-
DDE, the known persistent pesticide banned many years ago (not all over the world). Two 
of the ten studies evaluated DDT in mixtures and eight as a single pesticide. Five (5/10) of 
the reports that found no or little association between DDT, DDE and semen quality were 
carried out by the INUENDO project (including the two substudies of INUENDO by 
Rignell-Hydbom et al. (2004 & 2005). INUENDO (INUit-ENDOcrine) is the acronym for 
“Biopersistent organochlorines in diet and human fertility. Epidemiological studies in time 
to pregnancy and semen quality in Inuit and European populations”. This EU project (2002-
2005) used serum levels of CB-153 (polychlorinated biphenyl) and p,p’-DDE, the main DDT 
metabolite, to estimate the impact in human fertility in epidemiological studies including 
Inuits from Greenland and Caucasians from Poland, Sweden and Ukraine. Hauser et al. 
(2003) conducted two cross sectional studies and found a limited evidence of an inverse 
association between p,p-DDE and sperm motility as well as no strong relationships between 
the levels of this compound and sperm DNA damage. Furthermore, Charlier et al. (2005) 
estimated serum and seminal plasma concentrations of p,p-DDE in fertile and sub or 
infertile young men. Blood concentrations of p,p’-DDE were very low in both groups. No 
p,p’-DDE detected in seminal plasma of either groups. Of note, the mothers of the exposed 
subfertile men had serum level of p,p’-DDE significantly higher than the mothers of the 
control group.  
Two studies did not evaluate DDT exposure separately, but it was included in a sum of 
other compounds. Magnusdottir et al. (2005) concluded that poor semen quality is 
associated with sedentary work and obesity but not with plasma levels of fourteen 
organochlorine pesticides including DDT and metabolites. Weiss et al. (2006) evaluating 
exposure, in Germany and in Tanzania, to a mixture of PCBs and pesticides, including DDT, 
found these pesticides had no impact on sperm quality. However high serum concentrations 
of DDT-DDE were associated with lower pregnancy rates in Germany.   
Two out of the eighteen reports that showed little or no association between pesticide 
exposure and semen quality were performed by ASCLEPIOS (Larsen et al., 1998a; Härkönen 
et al., 1999). It was an EU project (1993-1998), that was carried out in 14 European centers 
and focused on occupational exposure to the fungicides styrene and inorganic lead. 
Questionnaire studies of time to pregnancy were combined with longitudinal and cross 
sectional studies of semen quality. 
Tielemans et al. (1999a) conducted a case-control study and found no associations between 
exposure to pesticides and poor semen quality, but few subjects were exposed to pesticides 
(the rest of the sample was exposed to chemical pollutants different from pesticides, such as 
solvents and metals). Juhler et al. (1999) found similar results indicating minor association, 
comparing traditional and organic farmers, but for all the groups of exposure the average 
dietary intake of pesticides was low. Smith et al. (2004) found no significant differences in 
sperm aneuploidy or diploidy frequencies between men exposed to a mixture of pesticides 
and control groups, but the sample was rather small (n=20+20). In a cross-sectional study 
conducted by Multigner et al. (2008) semen characteristics were evaluated in association to 
exposure to a mixture of organophosphorus pesticides (cadusaphos, ethoprothos, isazophos, 
terbufos, pyrimiphos-ethyl and one carbamate the aldicarb). No significant difference was 



 Pesticides - Formulations, Effects, Fate 

 

502 

found between exposed and unexposed workers (in banana plantations), but exposure was 
assessed by a questionnaire and not by chemical analysis. Tomenson et al. (1999) conducted 
a longitudinal study and found no evidence that sperm and serum hormones levels were 
related to molinate exposure (thiocarbamate herbicide). Whorton et al. (1979) found no 
apparent effects on sperm count in workers exposed to carbaryl, but three subsequent 
relative studies indicated contrary results.  
  

Authors & Year 
Country Pesticide N Study 

Type 
Whorton et al, 1979 

(USA) carbaryl 47 workers CS 

Larsen et al, 1998a
(ASCLEPIOS) 

(Denmark) 
Mixture 248 farmers users or not users of 

pesticides during a spraying season L 

Härkönen et al, 
1999 (ASCLEPIOS) 

(Finland) 
fungicides 30 healthy farmers before and after 

exposure CS 

Tomenson et al, 
1999 (UK) 

molinate 
(thiocarbamate 

herbicide) 
272 workers at three US plants. L 

Tielemans et al, 
1999a 

(The Netherlands)

Occupational 
exposures (solvents, 
metals, pesticides) 

Male partners of couples having 
their first consultation in two 

infertility clinics (n=899) 
CC 

Juhler et al, 1999 
(Denmark) mixture 171 traditional and 85 organic 

farmers. CC 

Hauser et al, 2003a
(USA) DDT, DDE, PCBs 212 male partners of subfertile 

couples CS 

Hauser et al, 2003b
(USA) DDT, DDE, PCBs 212 male partners of subfertile 

couples CS 

Rignell-Hydbom et 
al, 2004, (Sweden) 

CB-153 
p,p ’-DDE 195 Swedish fishermen aged 24-65 CS 

Smith 2004 et al, 
(Canada) mixture 20 exposed, 20 non exposed CC 

Charlier 2005 et al,
(Belgium) p,p’-DDE 

73 fertile young men (controls) & 23 
mothers; 82 sub or infertile young 

men (cases) & 19 mothers 
CC 

Magnusdottir 2005 
et al, (Iceland) 

PCBs, organochlorine 
pesticides, (p,p’DDE) 

25 poor semen quality, 20 normal 
semen quality & idiopathic 

subfertility, 27 normal semen quality 
& female subfertility 

CS 

Rignell-Hydbom et 
al, 2005 (Sweden) 

CB-153 
p,p’-DDE 

176 Swedish fishermen 
(low & high intake of fatty fish) CS 

Spano 2005 et al, 
INUENDO, (Italy)

CB-153 
p,p’-DDE 

193 Inuits – Greenland; 178 Swedish 
fishermen; 141 men from Poland; 

195 men from Ukraine 
CS 
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Stronati et al, 2006,
INUENDO, (Italy)

CB-153 
p,p’-DDE 

200 Inuits –Greenland; 166 men 
from Sweden; 134 men from Poland; 

152 men from Ukraine 
CS 

Toft et al, 2006, 
INUENDO, 
(Denmark) 

CB-153 
p,p’-DDE 

194 men from Greenland; 185 men 
from Sweden; 189 men from Poland; 

195 men from Ukraine 
CS 

Weiss et al, 2006 
(Germany) 

mixture of PCBs & 
pesticides including 

DDT,DDE 

31 women, 16 men from Tanzania, 
21 couples from Germany CS 

Multinger et al, 
2007 (France) 

organophosphorus 
pesticides and one 

carbamate 

42 exposed & 45 non exposed in 
banana plantations in Guadeloupe 
(parallel assessment in wild rats) 

CS 

Table 2a. Studies evaluating the association between exposure to pesticides and human 
sperm quality. Studies with no or little evidence of an association; 2b: Studies with evidence 
of an association; 2c: Studies evaluating the recovery of sperm quality (CS: cross sectional 
study; CC: case-control study; L: longitudinal study; R: retrospective study; P: pilot study).  

4.2 Studies with evidence of an association 
Thirty-nine (39/63) studies that varied widely in materials, methods, exposure and 
assessment of exposure concluded that there was evidence of an association between 
exposure to pesticides and impaired semen quality. Twenty-six (26/39) studies evaluated 
exposure to single pesticides or metabolites and thirteen (13/39) studies evaluated exposure 
to mixtures of compounds including pesticides or mixtures of pesticides. Evidence of an 
association was found in studies involving: 
- DDT and DDE: Only in six of the 16 studies overall involved, five as a single pesticide 

and one in a mixture. 
- DBCP: All studies showed evidence of impairment. Thrupp in his article examined a 

remarkable case of massive sterilization of approximately 1500 workers exposed in 
banana plantations in Costa Rica (Thrupp, 1991). Slutsky et al. in his report which 
represents the largest cohort of DBCP exposed workers, found that after a median 
exposure of three years, 64.3% of these men overall, and  90.1% of men studied from the 
Philippines, had oligospermia or azoospermia (1999). Whorton et al. (1977), Potashnik 
et al. (1978), Lipshultz et al. (1980) and Egnatz et al. (1980) had the same results of a 
significant association. There are five studies more involving DBCP, but related to 
sperm recovery after cessation of exposure and are cited in the related paragraph.  

- EPB: One cross-sectional and one longitudinal study with small sample size.  
- Kepone: A cross-sectional study measuring blood levels found oligospermia and 

decreased sperm motility. One more study involving kepone was related to the 
recovery of sperm after exposure and is cited in the related   paragraph. 

- 2,4-D: One cross sectional study evaluated exposure using urine samples and observed 
asthenospermia, teratospermia and necrospermia. The second study evaluated this 
compound in a mixture of eight pesticides and found relation with poor semen quality. 

- Fenvalerate: All studies conducted in China; three of them reporting impairment of 
conventional parameters of sperm quality and one increased percentage of sperm 
aneuploidy and altered morphology.  
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- Carbaryl: The first, a cross-sectional study, showed increase in abnormal morphology, 
the second study found altered seminal volume and sperm motility and the third study 
showed increased frequencies of aneuploidy. 

- Ethylparathion and Methamidophos: Semen and urine samples were collected in order 
to estimate exposure to these organophosphate pesticides. There was a decrease in 
sperm concentration and motility but no significant difference was found in sperm 
morphology.   

- 1N and TCPY: The first compound is a metabolite of carbaryl and naphthalene and the 
second a metabolite of chlorpyrifos and chlorpyrifos-methyl. This study used biological 
markers of exposure (urine analyses for metabolites) and several modeling approaches 
to test the robustness of the data. Statistically significant inverse dose- response 
relationships between 1N and sperm concentration and motility were found. There was 
a suggestive association between TCPY and sperm concentration and motility. Sperm 
morphology was not significantly associated with both 1N and TPCY. Only a single 
urine sample collected to estimate exposure and only a single semen sample collected to 
assess semen quality. 

- 3PBA: It is the main metabolite of pyrethroids such as cypermethrin, deltamethrin, 
permethrin with high detection rate in the general population. The first study with 
rather large sample size showed suggestive association between increased urinary 3-
PBA concentration (creatinine adjusted) and sperm concentration. There was an 
association between straight line velocity and curvilinear velocity (sperm progression 
and motion parameters) with urinary 3-PBA concentration (creatinine adjusted), while 
sperm volume, sperm number per ejaculum and sperm motility were weakly or not 
significantly associated. A second study that evaluated two more pyrethroid 
metabolites, CDCCA and TDCCA, was similar in design and found evidence for 
reduced semen quality and increased DNA damage related to the urine pyrethroid 
metabolites. Swan et al. (2003b) evaluated exposure to a mixture of eight pesticides in 
two different populations within Missouri and Minnesota. The small sample size 
limited statistical power. Exposure was assessed by urine analysis. Study concluded 
that Alachlor, atrazine, 2,4-D, metolachlor and a diazinon metabolite were associated 
with poor semen quality in Missouri. However, no significant associations were found 
for acetochlor, DEET and malathion dicarboxylic acid. Within Minnesota, the levels of 
pesticides were low for any of the pesticides, no significant associations were found too, 
but because of the overall results this study is classified in this category. 

Dalvie et al. (2004) evaluated exposure to DDT in workers in South Africa, in relation to 
sperm quality and sexual function. Exposure was assessed by serum levels of o’p’ and p’p’ 
isomers of DDT, DDE, DDD. Sperm count and density were in the normal range. 84% of 
morphology scores were below the WHO criteria and p’p’DDT was negatively associated 
with sperm count (after correction for age, abstinence, physical abnormality and fever). 
Although no strong evidence for a DDT overall effect in sexual function and reproductive 
outcomes was found semen quality was impaired resulting in this study being cited in this 
category. 
Dallinga et al. (2002) studied a group of men with poor semen quality vs. group of men with 
normal, based on the progressive motility of sperm. Blood samples were collected in order 
to determine whether differences in sperm quality were related with differences in serum 
concentrations of organochlorines, including DDT. No significant differences in 



Pesticide Exposure and Health Related Issues in Male and Female Reproductive System   

 

505 

organochlorine levels were found initially, but after adjustment for age and sperm count, 
sperm progressive motility were inversely related to the concentrations of metabolites in the 
group of men with normal semen quality. Because of this finding the study is cited in this 
category. 
 

Authors & Year 
Country Pesticide N Study

Type 
Whorton et al, 1977 

(USA) DBCP 25 workers CS 

Cannon et al, 1978 
(USA) kepone 133 workers CS 

Potashnik et al, 1978 
(Israel) DBCP 6 workers CS 

Lipshultz et al, 1980 
(USA) DBCP 228 workers (exposed & non 

exposed cohort) CS 

Egnatz et al, 1980 
(USA) DBCP 232 workers exposed, 

97 workers non exposed CS 

Wyrobek et al, 1981 
(USA) carbaryl 50 men occupationally exposed, 

34 unexposed newly-hired CS 

Henderson et al, 1986 
(Australia) 

Mixture of chemicals 
including pesticides 

1695 men with abnormal semen 
quality or fertility impairment CS 

Ratcliffe et al, 1987 
(USA) EDB 

46 exposed in papaya fumigation 
industry in Hawaii; 43 unexposed 

from a sugar refinery. 
CS 

Schrader et al, 1988 
(USA) EDB 10 exposed forestry employees,     

6 unexposed (exposing time 6 wks) L 

Thrupp et al, 1991 
(USA) DBCP exposed workers in a banana 

plantation in Costa Rica L 

Lerda et al, 1991 
(Argentina) 2,4-D 32 farm sprayers CS 

Strohmer et al, 1993 
(Austria) mixture 

101 couples seeking artificial 
insemination (poor semen quality), 

controls couples with female 
infertility IVF treated 

CS 

Slutsky 1999 et al, 
(USA) DBCP 

26400 workers in banana & 
pineapple plantation in 12 

countries 

R 
 

Abell et al, 2000 
(Denmark) mixture 122 greenhouse workers CS 

Padungtod et al, 2000 
(USA) 

Ethylparathion 
Methamidophos 

32 exposed workers & 43 not 
exposed workers in China factories CS 

Ayotte et al, 2001 
(Mexico) 

DDT 
P,P’-DDE 

24 Mexican men living in endemic 
malaria areas not occupationally 

exposed 
CS 

Oliva et al, 2001 
(Argentina) 

mixture of pesticides 
& solvents 

225 male partners from infertility 
clinics CS 
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Dallinga et al, 2002 
(The Netherlands) 

Organochlorine 
compounds 

PCBs, HCB, p,p’-
DDT, p,p’-DDE 

34 men with poor semen quality 
vs. 31 men with normal (based on 

progressively motile sperm 
concentration) 

CS 

Tan et al, 2002 
(China) fenvalerate 

32 exposed workers, 46 
administrators (internal control 

group), 22 administrators (external 
control group) 

CC 

Swan et al, 2003b 
(USA) 

8 metabolites of 
pesticides (alachlor, 
diazinon, acetochlor, 

metolachlor, 2,4-D 
atrazine, DEET, 

malathion) 

Men in whom all semen 
parameters were low (cases) or 

within normal limits (controls), in 
Missouri & Minnesota (50 & 36 

respectively) 

CC 

Wong et al, 2003 
(The Netherl&s) 

Chemicals including 
pesticides & other 

factors 
73 subfertile & 92 fertile men CC 

Bian et al, 2004 
(China) fenvalerate 

21 exposed workers, 23 non 
exposed workers (internal control 
group), 19 non exposed workers 

(external control group) 

CC 

Dalvie et al, 2004 
(South Africa) DDT, DDE 60 workers in South Africa 

 CS 

Kamijima et al, 2004 
(Japan) 

Organophosphorus 
& pyrethroid  
insecticides 

18 male sprayers, 18 age matched 
students or medical doctors as 

unexposed controls 
L 

Meeker et al, 2004 
(USA) 

1N (a metabolite  of 
carbaryl & 

naphthalene), TCPY 
(a chlorpyrifos & 

chlorpyrifosmethyl 
metabolite) 

272 men recruited through a 
Massachusetts Infertility clinic CS 

Pant et al, 2004 
(India) 

DDT, DDE, DDD, 
HCH 

45 fertile & 45 infertile men 
 CS 

Sánchez-Peña et al, 
2004 (Mexico) 

mixture of  
organophosphorus 

pesticides 

33 men occupationally exposed 
(initially 227) CS 

Xia 2004 
(China) Fenvalerate 

12 exposed workers, 12 internal 
control group, 18 external control 

group 
CC 

Xia et al, 2005 
(China) carbaryl 

16 exposed workers, 12 internal 
control group, 18 external control 

group 
CC 

Tan et al, 2005 
(China) carbaryl 

31 exposed workers, 46 internal 
control group, 22 external control 

group 
CC 
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De Jager et al, 2006 
(Canada) 

DDT 
p,p’-DDE 

116 men aged 27 years, non 
occupationally exposed living in 
malaria, endemic areas in Mexico 

CS 

Lifeng et al, 2006 
(China) fenvalerate 

32 exposed workers, 46 internal 
control group, 22 external control 

group 
CC 

Yucra et al, 2006 
(Peru) 

Organophosphate 
pesticides 

31 pesticide sprayers, 80 not 
exposed men CS 

Aneck-Hahn et al, 
2007 

(South Africa) 

DDT 
p,p’-DDE 

311 healthy men 18-40 years in an 
endemic malaria area in which 

DDT is sprayed (non occupational 
exposure) 

CS 

Perry et al, 2007 
(USA) 

organophosphorus & 
pyrethroid 
insecticides 

18 males of reproductive age in 
China P 

Tuc et al, 2007 
(Thail&) Mixture 

1036 rice farmers: 156 of these with 
abnormal semen & 314 with 
normal semen (as controls) 

CC 

Meeker et al, 2008 
(USA) 

Metabolites of 
pyrethroid 

insecticides: 3PBA, 
CDCCA, TDCCA 

207 men recruited from an 
infertility clinic 

R 
CC 

Recio-Vega et al, 2008 
(Mexico) 

Organophosphorus 
pesticides 

52 men in three occupational 
exposure levels L 

Xia et al, 2008 
(China) 

3-PBA (urinary 
metabolite of 
pyrethroids 

376 men with non obstructive 
infertility 

R 
CC 

Table 2b. Studies evaluating the association between exposure to pesticides and human 
sperm quality. Studies with evidence of an association (CS: cross sectional study; CC: case-
control study; L: longitudinal study; R: retrospective study; P: pilot study.) 

4.3 Studies evaluating the recovery of sperm quality  
There are six (6/63) studies, evaluating the recovery of sperm quality, years after cessation 
of exposure to DBCP and kepone (five and one study respectively). In 1986 Eaton et al. 
conducted a follow-up study among 44 male agricultural workers who were exposed to 
DBCP years ago. These workers were found to be azoospermic or oligospermic due to DBCP 
exposure in a previous study and their sperm was reevaluated 5 to 8 years after exposure 
was terminated. Only 2 of the 8 originally azoospermic workers produced sperm during the 
follow up and only one had normal sperm count. There was no increase in sperm 
production for the oligospermic men. Authors suggested a permanent destruction of 
germinal epithelium. Potashnik et al. conducted two follow-up studies evaluating 15 DBCP 
production factory workers (Potashnik & Yanai-Inbar, 1987; Potashnik & Porath, 1995). The 
reports reassessed their testicular function and reproductive performance, 8 and 17 years 
after cessation of exposure. The first study showed recovery of spermatogenesis in 4 oligo- 
and 3 azoospermic men, while testosterone levels of all patients were normal at all times. 
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The second follow up showed a significant increase in plasma FSH and LH levels in the 
severely affected men and no increase in the rate of spontaneous abortions or congenital 
malformations among pregnancies conceived during or after exposure. Recovery was 
evident in three of the nine azoospermic men and in three of the six oligospermic men. 
Olsen et al. (1990) conducted a follow-up study among azoospermic and oligospermic 
workers who had a maximum of 18 months of DBCP exposure. After an 11-year period, 73% 
of the previously azoospermic showed recovery of spermatogenesis; 13 of the men had 
normospermic levels and normospermic levels were found among all of the previously 
oligospermic men (17/17). Another study was undertaken by Lantz et al. (1981), among 14 
oligospermic workers who had a maximum of 30 months of DBCP exposure . Follow up (18-
21 months) showed an increase in sperm count suggesting that there is a recovery after a 
short term exposure. In a cross-sectional study conducted in 1982 Guzelian treated 
oligospermic patients who had high serum levels of chlordecone (0.6-32.0 μg/g) with 
cholestyramine, an anion-exchange resin. Cholestyramine binds chlordecone and increases 
its fecal excretion by seven-fold, resulting in reduction of chlordecone blood levels. The 
author found sperm motility restoration after treatment and suggested this indicated 
reversibility of the results. 
 

Authors & Year 
Country Pesticide N Study

Type 
Lantz et al, 1981 (USA) DBCP 14 oligospermic workers L 

Guzelian et al, 1982 
(USA) kepone 13 workers highly exposed CS 

Eaton et al, 1986 
(USA) DBCP 44 workers 7 years after termination of 

exposure L 

Potashnik et al, 1987 
(Israel) DBCP 

15 workers with DBCP induced 
azoospermia & oligospermia, 8 years 

after exposure. 
L 

Olsen et al, 1990 
(USA) DBCP 

26 azoospermic and 17 oligospermic 
men with a maximum of 18 months of 

exposure 
L 

Potashnik et al, 1995 
(Israel) DBCP 

15 workers with DBCP induced 
azoospermia & oligospermia, 17 years 

after exposure. 
L 

Table 2c. Studies evaluating the association between exposure to pesticides and human 
sperm quality. Studies evaluating the recovery of sperm quality. (CS: cross sectional study; 
L: longitudinal study)  

4.4 Comments 
The studies evaluating pesticide exposure and sperm quality were usually cross sectional. 
This design is relatively inexpensive and can be conducted over a short period of time. 
However, inherent to the study design, it is difficult to separate cause from effect, because 
the measurement of exposure and the possible health impairment are conducted the same 
simultaneously. Thus if the effect takes place later on in life, it may be misevaluated and 
critical windows of exposure (intrauterine, neonatal and early adulthood life) are not 
considered adequately.  
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The studies involving sperm collection have low participation rate and this, in combination 
with small sample size, decreases statistical power. Men providing sperm for analysis are 
usually self-selected volunteers that may have concerns about their fertility and this may 
influence the results of semen characteristics. Some embarrassment associated with sperm 
collection results in men who are considered fertile to be less likely to participate in such 
studies (selection bias). Exposure assessment in half of the reports was performed without 
using specific chemical analyses. Modern studies provide more accurate estimations of 
exposure measuring the exact levels of contaminants in humans, although there is a certain 
limitation regarding non-persistent pesticides that are metabolized and excreted relatively 
fast. Very recent studies, using biological monitoring of exposure, evaluate the susceptibility 
of individuals after pesticide exposure and demonstrate that genetic polymorphism 
modifies exposure effects on semen quality (Pérez-Herrera et al., 2008). Many of the studies 
that showed no or little association of exposure to pesticides and semen quality come from 
the north of Europe. Maybe the cumulative exposure to pollutants in this geographic area is 
limited compared to others. Following the evaluation of the above epidemiological studies, 
we conclude that overall there is suggestive evidence of an association between pesticide 
exposure and semen quality. 

5. Pesticides and time to pregnancy 
Baird et al. (1986) proposed “time to pregnancy” (TTP) as a simple measure in 
epidemiological studies to investigate the effects of environmental exposures on 
reproduction. Time to pregnancy is defined as the time interval (number of menstrual 
cycles, expressed in months) between the start of unprotected intercourse and a clinically 
recognizable pregnancy. Fecundability is defined as the probability of conception for each 
menstrual cycle and varies among sexually active couples not using any contraception 
method. The fecundability of a couple is estimated by the inverse of time to pregnancy (time 
to pregnancy = 1/fecundability). TTP does not consider the exact biological pathways 
(including gametogenesis, fertilisation, transport and implantation of the zygote, early 
survival of the conception product) or mechanisms involved in human fertility. Semen 
quality impairment, discussed earlier, is not a direct parameter of fecundity and altered 
semen quality does not necessarily entail changes in TTP (Joffe, 2000). TTP appears to be a 
non expensive, easy-to-determine indicator (obtained by questionnaires and interviews) and 
a sensitive measure of fecundability in either sex (Joffe, 1997).  
The evaluation of pesticide effects on fecundability using TTP could be considerably 
susceptible to bias as highlighted by the following discussion. TTP studies are usually 
retrospective and based on questionnaires and interviews, susceptible to selection, response 
and recall bias. Individuals that have encountered problems of infertility or subjects 
occupationally exposed may not have the same response to participate in related studies, 
compared to fertile or unexposed population. Questionnaires may concern pregnancies that 
occurred several years back and require the recall of events that are not well remembered. 
Low participation rates and small sample size may limit the statistical power of the study. 
Time-trend bias may be prominent if the exposure under study has changed over time. TTP 
studies concern planned pregnancies and fertile couples with unwanted, mistimed or 
because of contraception failures pregnancies are more likely to be excluded (planning bias). 
Because of censoring prolonged time to pregnancy period (12 months for the majority of the 
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studies), subfertile couples who need periods longer than 12 months to have conceive are 
underestimated and infertile couples are excluded (sterility bias). On the other hand couples 
who are in search of assisted reproduction programmes or benefit from a therapeutic effect 
of a treatment, after a long waiting period, are not included. It often difficult to recognize 
early fetal loss, therefore, early spontaneous abortions may lead to an overestimation of 
TTP. Studies that are not limited to first pregnancy may be biased by the “reproductively 
unhealthy worker effect”: fertile women might be more likely to have children, spend their 
time taking care of them, or having part time jobs and as a result be less occupationally 
exposed. Most of the TTP studies do not assess exposure by directly measuring the 
concentrations of pollutants in human tissues or liquids. Usually, exposure is evaluated by 
the same questionnaires and interviews used to estimate TTP (self-reported data), which is 
simple and not expensive, but inaccurate, even if the questionnaires are detailed (specific 
pesticides mentioned, exact hours of spraying, quantity of pesticides applied, methods of 
application, protective equipment used, etc). Biological monitoring seems to be a better 
method to evaluate exposure, despite some limitations. The measurement of non persistent 
pesticides concentrations in humans cannot always reflect exposure in the time to 
pregnancy period accurately, as they are excreted in a relatively short period of time and 
many pesticides cannot be measured in biological matrices (Bradman & Whyatt, 2005). 
Important potential confounders that have to be taken into account include: age, ethnicity, 
parity, previous contraceptive use, medical conditions, and frequency of intercourse, BMI, 
breastfeeding, smoking, caffeine and alcohol consumption. 
Table 3 shows the 29 studies that evaluate exposure to pesticides and time to pregnancy. 
Among these studies, three studies estimate fertilization rates and time to cleavage in 
women attending IVF programmes, and three studies evaluate fecundity relative to dietary 
intake of contaminated fish. The results are conflicting, perhaps because of the heterogeneity 
of study design and misclassification of exposure. The only pesticides evaluated as single 
pesticides and not in mixtures were glyphosate (one study), and DDT and metabolites (four 
studies). Some of the pesticides included in mixtures were: abamectine, imidacloprid, 
methiocarb, pirimicarb, deltamethrin, acephate, methomyl, cyromazine, propoxur, 
hexaflumuron, dichlorvos (insecticides), metalaxyl, captan, procymidon, pyrazophos, 
toclofosmethyl, zineb, benomyl (fungicides), acrinathrin, propargite (acaricides). DDT, DDE, 
HCB (hexachlorobenzene), trichlorobenzene, tetrachlorobenzene, lindane, heptachlor, 
aldrin, chlordane, oxychlordane, endosulfan, methoxychlor, mirex were the organochlorine 
pesticides most commonly used.  
Sanin et al. (2009) found that reduced fecundability in some regions was not   associated 
with the use of glyphosate. DDT and metabolites were involved in four studies as a single 
pesticide. Toft et al. (2005), INUENDO group, showed that fecundability is inversely related 
with serum concentration of p,p’DDE. Cocco et al. (2005) concluded that the fecundity ratio 
among spouses of DDT applicators compare to the unexposed was decreased, but the low 
statistical power of the study did not allow definitive conclusions. Cohn et al. (2003) 
measured serum levels of DDT and DDE in mothers and evaluated TTP in their daughters. 
Daughters’ probability of pregnancy fell by 32% per 10μg/L p,p’-DDT in maternal serum, 
but increased 16% per 10μg/L p,p’-DDE. Axmon et al. (2006), in a big study of INUENDO, 
evaluating exposure to CB-153 (biphenyl) and p,p’-DDE  found no effect on TTP of either 
male or female exposure  in Sweden, Poland and Ukraine. In Greenland there seemed to be 
an association, but it was not possible to determine if it was due to CB-153 or p,p’-DDE.   
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Four studies evaluated DDT and its metabolites in mixtures. One found decreased fecundity 
related to exposure (Gerhard et al., 1999) and three of the studies indicated no significant 
association (Law et al., 2005; Axmon et al., 2006; Harley et al., 2008). Two studies examined 
DDE exposure in women undergoing IVF with contrary results (Jarrell et al., 1993; Younglai 
et al., 2002). Three studies evaluated fecundity in relation to dietary intake of contaminated 
fish (Courval et al., 1999; Axmon et al., 2000; Buck et al., 2000). The first suggests a modest 
association for men only. The second resulted in a negative association between exposure to 
persistent organochlorine compounds and fertility among heavy smokers and the third 
concluded that maternal consumption of contaminated fish may reduce fecundability. Three 
studies overall, evaluated the association between pesticide exposure and fertilization rates, 
in women attending IVF. Tielemans et al. (1999b) found an association, but exposure was 
assessed by questionnaires and interviews. Jarrell et al. (1993) had contrary results, but there 
were trace amounts of contaminants in the follicular fluid. The study conducted by Younglai 
et al. (2002) did not show any significant association, except for p,p’-DDE, which was 
associated with failed fertilization. 
Curtis et al. (1999) found no significant or consistent pattern of associations between time to 
pregnancy and pesticides. However 6 of 13 pesticide categories were associated with 
decreased fecundability, during the exposure periods in which women and most of the men 
participated in pesticide-related activities. In a prospective study, Sallmen et al. (2003) 
illustrated a significant association for pyrethroids and suggestive association for 
carbamates and organophosphates.  Restricting analyses for the first pregnancy only, a 
prolonged TTP was found among male and female greenhouse workers (Bretveld et al., 
2006; Bretveld et al., 2008a & 2008b). According to Harley et al. (2008) prolonged TTP was 
related to maternal occupational pesticide exposure, home pesticide use and residence 
within 200 feet of an agriculture field. There was no relation with paternal occupational 
exposure (assessed by maternal interviews) and DDT and DDE (levels measured in 
maternal serum). Cole et al. (2006) using biological monitoring of exposure found that 
factors associated with prolonged TTP in multivariate analysis were high caffeine 
consumption and maternal mercury serum level. Among several pesticides analyzed, only 
higher maternal benzene hexachloride levels in bivariate analysis were related with 
prolonged TTP. However, the sample size of this study was small.  
De Cock et al. (1994), Fuortes et al. (1997), Abell et al. (2000),  Petrelli et al. (2001) and  Idrovo 
et al. (2005) showed an association between impaired fecundity and exposure to pesticides, 
while Heacock et al. (1998), Larsen et al. (1998b), Thonneau et al. (1999), Law et al. (2005) 
and Lauria et al. (2006) found  insignificant effects. Overall 11 studies showed an association 
between pesticide exposure and prolonged TTP or decreased fecundity, 7 studies found a 
rather inconclusive or insignificant association and 11 studies had results that are more 
complex to interpret and difficult to be categorised in the two groups cited above. Twenty 
(20/29) studies used retrospective design and only nine (9/29) used biological monitoring of 
exposure. Even among the studies that used biological assessment of exposure, results are 
conflicting. Analyses of pollutants in human tissue and liquids give important and accurate 
information about the cumulative exposure of an individual but there is a lack of 
information about timing of exposure, which may be critical for the manifestation of a 
reproductive impairment, such as subfecundity. Moreover, the synergistic effect of 
pollutants and individual susceptibility to harmful agents are factors that are difficult to 
estimate.  
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Authors & Year 
Country Pesticide N Stuy 

Type 

Jarrell 1993 et al, 
(Canada) 

chlordane, HCB, DDE, 
epoxide-oxychlordane, 

PCB 
74 women undergoing IVF CS 

De Cock 1994 et al, 
(The Netherlands) mixture 43  fruit growers, 

(91 pregnancies) CS 

Fuortes et al, 1997 
(USA) 

Agriculture related 
exposures including 

pesticides 

281 infertile women (cases), 216 
postpartum women (controls) CC 

Heacock et al, 1998 
(Canada) 

Chlorophenate. 
fungicides 

26487 sawmill workers, 23829 
exposed, 2658 unexposed R 

Larsen et al, 1998b 
ASCLEPIOS, 

(Denmark) 
mixture 

450 traditional farmers  spraying 
pesticides, 72 traditional not 

spraying, 94 organic not exposed 
R 

Courval et al, 1999 
(USA) 

mixture, including 
pesticides (dietary 

intake of sport fish) 
626 couples (anglers) R 

Curtis et al, 1999 
(USA) mixture 1048 farm occupants, 2012 

pregnancies R 

Gerhard et al, 1999 
(Germany) 

chlorinated hydrocarbons 
(CHC) (including  

pesticides) 
489 infertile women CS 

Thonneau et al,  1999
ASCLEPIOS 

(France) 
mixture 

142 rural exposed workers and 
220 not exposed (France); 
326 exposed and 123 not 

exposed  farmers (Denmark); 
121 greenhouse workers exposed 

(Denmark) 

R 

Tielemans et al, 
1999b 

(The Netherlands) 
mixture 

836 couples who sought in IVF  
treatment; 20 men exposed - 816 

reference group 
CC 

Abell et al,  2000b 
(Denmark) 

mixture  used in 
greenhouses 

492 pregnancies of women 
employed when they stopped 
contraception to have a child 

(starting time) 

R 

Axmon et al, 2000 
(Sweden) 

Organochlorine 
compounds dietary intake 

of fatty fish 

Fishermen’s wives from the 
Swedish east (n=399) and west 

coasts (n=936) 
R 

Buck et al, 2000 
(USA) 

mixture, including 
pesticides (dietary 

intake of sport fish) 

895 women after years of fish 
consumption from lake 

Ontario 

R 
 

Petrelli et al, 2001 
(Italy) mixture of pesticides 127 greenhouse workers 

173 clerical  workers R 

Younglai et al, 2002 
(Canada) 

mixture  of compounds 
including pesticides 

21 couples attending IVF 
programme CS 

Cohn et al,  2003 
(USA) 

p,p’DDT, 
p,p’DDE 

preserved maternal serum 
(n=289) R 
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Sallmen et al, 2003 
(Finland) mixture 578 couples, Finnish green house 

employers and employees P 

Toft et al, 2005 
INUENDO 
(Denmark) 

CB-153 
p,p’DDE 

Poland: 472 women, 198 male 
spouses; Ukraine: 640 women, 
208 male spouses; Greenland: 
598 women, 201 male spouses; 
Sweden: 559 women, 191male 

spouses 

R 
CS 

Cocco et al, 2005 
(Italy) DDT spouses of  105 men exposed R 

Idrovo et al,  2005 
(Colombia) 

mixture of pesticides 
including thiocarbamates 

(propineb, mancozeb) 

2085 women working in cut 
flower production 

CS 
R 

Law et al, 2005 
(USA) PCBs, DDE 

390 pregnant women enrolled at 
12 study centers in US between 
1959-1965 (before PCBs or DDE 

was banned in US) 

R 

Axmon et al, 2006 
INUENDO (Sweden)

CB 153 
p,p’-DDE 

778 men, 1505 women (couples 
from Greenland,Poland, Ukraine 

& a cohort of Swedish wives) 
R 

Bretveld et al, 2006 
(The Netherlands) mixture of pesticides 398 female greenhouse workers - 

524 referents R 

Cole et al, 2006 
(Canada) 

Mixture (metals, PCBs, 
organochlorine 

pesticides) 

41 couples having their first 
pregnancy R 

Lauria et al, 2006 
(Italy) mixture 713 female greenhouse workers R 

Bretveld et al,  
2008a 

(The Netherlands) 
mixture 

694 greenhouse workers 
exposed, 613 unexposed 

reference group 
R 

Bretveld et al, 2008b
(The Netherlands) mixture 

101 couples with female 
greenhouse workers, 957 couples 
with male greenhouse workers; 

1408 referents 

R 

Harley et al, 2008 
(USA) 

mixture of pesticides, 
DDT, DDE 

402 pregnant women living in a 
farmworker community; in 289 
of them DDT and DDE serum 

levels measured. 

CS 

Sanin et al, 2009 
(Mexico) Glyphosate (herbicide) 

2592 fertile Colombian women 
from 5 regions with different 

exposure 
R 

Table 3. Studies evaluating exposure to pesticides and time to pregnancy. In italics: Studies 
that reveal no association. (CS: cross sectional study; CC: case-control study; L: longitudinal 
study; R: retrospective study; P: prospective study.)  
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6. Conclusive remarks 
It is challenging to estimate if exposure to pesticides has harmful effects on human fertility, 
because there are many factors that can influence, limit or bias the results of the studies 
related to fertility. There are two main issues that have to be considered: the methods used 
to estimate fertility and accuracy of exposure assessment. Related epidemiological studies 
use basically two methods of fertility evaluation, the semen quality analysis, which is a 
surrogate and is indirect, and TTP assessment, which is considerably susceptible to bias. As 
cited before, fecundity is the important parameter that we have to study and that is the 
capability of producing offspring and not the actual production (fertility). Fertility rates are 
increasing in developed countries but this is not a proof that fecundity is increasing too. In 
actuality, human fecundity seems to be decreasing. Fertility rates are influenced by many 
factors such as socioeconomic status, immigration, health condition and medical service, the 
practice of contraception and abortion, the sexual behaviour and frequency of intercourse, 
the methods of assisted reproduction. Given the influence of age on female fecundity, the 
effects of the baby boom generation, the evolution of the two-child family and the trend for 
marriage and childbearing later on in life, a decline in fecundity would be expected. 
The decline in semen quality overtime is still equivocal, perhaps because the standard 
assessments (count, motility and morphology) are insufficient. It is interesting that 
documented changes in semen quality are not always correlated with parallel changes in 
TTP. In the future, consideration of additional parameters of sperm quality that provide 
information about the sperm-egg binding event would be helpful. Modern techniques 
employed to evaluate DNA damage in spermatozoa such as single cell gel electrophoresis 
(COMET assay), Terminal transferase dUTP Nick End Labelling (TUNEL), sperm chromatin 
structure assay (SCSA), in situ nick translation (ISNT) as well as and sperm aneuploidy 
(FISH) have to be incorporated in future studies. 
Pesticides are endocrine disrupting chemicals warranting research to elucidate their 
mechanisms of action. Timing of exposure is critical, as the same dosage seems to have 
diverse effects in individuals of different age and exposure in critical windows of 
development (intrauterine life, neonatal period, childhood) seems to be more harmful. The 
classical dosage-effect rule of toxicology is contradicted by some EDCs and low doses may 
damage more than high doses. Individuals are often exposed to a mixture of toxicants, not a 
single agent, and the effects may be synergistic or antagonistic. The results of an exposure 
may be apparent immediately but can also become apparent on at a later stage and 
sometimes in subsequent generations, with varying susceptibility that may depend on 
genetic polymorphism. Often, studies requiring semen collection have low participation 
rates and thus the men providing sperm for analysis are usually self selected volunteers that 
may have concerns about their own fertility and may not be a true reflection of the general 
population. Geographical and seasonal variation of semen parameters make results difficult 
to compare. Most of the epidemiological studies reporting chemical exposure and semen 
quality damage are cross-sectional. In this design, the measurement of exposure and the 
possible health impairment are conducted simultaneously and, because of the factors cited 
above, results can be easily biased. A need for a longitudinal design in studies of semen 
quality is apparent. 
TTP studies are usually retrospective. TTP estimation and exposure assessment are carried 
out using questionnaires and interviews, a method relatively inexpensive, but not precise. 
Unplanned pregnancies are not included in TTP studies. Therefore, fertile couples, because 
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of mistimed, unwanted or contraceptive failure pregnancies are excluded. A percentage of 
early fetal losses is not recognised and not included in these studies. Subfertile couples are 
underestimated because of censoring prolonged time to pregnancy to a period of around 12 
months. Fertile women might be more likely to have children and be less busy in 
occupational activities and therefore less occupationally exposed (reproductively unhealthy 
worker effect). Restricting TTP studies for women attending only their first pregnancy is 
required. A prospective design that recruits couples early at the beginning of their attempt 
at a pregnancy, with more than one chemical analyses of specific pollutants per individual, 
during study period, might be less susceptible to bias and give more concrete results. In the 
majority of the studies cited above, exposure was evaluated by a simple questionnaire. 
There are few studies that directly measure the concentration of a toxicant in human tissue 
or liquids. Precise measurements of follicular fluid are more difficult to obtain. Biological 
monitoring is more precise, although with certain limits for non persistent pesticides and for 
the estimation of the primary source of exposure, since cumulative levels of pollutants are 
measured. 
In evaluating epidemiological studies of exposure to pesticides and human semen quality, 
there is suggestive evidence of an association between exposure and semen quality 
impairment. The evaluation of the scientific literature related to human pesticide exposure 
and TTP results are conflicting. However, research results in animal and in vitro studies are 
clear and suggest that pesticides can adversely affect fertility. Unfortunately, these results 
cannot be taken as proof for humans strong enough to stop or modulate pesticide 
production. In the future, pesticides might be less toxic and it will therefore be even more 
difficult to estimate their adverse effects in human fertility. The evidence for impaired 
fecundity is strong in both in vivo and in vitro studies and investigators have to cooperate in 
order to optimise the research and raise public awareness and concern. Therefore, scientists 
need to emphasize the need for stricter rules dealing with chemical safety. 
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1. Introduction    
In the last 150 years, the human population has increased very rapidly in part due to the 
generalised use of agrochemicals, which enabled the development of intensive farming of food 
crops. Large monocultures are particularly vulnerable to pests, thus pesticides became widely 
used since the 1930´s to aid producing larger crops. However, within a few decades the 
collateral negative effects of pesticides on the environment became apparent (Nimmo & 
McEwen, 1994). The first paper on adverse effects of pesticides was published in the early 
1940´s, but it was not until the 1960s that the Rachel Carsons review showed strong evidence 
of the environmental risk from the use of pesticides, particularly organochlorines such as the 
DDT (Nimmo & McEwen, 1994). This led to the search for alternatives, and in recent decades 
the organophosphorous (OPs) pesticides have become more used due to their short 
persistence in the environment and their high toxicity. These are lipophilic substances that 
penetrate through skin, and depending on their chemical structure are divided into 
phosphorotiates (e.g. methyl parathion, parathion, diazinon) and phosphoroditioates (e.g. 
malathion, dimetoate and azinfosmethyl). The biotransformation and activation pathways of 
OPs have been extensively reviewed (Jokanović, 2001). Mainly, OPs interfere with 
transmission of nerve impulses as they inhibit the activity of serine esterases, particularly the 
catalytic activity of acetilcholinesterase (AChE). The chemical reactions occur largely in the 
liver, where the OP thioeter group is oxidized to the oxon metabolite (P=S→P=O) by the action 
of citochrome P450 monooxygenases. After this biotransformation the OPs can bioaccumulate, 
or they can become immediately toxic. Because of their chemical affinity, OPs bioaccumulate 
in adipose tissues, muscle, glands, gonads and organs such as the liver, kidneys and brain 
(Vittozzi et al., 2001). Fatty tissue stores both the original form and the oxon metabolites. This 
process reduces the concentrations of free OPs in blood, yet during periods of starvation or 
stress, when stored fat is mobilized to supply metabolic energy, the OPs are released, leading 
to re-intoxication (Jokanović, 2001). Toxicity itself can occur in two ways: inhibition of 
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acetylcholinesterase, and citotoxic effects on immune cells (Vittozzi et al., 2001). Inhibition of 
AChE occurs through the interaction between P=O and the serine hydroxil group at the 
enzyme’s active site. As AChE, is responsible for the hydrolysis of the neurotransmitter 
acetylcholine (which stimulates postsynaptic response in the nervous systems and in the 
neuromuscular junction; Jokanović, 2001), the enzymes inactivation disrupts the action of the 
nervous and neuromotor systems. Citotoxicity is the result of oxidative desulphuration of OPs 
in which free radicals or reactive oxygen species (ROS) are released. Li (2007) proposed this 
mechanism because OPs affect directly the immune system by citotoxicity on T-lymphocytes. 
Moreover, the high concentration of free radicals and ROS produces protein and lipid 
oxidation, resulting in damage to cell membranes or even DNA. 
Organophosphorous pesticides cause several physiological effects –characterised by a 
diversity of symptoms- depending on time exposure and chemical concentration. Pesticides 
act at molecular level within the organisms, yet these interactions can lead to a cascade of 
effects, from the biochemical through the organism, the population, and up to the ecosystem 
levels (Walker et al., 2006; Fig. 1.). The physiological effects of OPs have been severally 
described. They can cause neurotoxic damage by AChE inhibition as shown in the 
mosquitofish (Gambusia affinis; Boone & Chambers, 1996), induce chromosome aberrations 
such as those observed in the green chromide (Etroplus suratensis), a cichlid fish from India 
and Sri Lanka (Das & John, 1999), and compromise growth and neural development in 
mammals (e.g. Abu-Qare et al., 2000). Citotoxic effects and damage to organs such as liver, 
intestine and gills have also been reported (Fanta et al., 2003), and can lead to reduced 
behavioural performance. In developing organism, exposure can result in a failure to attain 
normal weight and in reduced nestling survival (as in nestling European starlings Sturnus 
vulgaris; Parker & Goldstein, 2000). 
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Fig. 1. Acute or chronic exposure to organophosphorous pesticides induces metabolic 
changes that produce a cascade of effects in the complete organism; depending on the 
duration of the exposure and on the pesticide concentration, the physiological condition of 
the exposed organisms decreases and can lead to population decline. 
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Perhaps the most visible effects of sub-lethal intoxication with OPs are, at the individual 
level, changes in the normal behaviour (see Welsh & Hanselka, 1972 and Castillo et al., 2002 
for early and recent reports respectively); and, at the population level, demographic decline 
such as that reported by Sarma et al. (2001) for a rotifer population whose growth rate 
declined following continuous OP exposure. Although both the general mechanisms of 
action of OPs and their acute effects are well known, little has been documented on the 
consequences of sub-lethal concentrations and of chronic exposure. By definition, these 
processes would have less obvious effects than chronic/acute exposure and may only 
become apparent in the long run at the demographic level. Here we show evidence of such 
subtle effects; we deal particularly with a behavioural-ecological process -sexual selection- 
which is likely to be disturbed by sub-lethal exposure. In species in which male mating 
success depends on the production and display of costly ornaments and reproductive 
behaviours, the exposure to insecticides, organophosphorous or otherwise, may lead to 
scarcity of attractive males and thus to a reduction of the population size. 

1.1 Sub-lethal exposure and behaviour 
Behaviour is an aspect of the phenotype which integrates processes occurring at various 
levels, from cell receptors to neuromotor mechanisms, into coordinated responses whose 
ultimate function is to promote the individual's fitness. It is this integrative nature that has 
led several authors to propose that behaviour can be used to detect environmental changes 
in nature, such as those promoted by human activities. For instance, Little (1990) indicated 
that behaviour provides a “unique toxicological perspective”, because it bridges the gap 
between the biochemical approach traditionally favoured in toxicology, and the ecological 
consequences of pollution. This view was more recently repeated by Walker et al. (2006) 
who mentioned that behaviour represents the diversity of biochemical and physiological 
processes. Indeed, being a biologically meaningful response, behaviour provides ecological 
realism to our assessments of anthropogenic impact in nature.  
The term “behaviour” encompasses a very large amount of diverse phenomena. It includes 
1) events which are mostly reactive, such as tropisms (the translation of one organism 
towards an attractant like sugar or light), predator avoidance, breathing (e.g. the opercular 
movements of fish, whose rhythm is partly determined by oxygen concentration in the 
water), panting and other simple thermoregulatory activities, etc. It also includes 2) more 
pro-active activities such as foraging (active search for food using endogenous rules, rather 
than merely responding to external stimuli), building of nests and other structures (an 
activity that also requires endogenous drives) or courtship displays, whose orientation and 
timing may be determined by external stimuli, but which follow endogenous rules that are 
in many cases completely unrelated to the immediate environmental conditions (see 
Baerends 1976; Lenher, 1996). The first, more “automatic” reactive behaviours are normally 
simple in structure, relatively invariant within species or populations, and easy to record. 
Also, the performance of those simple behaviours is often rather directly related to the 
organism's condition (e.g. a physiologically impaired animal would display more sluggish 
escape reactions than a healthy individual). It is therefore clear why behavioural toxicology 
relies heavily behaviours belonging to this category, particularly when dealing with 
acute/chronic exposure.  
By contrast, behaviours in the second category are usually complex in nature, quite variable 
between individuals and populations, and consequently difficult to record in a standardised 
manner. Nevertheless, it is these behaviours that are often more closely related to important 
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components of the species' life histories. During acute exposure pro-active behaviours are 
unlikely to express themselves, and thus would be of no use to the toxicological research. 
Yet organisms exposed to sub-lethal intoxication would still display e.g. pro-active foraging 
or courtship, albeit not with the vigour, frequency or efficacy as non-exposed organisms. 
Other, less obvious but equally insidious effects of pollutants on proactive behaviours may 
include interference with intra-specific recognition (e.g. Fisher et al., 2006) or abnormal 
sexual performance through disrupting hormonal balance (Toft et al., 2003; see Markman et 
al., 2008 for an example where male performance is enhanced). It is in this context that 
recording the expression of such behaviours can alert of potentially negative consequences 
of exposure to natural populations. We shall review in the following sections the effects of 
pollutants on behavioural performance and their implications at a demographic level. 
The chemical industry has produced more than 500 compounds known to cause behavioural 
toxicity, which are classified as narcotics, excitatory agents, biochemical disruptors, 
cholinesterase inhibitors, reactive chemicals, central nervous system seizure agents and 
endocrine disruptors (details in Barron, 2002). The effects that have been associated with 
these chemicals include hyperactivity syndrome, paralysis, loss of coordination, tremors, 
ataxia, irritant responses, lethargy, etc., (Barron, 2002). Most of these effects have been 
observed following acute exposure or at high concentrations, and as mentioned above, all 
involve simple, automatic behaviours. To date, only a few studies have systematically 
investigated the behavioural consequences of exposure to sub-lethal concentrations. This is 
probably because the dominant paradigm in toxicology has been the dose-effect curve and 
the LC50 value, calculated as the concentration at which 50% of exposed individuals die. It is 
obvious that studying the consequences of exposure to LC50 provides an objective, 
repeatable experimental condition that can be compared across studies and has a clear 
definition. Yet before dying, the organisms experience different states of intoxication, by 
definition all deemed "sub-lethal", which differ in their symptoms and in their biological 
significance. Walker (1998) conceptualized the dose-effect curve as a function with 
hypothetical limits that represent biological responses. Between the hypothetical limits “c” 
(where compensatory mechanism can arrest the onset of overt disease) and "r" (beyond 
which repair mechanisms cannot longer prevent pathological damage), the behavioural 
symptoms enlisted above can be observed and are linked with impaired physiology and 
pathological damage (Fig. 2). However, there are less obvious behavioural modifications 
that are not necessarily directly linked to neurotoxicity. For example, as part of the M74 
syndrome characterised by high mortality of salmon (Salmo salar) fry in the Baltic Sea 
(recorded between 1974 and 1993 and possibly brought about by exposure to organochlorine 
pesticides), both female and male adult fish showed abnormal swimming behaviour and 
general lethargy. During the early stages, fish showed anoxia, low levels of carotenoids and 
antioxidants such as α-tocopherol and ubiquinone (Börjenson & Norrgren, 1997). In 
addition, Baltic salmon presented induction of catalytic activity of cytochrome P450 
enzymes and low levels of thiamine, which produced oxidative stress and "deficient 
behaviour". Although in cases such as that of the M74 syndrome the link between 
behavioural and physiological impairment is evident, it is still debated whether animal 
behaviour is a useful parameter to incorporate in toxicological tests. The main arguments 
against are that field observations are difficult to quantify and that the best studies are 
focused on behaviours that are of little ecological relevance (Walker et al., 2006). The first 
criticism is easily rebutted, as it can be overcome with improved recording methods 
(including new remote-sensing technologies). The second argument highlights the need to 
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identify those relevant behaviours which are likely to be affected by sub-lethal exposure and 
to influence fitness. As we saw above, complex, pro-active behaviours such as foraging and 
courtship are good candidates to unmask biologically relevant effects of sub-lethal exposure 
in natural populations. 
 

 
Fig. 2. The majority of behavioural changes registered during chemical exposure occur 
between “c” and “r”, which define the conditions where disease can be fought and 
pathological damage averted by compensatory and repair mechanisms (modified from 
Walker, 1998). 

1.2 Sub-lethal exposure of OPs and intersexual selection 
There is a recent trend to look into the effects of pollutant exposure on animal behaviour. 
Particular attention have received organophosphorous pesticides because these are 
neurotoxic and lipophilic chemicals which inhibit acethylcholinesterase (AChE) catalytic 
activity and detrimentally affect the expression of behaviour (see above). Their reputedly 
short persistence in nature and their high toxicity were the reasons why OPs substituted in 
the last decades the organochlorine pesticides formerly used in agriculture. We have learned 
that OPs can persist at low concentrations for more than 200 days in freshwater ecosystems 
(Bonderenko & Gan, 2004). This is a short persistence in nature compared to the decades of 
the DDT half life, but even if present for only a few days, OPs become available for- and are 
incorporated (bioaccumulate) into aquatic fauna (De la Vega-Salazar et al., 1997), often with 
adverse consequences.  
One obvious way in which behaviour is influenced by pesticides is through their 
teratological effects during embryogenesis. For instance, malformations produced by sub-
lethal exposure to OP during embryonic development also cause deficient swimming 
(Bonfanti et al., 2004; Arellano-Aguilar & Macías Garcia, 2009). Pesticides can also have 
direct adverse effects on swimming behaviour when these interact with AChE activity, as is 
the case of OPs, or when they interfere with other and physiological processes (see Jones & 
Reynolds, 1997). For instance, Boone & Chambers (1996) demonstrated that more than 70% 
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of AChE activity is inhibited in the mosquitofish (Gambusia affinis) between 4 and 12 hr after 
sub-lethal exposure to OP pesticides such as methyl parathion (8 µg/ml concentration), 
chlorpyrifos (0.1 µg/ml) and parathion (0.1 µg/ml), and the physiological damage was 
accompanied by abnormal swimming behaviour. In fact, behavioural damage can become 
evident as quickly as the earliest symptoms of physiological damage. For instance, in the 
armoured catfish Corydoras paleatus, gill damage is evident one hour after exposure to 0.083 
µg/g of methyl parathion, coinciding with the onset of a decrease in swimming activity that 
reaches between 30% and 40% three days later. Damage to the intestine and liver tissues 
becomes apparent only after four hours of exposure (Fanta et al., 2003). It is clear that a 
reduced motor performance can influence survival, yet in most cases it happens only after 
long-term exposure or following acute intoxication. More subtle behavioural effects are 
likely to follow sub-lethal exposure. We expect that organisms exposed to low 
concentrations of OPs will be more vulnerable to predation and their foraging behaviour 
will be sub-optimal. Another hypothesis is that OPs should interfere with mating behaviour. 
Surprisingly, in spite of having been proposed more than a decade ago (Jones & Reynolds, 
1997), this possibility has seldom been investigated. In the following sections we present 
some recent results of our research on the links between exposure to insecticides and sexual 
performance. First we review the basic concepts relating sexual displays, ornamentation, 
male condition and female mate choice. 
Charles Darwin (1871) developed the concept of intersexual selection (normally female choice) 
to explain the existence of structures in the males that appear to defy natural selection. Three 
mechanisms have been proposed to explain why ornaments can evolve through female choice: 
direct benefits, indirect benefits, and exploitation of female sensory biases (see review in 
Andersson 1994). Males may advertise with the quality of their ornaments their capacity to 
provide direct benefits to females such as food, nutrients, parental care or good territory. The 
term "indirect benefits" refers to two different processes: runaway sexual selection (Fisher, 
1930), and handicap (Zahavi, 1975) or "good genes" (Andersson in 1994). The handicap 
mechanism proposes that phenotypic quality is to some extent based on genetic variants 
which correlate with the expression of secondary sexual characters. The runaway model 
proposes that the genes responsible for the production of the ornaments and those responsible 
for the female preferences are jointly inherited, although their phenotypic effects are sex-
linked. According to this model it is not necessary that the genes responsible for the ornaments 
affect survival or fecundity (Futuyma, 1998). In the case of “indicator mechanism,” the 
attractive male traits reflect genetic/health condition (condition-dependent indicator models) 
and are preferred by the females because they provide genetic benefits for her offspring. Thus, 
male traits correlate positively with male fitness (Andersson & Simmons, 2006). Finally, the 
sensory bias mechanism proposes that females are particularly responsive to certain attributes 
of the environment, for instance food items, which are imitated by the male ornaments 
(Andersson & Simmons, 2006). Of course, these mechanisms are not mutually exclusive.  
The environment normally plays a significant role in the outcome of mate choice. This is in 
part because ornaments can evolve to signal male genetic or environmental quality (or both; 
Cotton et al., 2004). For instance large body size in both females and males is favoured by 
sexual selection because large traits generally correlate with fecundity or fertility (Curtis & 
Stoddard, 2003; Basolo, 2004). Yet, body size often varies with environmental factors such as 
temperature, food availability, social interactions, geographic distribution (Yom-Tov & 
Geffen, 2006), thus adaptive mate choice tracking changes in body size would uncover the 
environmental factors responsible for the size change, such as pollution with pesticides.  



Organophosphorous Pesticides Exacerbate  
the Demographic Consequences of Intersexual Selection in Fish   

 

533 

The consequences of pollution in water bodies are diverse, but can be grouped into two 
categories: 1) changes in abiotic parameters related to water quality such as transparency, 
dissolved oxygen and nutrients, and 2) presence of toxic substances. For example, 
eutrophication produces an increase in turbidity in which visual components of mate choice 
are affected. Seehausen et al. (1997) demonstrated that eutrophication has provoked 
biodiversity loss amongst native cichlid species in Lake Victoria because a reduced 
transparency has affected sexual selection based on coloration, which is responsible for 
maintaining reproductive isolation among sympatric species. Eutrophication also reduces 
the concentration of oxygen, and Reynolds & Jones (1999) observed that low oxygen 
condition produces a reversal of female mating preference in common gobies 
(Pomatoschistus microps). At normal concentrations of dissolved oxygen, goby females prefer 
males that already have eggs under their parental care over those without eggs, but female 
choice is reversed at 35% dissolved oxygen, presumably because large egg masses demand 
more oxygen than small clutches. Chemical compounds can also interfere directly with 
female choice in relation to their mechanism of action. For example, endocrine disrupting 
chemicals such as 17β-estradiol (E2), 17α-ethinylestradiol, 4-tert-octylphenol (4OP), 
phthalates and alkylphenols interact with estrogenic receptors in the brain, causing 
reproductive behavioural changes, which would not be necessarily related to female choice. 
Bjerselius et al. (2001) observed a reduction in following behaviour in male goldfish (Carassius 
auratus) after exposure to 1µg E2/L and 10µg E2/L. An opposite effect was found by Toft & 
Baatrup (2003), who reported an increase in courtship behaviour in guppies (Poecilia 
reticulata) exposed to 100µg 4OP/L.  
In the case of neurotoxic compounds such as OPs, several studies have reported effects on 
swimming behaviour (see above), however Arellano-Aguilar & Macías Garcia (2008) 
reported for the first time the non-neurotoxic effects of OP pesticides on intersexual 
selection in the Amarillo fish (Girardinichthys multiradiatus). This report showed that sub-
lethal exposure to methyl parathion during embryonic development affects the condition of 
adults and their attractiveness to choosy females; particularly male ornaments (size and 
colour) and courtship display (details of experiment below). Following Arellano-Aguilar & 
Macías Garcia (2008) report, Cothran et al. (2010) could not find evidence that another OP, 
malathion, at sub-lethal concentration affects female mate choice in American amphipods 
(Hyalella sp.). However, there are good reasons to expect that any chemical compound that 
interfere with sexual signal expression would negatively influence mate choice. 
Accordingly, Secondi et al. (2009) found that realistic nitrate concentrations affect the sexual 
trait size in newts (Triturus helveticus), reducing the sexual attractiveness of males. Female 
newts showed a clear preference for unexposed males (Secondi et al, 2009), a behavioural 
response similar to that observed in the experiment with Amarillo fish. Clearly more 
research is needed to understand the ecological and evolutionary implications of the 
interaction between low concentrations of pollutants and sexual selection. 

1.3 Demographic consequences 
The demographic consequences for a population may not be apparent at the time of 
exposure, but become evident in the long run, even after several generations have passed. 
Pollutants may perturb the population dynamics or even irreversibly impair its survival. 
Walker et al. (2006) mentioned that in chronic pollution, populations of some species might 
decline and eventually become extinct, or they may recover, persist or even increases. To 
improve our capability to predict the possible outcome of pollution it is necessary to know 
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the dynamic of the focal populations, through gathering accurate estimates of some 
demographic parameters such as sex ratio, age structure, age-specific fecundity and 
mortality, and rate of increase or growth rate. These parameters can be used to make 
reasonable predictions of the populations' growth or decline, and to determine the impact of 
particular life stages on the demographic behaviour of the population. They are obtained by 
directly counting (or sampling) the individuals and tallying their survival, mortality and 
fecundity. From those data indirect measures such as the sex ratio, the proportions of new 
born, young and adults and the population age structure are then calculated and used to 
estimate growth rates (Skalski et al., 2005). 
One of the simplest ways to verify if a population is increasing or decreasing is subtracting 
the number of the individuals at a posterior time (Nt+1) against the current population size 
(Nt). The difference is the number of individuals added or lost in the next generation. It is to 
be expected that the number of individuals some time in the future (Nt+1) is affected by the 
population size (N), the number of births and of deaths in the current generation. It would 
be also necessary to determine whether there are immigrants to add and/or emigrants to 
subtract from the current population size, but it is often assumed for simplicity that 
populations are closed and that no immigration or emigration takes place.  
In continuous population growth, where births (B) and deaths (D) are constantly occurring, 
the rate of change in population size during a given period (dt) is:  

 dNt/dt=B-D (1) 

The instantaneous birth rate (b), or the number of births per individual per unit time is 
calculated by the total number of births divided by the total numbers of individuals, b=N/B. 
Similarly, the instantaneous death rate (d) is the division of the total number of deaths 
between the individuals, d= N/D. From these equations; 

 dNt/dt=(b-d)N (2) 

Thus (b-d) represents the intrinsic or instantaneous rate of increase (r), which is the per capita 
rate of change, or growth rate, of the population per unit time. The value of r is important as 
it reflects the vitality and the potential of the population to increase. If the intrinsic rate of 
increase r>0, the population increases, if r=0, the population size remains stationary and r<0 
indicates that the population is decreasing. 

 dNt/dt= rN (3) 

A modification of the above is necessary when birth and death rates are not continuous. In 
many species births are discrete events that occur one or more times a year, at specific times 
or seasons (e.g. in the spring). In those species deaths may also occur at discrete periods in 
the year. In these cases r should be replaced by the finite rate of change (λ) which represents 
the proportional change in abundance from time t (Nt) to time t+1 (Nt+1). The finite rate of 
increase (λ) is the growth rate per period of time (usually a year) and it is calculated as 
follows: 

 λ = Nt+1/Nt (4) 

Just as before, λ>1 indicates that the population is increasing; λ=1 indicates a stationary 
population and λ<1 indicates a decreasing population. For example, λ=1.17 represents a 17% 
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of increase in the population between t and t+1.There are several methods to calculate r and 
λ, including the Lotka equation based on fecundity rate, and population projection Leslie 
matrices based on survival rates (Leslie 1945; Skalski et al., 2005). 
These parameters (r and λ) are used commonly to describe the population growth and to 
compare growth rates among populations of the same or different species. 

 λ= er, or equivalently, r= ln λ (5) 

To characterise demographic parameters such as absolute growth rates (r and λ) is not 
enough to ensure the conservation of a population. This also requires knowledge of the 
genetic status of the population, including how much genetic diversity it harbours, what is 
the degree of inbreeding amongst its members, whether it is subject to genetic drift, its 
mutation load and its effective population size (related to the mating system). The effective 
population size (Ne) is a crucial attribute: it is a genetic measure of the number of 
individuals needed to maintain the same genetic diversity between generations. As it is 
directly related to the rate at which genetic diversity is lost, Ne also measures the rate at 
which genetic drift affects the population (Rieman & Allendorf, 2001). In general, 
quantifying the amount of genetic diversity within a population or species is of the utmost 
importance in conservation genetics (Crandall et al., 1999), and no other genetic parameter 
affects the population demography as much as Ne, which is why the concept of effective 
population size has played an important role in the conservation genetics of endangered 
species. 
Populations often have unequal numbers of males and females mating and contributing to 
the next generation. But, regardless of the total number of individuals, both sexes contribute 
an equal number of genes (Allendorf & Luikart, 2007). The effective size of a population 
with unequal numbers of males and females mating randomly is calculated as: 

 Ne= 4Nm Nf/ Nm +Nf (6) 

Where Nm and Nf are the quantity of breeding males and females, respectively. Therefore, 
the effective population size (Ne) is slightly smaller than the absolute population size (N; 
Kimura & Crow, 1963). On the other hand, if there is sexual selection acting on the 
population, where mating is biased in favour of only a fraction of the members of one sex, 
one of the consequences is an even greater reduction of the number of reproductive adults 
that contribute to the next generation.  
Although sexual selection reduces the probability that deleterious mutations get fixed 
(because fit individuals are chosen by females attracted by their ornaments), it also affects 
the population genetic structure by reducing the level of heterozygosity (Kimura & Crow, 
1963; Futuyma, 1998). Strong directional selection means that some alleles become fixed and 
in a short time the population becomes monomorphic as it loses the additive genetic 
variance underlying the expression of traits (including those used in mate choice; Merilä & 
Sheldon, 1999). In those circumstances genetic diversity would be strongly influenced by 
inbreeding, genetic drift and genetic bottlenecks (Price, 2005), and populations would be 
therefore more vulnerable to mutation loads and demographic stochastic fluctuations 
(Kimura et al., 1963). For instance, Bailey et al. (2007) explored the genetic variability of wild 
and captive populations of two fish species with intense sexual selection. They found that 
low effective population size contributes to increasing the risk of local extinction. The effect 
is more severe when anthropogenic factors such as pollution, introduction of exotic species 
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or overfishing are also present because both the population size and Ne are affected. In the 
next section we describe a project designed to understand the mechanism that may reduce 
Ne in a species under intersexual selection when it is also exposed to pollutants. 
Ecotoxicological studies have focused on demographic changes, using population growth 
rate as the key measure of the possible long-term effects of pollution. We attempted to 
gather evidence to support our view that the concept of effective population size (Ne) plays 
an even more important role in the management and conservation of threatened species. 

2. A case of study 
2.1 The organophosphate methyl parathion and the fish Girardinichthys multiradiatus 
We shall illustrate how the exposure to an orgonophosphate -methyl parathion (MeP)- can 
exacerbate the demographic consequences of intersexual selection in the Mexican fish 
Girardinichthys multiradiatus. First we will briefly describe the peculiar attributes of the focal 
species and the pollutant involved. Then we will describe the different levels at which MeP 
adversely affects this fish. We will demonstrate how pesticides can affect the individual's 
phenotype, specifically the male ornaments, and how this consequently affects their 
attractiveness. We will then look into the effects at the population level; we will show the 
immediate demographic consequences and those that take place over successive generations 
of MeP exposure. Our data are mostly the result of experiments in which fish were exposed 
to different concentrations of MeP administered at different life stages. The study was 
carried out in a paradigm of artificial selection in a captive environment.  
Our model is the topminnow Girardinichthys multiradiatus. This is a small fish that belongs to 
the Mexican Goodeidae, a group of viviparous fish in which sexual dimorphism is the norm. 
Males have large and more colourful fins than females and exhibit a complex courtship 
display (Macías Garcia, 1994). Females mating preferences are based on visual attributes like 
sexually dimorphic median fins, dimorphic colours and colour patterns (especially the yellow 
colour of the fins) and conspicuous courtship dances (Macías Garcia and Saborío, 2004). Fish in 
this species can detect UV light, and body reflectance in this wavelength is used also in female 
mate choice (Macías Garcia and Burt de Perera, 2002). Girardinichthys multiradiatus inhabits 
shallow areas in lakes, wetlands, streams and dams in the upper Lerma basin on the Mexican 
Central Plateau (Macías Garcia, 1994; Uribe, 2005). Its geographic distribution is restricted to 
about 11 sites (including streams and rivers) in the region of the Country where economic and 
industrial development is growing at a faster rate, besides being occupied in ca. 55% by 
agricultural activities (SNIARN 2006). Both their restricted distribution and reproductive 
biology -including viviparity and stringent female mate preferences- predispose the Mexican 
Goodeidae (or Goodeinae) to suffer from environmental fragmentation and other 
anthropogenic influences. In fact the principal factors of population decline in this family are 
desiccation and habitat destruction. Additionally, eutrophication, introduction of exotic 
species and pollution are also responsible for the ongoing increase in the rate of local 
extinction (De la Vega-Salazar & Macías Garcia, 2005). The Goodeinae encompass some 16 
genera with ca. 42 species, of which 22 are in some category of risk (8 endangered, 9 
threatened, 3 in extreme danger of extinction and 2 extinct in nature; Contreras-Banderas, 
2005; De la Vega-Salazar et al., 2005). The International Union for the Conservation of Nature -
IUCN Red list (1998) considers G. multiradiatus as vulnerable. 
Through their natural range Goodeine fish are exposed to several pesticides, including the 
insecticide methyl parathion (MeP). This is an organophosphate largely used on a number 
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of economically important agricultural crops such as cotton, soybean, corn, wheat, rice and 
bean (Garcia et al., 2003). The MeP used as pesticide reaches the ground and through 
percolation gets into the water bodies. MeP has a combination of chemical and physical 
properties that make it soluble in most organic solvents and also in some inorganic 
compounds, which is why this pollutant can easily enter into the aquatic systems. 
Girardinichthys multiradiatus is exposed to MeP in the field, where pregnant females show a 
negligible concentration in their tissues, about one order of magnitude below that in the 
tissues of the embryos they carry (De la Vega-Salazar et al., 1997). 

2.2 What are the effects of early sub-lethal exposure of MeP in G. multiradiatus? 
Two experiments were carried out to assess whether G. multiradiatus is negatively affected 
when exposed to sub-lethal concentrations of MeP; both involved contaminating a group of 
individuals with MeP and comparing the effects with a control group. The experimental 
design was planned a priori to reduce as much as possible the sources of variation and to 
increase the power of the analysis. Fish were maintained in aquaria at 25±2°C and under a 
12h dark/12h light photoperiod. In the first experiment (part two) we used a paternal half-
sib protocol because we presumed that secondary sexual traits are heritable in this species. 
In the first experiment we used the second generation of fish collected in the wild (at San 
Juanico; 19°55’ N, 99° 47’ W), which had been kept in outdoor ponds at the Institute of 
Ecology-UNAM, Mexico (details in Arellano-Aguilar & Macías Garcia, 2009).  
First we calculated the LC50 and the bioaccumulation curve by feeding the fish 0.1 g of 
spiked food per day. Individuals at the start of the experiment were of the same age, weight 
and length. We used a gradient of MeP concentrations (0.001-0.165 μg MeP/g dry weight of 
food) for 30 days, and compared the effects with control fish kept under the same conditions 
and fed un-spiked food. Fish were measured (mm) and weighed (g) at the beginning and at 
the end of the experiment, and growth was calculated as the percentage of initial body 
length ([final length-initial length/initial length] x 100). As reported originally (Arellano-
Aguilar & Macías Garcia, 2009) the accumulation of MeP in adult G. multiradiatus follows a 
dose-dependent relationship. Fish exposed to concentrations of 0.008, 0.02 and 0.04 μg of 
MeP for 30 days showed a reduction in size and weight. In addition, MeP was lethal at 0.165 
μg/g. Bioaccumulation of MeP was measured in fish from each concentration using gas 
chromatography. This allowed us to determine the amount of MeP that should be added to 
the food given to pregnant females in order to mimic the concentrations reported in wild 
fish (De la Vega-Salazar et al., 1997). This procedure did in turn enable us to evaluate the 
consequences of pre-natal exposure to realistic concentrations on adult reproductive 
performance. As expected from sub-lethal concentrations, pregnant females exposed to 
0.005, 0.01 and 0.1 μg/g did not show any negative effect, but they delivered varying 
proportions of malformed offspring. The main teratogenic effect was spinal cord 
malformation (scoliosis), which could be a consequence of inhibition of AChE during 
embryonic development. Around 60% of the total offspring exposed via mother to 0.005 μg/ 
g MeP was apparently normal and survived to adulthood. 

2.3 Are there consequences of early MeP in adult fish? 
We examined the morphology and behaviour of adult fish which had been prenatally 
exposed to realistic concentrations of MeP. Adult males were presented with one matched-
pair of non-pregnant females each. After 10 days, females were isolated in independent 
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tanks, where they remained until parturition. One female from each pair was fed food 
containing a concentration of 0.005μg MeP/g (dry weight) and the other female was feed 
uncontaminated food. Shortly after birth each newborn brood was transferred to a MeP-free 
40 l aquarium until sexes could be distinguished, when each individual was isolated in 
cylindrical compartments and placed in single-sex aquaria. Survival of newborn offspring 
prenatally exposed to 0.005μg MeP/g was comparable to that of control fish up to 
adulthood (90 days of age), yet morphology and behavioural performance were 
compromised. Dimorphic fins were less developed, colour duller, and reproductive 
behaviour (frequency and duration of courtship displays ) less energetic in exposed than in 
control fish. The results (reported in Arellano-Aguilar & Macías Garcia, 2008) showed also 
that exposed fish were smaller than controls, and that the development of their ornamental 
fins did not resemble that of their fathers, whereas it was significantly heritable in their 
control half sibs (h2=2m= 1.13±0.096). 

2.4 Early exposure to sub-lethal dosages of MeP impairs male ornamentation; does it 
affect male attractiveness? 
Having established that embryonic exposure to low concentrations of MeP negatively affects 
male ornamentation and courtship behaviour, we evaluated whether this would have 
reproductive consequences. Test were conducted in aquaria divided into three compartments, 
the central one being occupied by a female and the lateral compartments being used to place 
one control and one exposed male in each. Both experimental and control females were tested 
in their preferences. We recorded frequency and duration of female visit and frequency of 
copulation attempts for 20 min, and found that both types of females had significant 
preferences for control males, thus we conclude that exposed males were less attractive to 
female than their control half-siblings (Arellano-Aguilar & Macías Garcia, 2008).  

2.5 Sub-lethal exposure to MeP affects the individual; are there population 
consequences over the long term?  
The following experiment was designed to find out whether the exposure to 0.005μg of MeP 
had consequences at the population level and through generations. We used this 
concentration because it appears, from our experiments summarised above, that it has no 
direct effects on the individuals, but when pregnant females are exposed to this 
concentration, their offspring grow to be less attractive and court less vigorously than 
control fish. We collected pregnant females from a location in the upper Lerma basin 
(Salazar, 19° 18.33´ N, 99° 23.35´ W), and all the experiments were conducted on their 
progeny in the laboratory. Each generation was kept in aquaria only until the females gave 
birth, when all adults were removed and their descendants left to constitute the next 
generation. In this way we equalled one generation with one cohort. For example, the 
offspring born from females collected in the field (parental generation, or P), were separated 
from their mothers and were considered generation F1. We did not use the females from the 
field as the parental generation in order to avoid the potential effects of unrecorded 
variables. Members of F1 were distributed into a control and an experimental (exposed) 
group. Once they reached adulthood (at 90 days of age) experimental fish were exposed to 
food laced with 0.005μg of MeP/g of dry weight.  
First we verified the results of the original experiments. As in the previous report (and in 
Arellano-Aguilar & Macías Garcia, 2008) we also measured morphological characters and 
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Fig. 3. Morphological measures of Girardinichthys multiradiatus and, within circles, the places 
where colour (reflectance) was measured by spectrophotometry. Numbers denote the 
measures that have been systematically found to influence female preferences, and letters 
indicate measures not known to influence female mate choice. 

the attractiveness of the males, with the difference that here we did not use a half-sibling 
protocol, as we were interested in assessing the effects at the population level. Since the half-
sibling protocol reduces the genetic variance between individuals, it is reasonable to expect 
differences between the two experiments. To confirm whether males exposed prenatally to 
sub-lethal concentrations of MeP grow to be morphologically unattractive adults, we 
followed the protocol used by González Zuarth & Macías Garcia (2006), and measured in 
males and females six attributes historically associated with female mate choice (1 to 6 in 
Fig. 3), and four not associated with it (A to D). The measures were then entered into a 
principal components analysis (PCA). This protocol was repeated for three generations. 
The first component of the PCA (PC1; 74.18% variance explained) gave large loadings to 
measures related to fish size, whereas the second component (PC2; 20.84% variance 
explained) reflected sexual dimorphism. Together these components explained most of the 
morphological variance in our experiments (95.02%; Fig. 3). An ANOVA revealed that fish 
varied significantly in their PC1 scores (F1,219=53.82, p=0.000). The difference between sexes 
in the PC1 was also significant (F1, 219=48.23, p=0.000), with females being normally larger as 
in most viviparous fish. A decrease in size (PC1) among the three generations was 
significant in females (F1,143=57.05, p=0.000) and males (F1,75=9.05, p<0.001), and there was 
also a significant interaction between generation and sex (generation X sex; F1,219=5.33, 
p=0.005; Fig. 4) implying that females (whose size is tightly related to fecundity) become 
smaller in captivity. There was also a significant effect of generation in the PC2 of females 
(F1,143=8.30, p<0.001), whose morphology became increasingly different from that of males. 
More direct comparisons of size showed that the relative depth (the ratio of measures 1/2) 
decreased across generations in both females (F1,143=26.80, p=0.000) and males (F1,75=6.77, 
p<0.005), but the relative fin size decreased significantly only in males (F1, 75=20.03, p=0.000), 
where it is beyond the ecological optimum by the action of female mate choice (Macías 
Garcia et al., 1994). Unexpectedly, tail size decreased across generations in both females 
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(F1,143=35.14, p=0.000) and males (F1,75=17.62, p<0.001). There was no significant difference in 
the eyes' measurements. All the differences over the three generations were due to a 
significant reduction in size. In addition, experimental females in the second generation 
were significantly smaller than control females (F1,31=4.70, p=0.038; Fig. 4). 
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Fig. 4. Principal Component Analysis (PCA) of body measures. The first principal 
component captured most of the variance in size, and the second reflects sexual 
dimorphism. There was a decrease in size across generations in both sexes, and it was 
significantly large for females (the larger sex, where fecundity is related to size) in the 
second generation.  

Fish colour was measured with a spectrophotometer and assessed with appropriate 
software (Spectra Suite). We analysed the UV (360-400 μm), yellow (500-630 μm) and total 
chroma (360-740 μm) reflectance measured at eight different regions of the body and fins 
(see Fig. 3). The areas measured and the regions of the spectrum selected were chosen 
following previous studies showing their relevance for sexual selection. The UV reflectance 
decreased significantly on the third generation (F1, 227= 189.75, p= 0.000), in both sexes (F1, 

227= 24.72, p= 0.000), and was also lower in the experimental group (F1, 227= 4.01, p= 0.046) 
than in control fish. The carotenoid (yellow) colour of the dimorphic fins showed an 
unexpected significant increase among generations; fin yellow reflectance was higher in the 
third generation in both males and females (F1, 227= 208.57, p= 0.000). Still, prenatal exposure 
to MeP also affected dimorphic yellow chroma, with the fins of experimental males showing 
a reduced reflectance in the yellow region than those of control males (F1, 227= 5.03, p= 0.026). 
Finally, total chroma decreased among generations (F1,227= 16.91, p= 0.000) but was 
significant higher in control (F1,227= 6.52, p= 0.001) than in experimental males.  
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Fig. 5. Females in the first and second generation made as many visits to experimental and 
to control males, but their visits to the former were shorter in the second generation. 

Attractiveness was as assessed by measuring female preference in dichotomous tests as 
before. We found (Fig. 5) that in the first generation there were no differences in the 
frequency (t1, 71=-1.01, p>0.05) or the duration (t1, 71=-0.30, p>0.05) of the visits by the females 
(control or experimental) to the males; females visited for as long, and as frequently, the 
experimental and the control males. The results in the second generation were different. 
Females again made the same number of visits to both types of male (t1, 34=3.90, p>0.05), but 
their visits to the control males were on average longer (t1, 196.12=2.01, p=0.047), and thus 
spent significantly more time next to control than to experimental males (t1,34= 3.82, p=0.002). 
This seems to reflect a cumulative effect of the pesticide. The females did not discriminate 
between males in the first generation, but could distinguish in the second generation and 
preferred to remain associated with control males. It is interesting to remember that there 
were no differences in morphology between treatments in this generation, thus we propose 
that the female preference for control males in the second generation was due to differences 
in behaviour, in particular to courtship displays. 
We followed two strategies to analyse the demographic data from this experiment. First we 
analysed the original data, and then we estimated population dynamics projections using a 
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random re-sampling procedure. We did find a decrease in the population size over the 
generations, seemingly due selection to adapt to captive conditions. This pattern was 
confirmed by our re-sampling analysis, which seems to suggest, nevertheless, that the 
experimental populations decrease more rapidly than the control ones (Fig. 6). However, 
there were some demographic patterns that differ between treatments. The number of 
offspring born was similar in control and in experimental tanks in every generation (F=0.74, 
p= 0.39), but experimental offspring had a higher early mortality rate (< 1 month old) than 
control fish (F=6.63, p= 0.011). We also found that the frequency of fish with malformations 
(such as scoliosis, lordosis, etc.) in the experimental group was significantly higher than in 
the control group (Fig. 7; F=5.52, p=0.020). 
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Fig. 6. The intrinsic growth rate of captive populations of Girardinichthys multiradiatus 
(confidence intervals from 1000 bootstrapped simulations) decrease from between 
generations due to selection to the aquarium conditions, but also in response to intra-ovary 
exposure to MeP. A similar pattern was observed in fecundity, which decrease between 
generations, was lower for exposed fish (and decreased faster for experimental fish). 

3. Conclusions 
It is uncertain wheter alternative technologies will ever be developed to help producing 
large crops without the need of pesticides. Genetic manipulation may hold a key, yet for the 
moment we are forced to use pesticides and to try to minimise their collateral, unintended 
effects. One traditional approach to assessing the risks inherent to pesticide use has involved 
measuring the consequences of exposure to lethal concentrations –at least to LC50 – and has 
largely negleted the effects of lower concentrations. Indeed, it is impractical to evaluate  
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Fig. 7. The proportion of offspring born with deformities (mostly scoliosis) was significant 
larger (*) in fish exposed to MeP before birth than in controls. In the latter the incidence of 
those malformations remained below 10% in all generations, whereas in experimental fish it 
increased to more than one third in the last generation. 

natural populations exposed to sub-lethal concentrations of pesticides, not least because 
effects of such exposure may be subtle, and subtle effects require large sample sizes to be 
detected. We propose that bioassays relying on ecologically relevant complex behaviours 
may facilitate the task. Unlike the relatively simple, reactive behaviours normally included 
in toxicological tests, the complex sequences of behaviour involved in courtship or foraging 
activities constitute the integrative outcome of many physiological and developmental 
processes, and are thus more likely to provide evidence of toxicological damage. Their 
study, however, requires consideration of Behavioural-Ecological theory, and the use of 
tools from Population Ecology and Genetics. Our initial results studying the effect of 
methyl-parathion on a sexually dimorphic fish are encouraging. We have shown that pre-
natal exposure to a sub-lethal concentration of the insecticide increases the probability that 
offspring are born with defects. Surviving offspring grow to become unattractive adults, the 
males are shunned by their females and the females' fecundity is diminished. The effects 
accumulate through generations and together can compromise the survival of populations. 
This is likely to be a general effect in species where sexual selection is intense, and 
demonstrates the need to incorporate Behavioural Ecology and the study of sub-lethal 
effects in the growing field of Ecotoxicology. 
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1. Introduction 
A vast number of pollutants and waste materials including heavy metals are disposed into 
the environment per annum. Approximately 6 x 106 chemical compounds have been 
synthesized, with 1,000 new chemicals being synthesized annually. Almost 60,000 to 95,000 
chemicals are in commercial use. According to Third World Network reports, more than one 
billion pounds (450 million kilograms) of toxins are released globally in air and water. The 
contaminants causing ecological problems leading to imbalance in nature is of global 
concern. The environmentalists around the world are trying to overcome this by several 
means. However, although they are raising their voices at international platforms regarding 
the depletion of natural resources; little attention is given to their words and many 
substances are still used without caring of the adverse consequences (Shukla et al., 2010). 
Among these chemicals we can find pesticides, which are defined as any substance or 
mixture of substances which are used to control destructive pests such as insects, plant 
disease organisms and weeds, including many other living organisms such as nematodes, 
arthropods other than insects, and vertebrates that endanger our food supply, health, or 
comfort. In particular, the term pesticide refers to chemical substances that alter biological 
processes of living organisms deemed to be pests, whether these are insects, mould or fungi, 
weeds or noxious plants. Pesticides are widely used in most areas of crop production to 
minimize infestations by pests and thus protect crops from potential yield losses and 
reduction of product quality (Damalas, 2009). These pests potentially cause damage or 
interfere in any other way in the production, elaboration, storage, transport, or 
commercialization of food, agricultural products and wood products or animal food. 
Pesticides may be given to animals to prevent insects, arachnids or other plagues in or over 
their bodies (FAO, 2002). 
Certainly, pesticides have improved longevity and quality of life, chiefly in the area of 
public health. Insect control programs have saved millions of lives by combating diseases 
such as malaria, yellow fever and typhus. In addition, the use of pesticides constitutes an 
important aspect of modern agriculture, as they are absolutely necessary for economical pest 
management (Gouma, 2009). The most promising opportunity for maximizing benefits and 
minimizing risks is to invest time, money, and effort into developing a diverse toolbox of 
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pest control strategies that include safe products and practices that integrate chemical 
approaches into an overall and ecologically based framework which will optimize 
sustainable production, environmental quality, and human health (Damalas, 2009). 
However, the application of pesticides may cause adverse effects among the different forms 
of life and among the ecosystems; this will depend on the sensibility grade of the organisms 
and the pesticide (CICOPLAFEST, 2004). Approximately 90% of agricultural pesticide 
application never reaches its target organisms but is, instead, dispersed through the air, soil, 
and water. As a result, they are routinely detected in air, surface and ground water, 
sediment, soil, vegetable, and to some extent in foods. In addition, many soil-applied 
pesticides are also intentionally introduced into the soil environment for the control of soil 
borne pests and pathogens, which results in the accumulation of their residues and 
metabolites in soil at unacceptably high levels (Gamón et al., 2003; Shalaby & Abdou, 2010). 
The inadequate application practice is one of the most important ways of pollution, which 
has a profound impact not only on the soils of the areas in which they are applied. Pesticides 
are washed into aquatic ecosystems by water runoff and soil erosion. Pesticides also can 
drift during application and contaminate aquatic systems. Some soluble pesticides are easily 
leached into streams and lakes. Wild birds and mammals are damaged and destroyed by 
pesticides and these animals make excellent “indicator species”. Deleterious effects on 
wildlife include death from the direct exposure to pesticides or secondary poisonings from 
consuming contaminated food; reduced survival, growth, and reproductive rates from 
exposure to sub-lethal dosages; and habitat reduction through the elimination of food 
resources and refuges. Pesticides easily find their way into soils, where they may be toxic to 
arthropods, earthworms, fungi, bacteria, and protozoa. Small organisms are vital to 
ecosystems because they dominate both the structure and function of ecosystems. Like pest 
populations, beneficial natural enemies and biodiversity (predators and parasites) are 
adversely affected by pesticides. Fungicides also can contribute to pest outbreaks when they 
reduce fungal pathogens that are naturally parasitic on many insects. When outbreaks of 
secondary pests occur because their natural enemies are destroyed by pesticides, additional 
and sometimes more expensive pesticide treatments have to be made in efforts to sustain 
crop yields. This raises the overall costs and contributes to pesticide-related problems. In 
addition to destroying natural enemy populations, the extensive use of pesticides has often 
resulted in the development and evolution of pesticide resistance in insect pests, plant 
pathogens and weeds (Pimentel, 2005; Aktar et al., 2009). 
Besides, pesticide application generates social conflicts because of the elevated number of 
workers who are intoxicated by these products, with a high mortality rate, as well as for the 
suspicion of adverse effects on the health of surrounding communities, flora and fauna 
(Lichtinger et al. 2001). These toxic compounds have been implicated in various disorders 
and diseases including cancer, adverse reproductive outcomes, peripheral neuropathies, 
neurobehavioral disorders, impaired immune functions and allergic sensitization reactions, 
particularly of the skin, cumulative inhibition of cholinesterase activity because of long-term 
low doses of exposure (Al-Qurainy & Abdel-Megeed, 2009). 
The metabolic fate of pesticides is dependent on abiotic environmental conditions 
(temperature, moisture, soil pH, etc.), microbial community or plant species (or both), 
pesticides characteristics (hydrophilicity, level of solubility) and biological and chemical 
reactions. Abiotic degradation is due to chemical and physical transformations of the 
pesticide by processes such as photolysis, hydrolysis, oxidation, reduction and 
rearrangements. Furthermore, pesticides may be biologically unavailable because of 
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compartmentalization, which occurs as a result of pesticide adsorption to soil and soil 
colloids without altering the chemical structure of the original molecule. However, 
enzymatic transformation, which is mainly the result of biotic processes mediated by plants 
and microorganisms, is by far the major route of detoxification (Van Eerd et al., 2003). 
Another important concern is that the millions of tons of pesticides applied annually in a 
worldwide level generate liquid and solid wastes. Besides, containers many times are placed 
directly and without control on the soil and water mainly, polluting and affecting the food 
chains (Ortiz-Hernández et al., 1997). Among the main consequences derived from the soil 
pollution, we find the loss of fertility, which directly or indirectly allow the survival of the 
flora and fauna, given the tight interrelationships among the different elements, which 
constitute the ecosystems.  
On the other hand, there are more than half a million tons of obsolete, unused, forbidden or 
outdated pesticides, in several developing and transitional countries, which endanger the 
environment and health of millions of people. In the absence of a clear obsolete pesticides 
management strategy, over the years, significant amounts of obsolete pesticides have been 
stockpiled in developing countries (Dasgupta et al., 2010). 
An obsolete pesticide may be recognized as one that is undesirable or impossible to use and 
has to be eliminated, these include (Martinez, 2004; Karstensen et al., 2006; Shah & Devkota, 
2009; Dasgupta et al., 2010):  
• Technical pesticides and formulations passing the expiration date (generally two years 

after their manufacture). 
• Pesticides whose use has been forbidden or strictly restricted. 
• Damaged products:  

• Those who suffered physical or chemical changes which make them phytotoxic for 
the crops, or with non acceptable dangerousness for human and environment 
health. 

• Those who suffered a loss of biological efficiency. 
• Those who present changes in their physical properties which make them 

incompatible with the habitual equipments of application. 
• Pesticides which are undesired by their owners, even if they are in good conditions for 

their use. 
• Products without identification. 
• Products which are polluted with other substances. 
It is also included:  
a. Pesticide wastes generated on fire and other accidents. 
b. Materials that are strongly polluted with pesticides. 
c. Wastes that are generated by the fabrication or formulation of pesticides. 
Because of their characteristics, obsolete pesticides are a dangerous waste, that is why they 
should be managed as such. Obsolete pesticides have accumulated in almost every 
developing country or economy in transition over the past several decades (Dasgupta et al., 
2010). It is estimated that in Africa and Middle East there are more than 100,000 tons of these 
products, in Asia almost 200,000 and a similar quantity in East Europe and the old Soviet 
Union. Nowadays the FAO is elaborating the inventories of Latin America (Farrera, 2004; 
Karstensen et al., 2006; Ortiz-Hernández & Sánchez-Salinas, 2010).  
In México, there is knowledge of the existence of obsolete pesticide products, both liquid 
and solid. A total of 551 records of obsolete pesticide products have been registered, 
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distributed in 29 of 33 states of Mexico, achieving a total of 26,725.02 liters, 147,274 kg and 
500 m3 of highly polluted soils. In addition there are 28 reports of pesticide-contaminated 
sites in 15 states of the Mexican Republic (Giner de los Ríos, 2007). Besides, some data 
indicate that the total of empty pesticide containers can be about 7,000 tons annually (Albert, 
2005). 
Many works point to health or environmental problems from accidental or deliberate 
exposure to pesticides, particularly pesticides with high mammalian toxicity or those that 
persist in the environment. These risks should not be ignored, and efforts must be made to 
minimize them through rigorous regulation and proper training for users, because we 
should not overlook the positive impacts of pesticide use. When pesticides are used 
rationally and carefully, in conjunction with other technologies in integrated pest 
management systems, it is more likely that their use will be justifiable (Cooper & Dobson 
2007).  

2. The need for pesticides treatment and final disposition: biotechnological 
strategies  
The damages caused to the environment and health, such as the existence of obsolete 
pesticides, make necessary the development of technologies that guarantee their elimination 
in a safe, efficient and economic way. Among the existent technologies there are those that 
apply physical treatments, such as adsorption and percolator filters; chemical treatments 
such as the advanced oxidation or inverse osmosis, and incineration, a treatment option 
usually not available in developing countries (Karstensen et al., 2006). However, a treatment 
that promises to be efficient, economic and safe is the biological treatment, because several 
reactions catalyzed by enzymes of specific microorganisms take place. This kind of 
treatment has been approached from a biotechnological point of view in order to be able to 
have a methodology that is safer and more economic than the conventional treatments, as 
well as avoiding additional damages to the environment. Biological processes have been 
used to give treatment to wastes and polluted sites with pesticides (Araya & Lakhi, 2004). 
Among them, the microbial metabolism is the primary force of transformation or 
degradation. In many cases it has been reported that the microorganisms are very important 
in the degradation of xenobiotic compounds. Biological treatment can be applied to 
compounds whose chemical structure in the nature is infrequently or inexistent because 
they are synthesized artificially (Ortiz-Hernández, 2002). The importance of the 
microorganisms lays on their great diversity and metabolic plasticity, which allows them to 
use diverse ecological niches. Many microorganisms may live in a large diversity of media 
because of their remarkable capacity of mutation and adaptation; besides, they seem to have 
a great potential to acquire capacities of degradation when they are exposed to xenobiotics. 
Additionally, isolated microorganisms with the capacity to degrade xenobiotic compounds 
have the potential to be used for the bioremediation of other compounds that do not have 
any known microbial system for their degradation (Singh & Walker, 2006). Biodegradation 
of these pesticides provides a cheap and efficient solution for their final disposal or for 
treatment of agricultural soils, contaminated water or polluted ecosystems. In 1973, the first 
bacteria with the capability of degrading organophosphorus compounds were described 
(Sethunathan, 1973; Sethunathan & Yoshida, 1973, Siddaramappa et al., 1973). Since then, a 
number of different genera have been identified, and the enzymes involved in pesticide 
degradation have been studied. 



Pesticides in the Environment: 
Impacts and Their Biodegradation as a Strategy for Residues Treatment   

 

555 

3. Obtaining isolates that degrade pesticides 
The role of microorganisms in the dissipation of pesticides, especially in the soil, has long 
been recognized. Relative to the extended evolutionary period of microorganisms in nature, 
agriculture has only been around for about 10,000 years, and the introduction of organic 
pesticides is only a half-century old. Therefore on an evolutionary scale, the time for 
microbial adaptation for degrading the influx of new xenobiotic compounds is exceptionally 
short, and it is an ongoing process. There is much evidence from observational and 
molecular research that indicate microbial adaptation for the mineralization of pesticide has 
occurred since their first introduction into agriculture in the mid-1950´s.  
The use of pesticides over time, has resulted in several microorganisms which are able to 
degrade xenobiotic organic compounds, including pesticides, using different strategies 
and enzymatic pathways. The first organophosphate pesticide-degrading bacterial strain 
was isolated from a paddy field in the Philippines in 1973. Since then, several 
phylogenetically distinct bacteria that can degrade pesticides by co-metabolism, or use 
them as a source of carbon, phosphorus or nitrogen, have been isolated from different 
parts of the world (Table 1). 
Because pesticides are mainly applied to agricultural crops, soil is the medium that mostly 
gets these chemicals. Once in the soil, pesticides follow different ways such as degradation, 
volatilization, sorption, or surface transport to other places. Studies have shown that 
biodegradation is a process that majority occurs in pesticide dissipation, which is due to the 
adaptation of microorganisms after having been in contact with soils with extensive 
exposure to pesticides. Some findings indicate that in most cases the half-lives of pesticides 
in soils with a history of pesticide application are considerably shorter than in those in 
which no application has been performed. Besides, the pesticides that were considered non-
biodegradable become biodegradable after a number of years. Therefore, the soil is a major 
source to isolate microorganisms that degrade pesticides (Table 1), which is an opportunity 
for use in the treatment of waste or obsolete pesticides. 
Other sources of microorganisms with the ability to degrade pesticides are: pesticide 
industry's effluent- sediment, sewage sludge, activated sludge, wastewater, natural waters, 
sediments, areas surrounding the manufacture of pesticides, and even some live organisms. 
In general, microorganisms that have been identified as pesticide degraders have been 
isolated from a wide variety of sites contaminated with some kind of pesticide. 
For the isolation of soil microorganisms, the most used procedure is as follows. Microbial 
population in a sample of soil is cultivated in constant agitation in flasks of different 
capacities with mineral salts medium using a particular pesticide (or mixture of pesticides) 
as the only source of carbon. This procedure is repeated several times, increasing the 
concentration of pesticides to ensure the adaptation of microorganisms to the conditions of 
the culture in the laboratory as well as the growth of those that used the pesticide as their 
only source of carbon. After the adaptation time, several bacterial consortiums are obtained. 
These consortiums do not need an additional source of carbon, since the pesticide they were 
adapted to is enough. At present, in different laboratories around the world, there are 
collections of microorganisms characterized by their identification, growth and degradation 
of pesticides. The isolation and characterization of microorganisms that are able to degrade 
pesticides give the possibility to count with new tools to restore polluted environments or to 
treat wastes before the final disposition.  
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Microorganism Pesticide Place of 
isolation Reference 

Bacteria    

Ochrobactrum sp. Methyl parathion Soil Qiu et al., 2006 

Arthrobacter sp. Endosulfan Soil Weir et al., 2006 

Sphingomonas spp. Isoproturon Soil Bending & 
Rodríguez, 2007 

Burkholderia sp. Fenitrothion Soil Hong et al., 2007 

Sphingomonas sp. Chlorpyrifos Wastewater Li et al., 2007 

Enterobacter spp. Chlorpyrifos Soil Singh et al., 2004 

Acinetobacter radioresistens Methyl parathion  Liu et al., 2007 

Ochrobactrum sp., 
Castellaniella sp., Variovorax 
sp., Pseudomonas sp., 
Psychrobacter sp. 

Igepal CO-210 
Igepal CO-520 
 

Sewage 
sludge DiGioia et al., 2008 

Pseudomonas 
frederiksbergensis 

Dimetoate, 
Malathion Soil Al-Qurainy & 

Abdel-Megeed, 2009 

Bacillus pumilus Chlorpyrifos Soil Anwar et al., 2009 

Bacillus sp. Mesotrione Soil Battison et al., 2009 

Serratia liquefaciens, Serratia 
marcescens, Pseudomonas sp. Diazinon Soil Cycón et al., 2009 

Enterobacter aerogenes 
Bifenthrin 
Fenpropathrin 
Cypermetrine 

Sewage 
sludge Liao et al., 2009 

Pseudomonas putida, 
Burkholderia gladioli. Prophenofos Soil Malghani et al., 2009 

Stenotrophomonas sp. DDT Soil Mwangi et al., 2010 

Providencia stuartii Chlorpyrifos Soil Rani et al., 2009 

Pseudomonas putida Propiconazole Tea 
rhizosphere Sarkar et al., 2009 

Micrococcus sp. Diuron Diuron 
storage Sharma et al., 2010 

Sphingobium sp. Methyl parathion 
Fenpropathrin 

Sewage 
sludge Yuanfan et al., 2010 

Table 1. Some organisms isolated that degrade different pesticides. 
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Fungus    

Aspergillus niger Endosulfan Soil Bhalerao & Puranik, 
2007 

Ganoderma australe Lindane Pinus pinea 
stump Rigas et al., 2007 

Trichosporon sp. Chlorpyrifos Sewage 
sludge Xu et al., 2007 

Verticillium sp. DSP Chlorpyrifos Soil Fang et al., 2008 

T. versicolor (R26) Atrazine Soil Bastos & Magan, 
2009 

Aspergillus sydowii, Bionectria 
sp., Penicillium miczynskii, 
Trichoderma sp. 

DDD Marine 
sponge Ortega et al. 2010 

Algae    
Chlorophyceae sp., 
Scenedesmus spp., 
Chlamydomonas sp., 
Stichococcus sp., Chlorella sp. 
Cyanobacteria 
Nostoc spp. 

Fenamiphos Soil Cáceres et al., 2008 

Anabaena sp.  Fenamiphos Water Cáceres et al., 2008 
Yeast    

Lipomyces kononenkoae Picloram Soil Sadowsky et al., 
2009 

Table 1. (Continued) 

4. Microbial degradation of pesticides: genes and enzymes 
Microbial metabolism has proved to be very versatile and diverse. This characteristic has 
allowed many different bacterial and fungal genera to evolve activities capable of xenobiotic 
degradation and offers an important source of alternatives for bioremediation. 
Bioremediation of pesticides provides a cheap and efficient solution for their final disposal 
or for treatment of agricultural soils, contaminated water or polluted ecosystems. Microbial 
degradation has advantages because a large variety of compounds can be degraded 
completely under mild conditions compared with degradation using physical and chemical 
means. 
Most of the research regarding pesticide degradation by microorganisms has been 
performed mainly with bacteria; a few studies have focused on fungi, actinomycetes, 
cyanobacteria, etc. This obeys mainly to the fact that bacteria are easy to culture in simple 
media and grow faster than other microbes; besides, bacteria are more susceptible to genetic 
modifications, which give them an extra potential to increase their degradation capabilities. 
Bacterial genetics and molecular biology tools have contributed widely to the understanding 
of the degradation processes and to the isolation and characterization of genes involved in 
pesticide degradation. It is important to note, however, that in nature pesticide 
mineralization is accomplished by microbial communities rather than isolated species and 
that in many instances co-metabolic pathways are used. 
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Since the chemical structure of pesticides is variable, individual reactions of degradation–
detoxification pathways are versatile and include oxidation, reduction, hydrolysis, and 
conjugation. These reactions are achieved through a number of different enzymes such as 
dehydrogenases (Bourquin, 1977; Singh & Singh, 2005), dioxigenases (Nadeau et al., 1994; 
Van Eerd et al., 2003), cytochrome p450 (Castro et al., 1985; Jauregui et al., 2003), ligninases 
(Pizzul et al., 2009) and, in the case of organohalogenate compounds, dehalogenases 
(Franken et al., 1991; Sharma et al., 2006). Conjugation with glutathione is commonly used 
as a detoxification mechanism, especially in plants and insects, although this mechanism has 
also been reported in bacteria (Vuilleumier, 2001; Wei et al., 2001; Chaudhry et al., 2002). 
Metabolism of pesticides may involve a three-phase process. In Phase I metabolism, the 
initial properties of a parent compound are transformed through oxidation, reduction, or 
hydrolysis to generally produce a more water-soluble and usually a less toxic product than 
the parent. The second phase involves conjugation of a pesticide or pesticide metabolite to a 
sugar or amino acid, which increases the water solubility and reduces toxicity compared 
with the parent pesticide. The third phase involves conversion of Phase II metabolites into 
secondary conjugates, which are also non-toxic. In these processes fungi and bacteria are 
involved producing intracellular or extra cellular enzymes including hydrolytic enzymes, 
peroxidases, oxygenases, etc (Van Eerd et al., 2003). 
Here we will revise some aspects of microbial degradation of the most important groups of 
pesticides. 

4.1 Organochlorines 
Although organochlorine pesticides are less used every day and many countries have 
banned their application, in some countries they still represent a problem of disposal, since 
this group of pesticides is the most persistent. There are two major pathways through which 
microorganisms degrade organochlorine compounds: reductive dechlorination, a process 
that takes place under anaerobic conditions, and dehydrochlorination, occurring in the 
presence of oxygen. Several bacterial genera have been proven to undertake these reactions 
including Klebsiella (Kwon et al., 2005), Alcaligenes (Don & Pemberton, 1981) Staphylococcus, 
(Sonkong et al., 2008), and Pseudomonas (Barragan-Huerta et al., 2007). 
Several reports have documented the capability of different genera of fungi to degrade 
organochlorines. Among these, basidiomycetes seem to be more resistant to these 
compounds (Gomes Machado et al., 2005; Rigas et al., 2005). Recently a strain of Trichoderma 
harzianum has also been shown to degrade organochlorines through an oxidative system 
(Katayama & Matsumura, 2009). 

4.2 Organophosphates 
This group of pesticides have been widely used as pesticides or chemical warfare agents 
because of their high toxicity towards insects, mammals and other animals. Their 
mechanism of action involves the irreversible inhibition of acetylcholine esterase, a key 
enzyme of the central nervous system, thus affecting non-target organisms as well (Singh & 
Walker 2006). Despite this, they are still used worldwide in large quantities as pesticides. 
Other organophosphorus compounds, such as nerve gases are still stored in important 
amounts and have to be destroyed. The basic structure of organophosphorus pesticides 
consists of ester or thiol derivatives of phosphoric, phosphonic or phosphoramidic acids.  
The main degradation pathway starts with the hydrolysis of the P-O alkyl or P-O aryl 
bonds, which diminishes as much as a 100 times the toxicity of these compounds. Bacterial 
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enzymes have been found to achieve such detoxifying reactions (Singh et al., 1999; Yañez-
Ocampo et al., 2009; Yañez-Ocampo 2009). This reaction is performed by esterases or 
phosphotriesterases that have been described for a number of different genera of bacteria 
and fungi. Among these, several different genes have been described (Singh & Walker, 
2006). 
A large group of bacterial genera has been reported to degrade organophosphates 
compounds. The studied and reported enzymes are related to the phosphotriesterase, which 
is capable of hydrolyzing organophosphate pesticides in the central atom of pesticides’ 
phosphorus. Hydrolysis is fundamental for the complete degradation of the molecule. 
Phosphotriesterase activity is the first and most important step in detoxification. Several 
genes encoding for different phosphotriesterase activities have been described from a 
number of organisms (including fungi), the most studied being the opd and opaA genes that 
code for organophosphorus hydrolase (OPH) and organophosphorus acid anhydrolase 
(OPAA), respectively (Singh & Walker 2006). opd genes have been described in 
Flavobacterium and Pseudomonas species and are plasmid borne (Serdar et al., 1982; Somara & 
Siddavattam, 1995), while a similar gene, opdA, is present in Agrobacterium radiobacter’s 
chromosome (Horne et al., 2002). opaA genes were found in Alteromonas species and are 
chromosomally located (Cheng et al., 1996; Cheng et al., 1997). Another gene coding for 
organophosphates hydrolase, mpd, described originally in Plesiomonas sp. (Zhongli et al., 
2001), has also been found in other genera like Achromobacter, Pseudaminobacter, 
Ochrobactrum and Brucella and is located in the chromosome (Zhang et al., 2005). Other 
important bacterial genera able to degrade organophosphates include Burkholderia (Zhang, 
et al., 2006) and Hyphomicrobium (Wang et al., 2010). 
Some fungal species have been reported to degrade organophosphates. Amitai et al., (1998), 
reported that laccase, a broad spectrum phenol oxidase from the white rot fungus Pleurotus 
ostreatus, could hydrolyze P-S bonds, which are resistant to bacterial phopshotriesterase 
hydrolysis; other organophosphate compounds such as nerve gases could also be 
hydrolyzed by this enzyme (Amitai et al., 1998). It remains to be explored if laccases from 
other species can also hydrolyze these compounds, since their main mechanism is an 
oxidative one. 
Ascomycetes such as Aspergillus and Penicillium have also been shown to produce 
organophosphate degrading enzymes other than laccases (Liu et al., 2001; Liu et al., 2004). 
The Penicillium enzyme (P-OPH) is more versatile since it can hydrolyze P-S and P-O 
linkages whereas the Aspergillus A-OPH only splits P-S bonds and the bacterial enzymes can 
only hydrolyze P-O bonds. 

4.3 Carbamates 
Carbamates are used to control insects and nematodes in soils. Their toxicity to mammals is 
very high although they are not as persistent as organochlorines. A number of bacterial 
genera have been identified as carbamate degraders (Parekh et al., 1995). Degradation of the 
pesticide occurs mainly through the hydrolysis of the methylcarbamate linkage by an 
enzyme called carbofuran hydrolase, codified by the mcd gene, which was located on a 
plasmid first described in Achromobacter sp. (Tomasek & Karns, 1989). Further studies 
showed that a wide variety of bacteria could degrade carbamates using carbofuran 
hydrolase. Among other genera Pseudomonas, Mesorhizobium, Ralstonia, Rhodococcus, 
Ochrobactrum, and Bacillus are the most notorious (Desaint et al., 2000). 
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Fungal degradation of carbamates has also been reported. Of special interest is the report a 
novel hydrolase from Aspergillus niger capable of hydrolysing several N-methylcarbamate 
insecticides (Qing et al., 2006).  

4.4 Pyrethroids 
Pyrethroids insecticides are a class of lipophilic esters, with an alcohol and an acid moiety. 
Although less toxic and persistent than other groups of insecticides, they can still represent a 
problem. Pyrethroids display high affinity to Na+-channels and its binding to these 
channels causes a prolonged channel opening that may result in a complete depolarisation 
of the cell membrane thus blocking neuronal activity. There are two main routes of 
degradation, photo- and biodegradation, which are often superimposed. Pyrethroids 
developed for use in agriculture are much more photostable than the natural pyrethrins but 
they are still sensitive to sunlight, which provokes isomerisation or ester cleavage. The basic 
pathway of pyrethroid degradation by microbes proceeds through the hydrolysis of the 
main ester linkage. This reaction can be carried out by carboxyl esterases or 
phosphotriesterases. 
Bacterial degradation of pyrethroids has been documented. A report by Grant et al. (2002) 
describes the ability to degrade synthetic pyrethroids by Serratia and Pseudomonas isolates. 
Bacillus, Achromobacter and Pseudomonas fluorescens have also been studied in regard to 
pyrethroid degradation (Maloney et al., 1988). Another interesting report shows the 
degradation of allethrin, a recalcitrant pyrethroid used in mosquito mats by an Acidomonas 
sp. strain (Paingankar et al., 2005). 
Fungal degradation of pyrethroids seems promising. Ascomycetes (Trichoderma, Aspergillus) 
as well as basidiomycetes (Phanerochaete) have been reported to degrade pyrethroids 
through the cleavage of ester bond (Saikia and Gopal, 2004). A novel pyrethroid hydrolase 
from cell extracts of Aspergillus niger has also been characterized (Liang et al., 2005). 

5. Perspectives in biodegradation of pesticides 
The knowledge described so far about the genes and enzymes necessary for pesticide 
degradation and the description of the pathways leading to its mineralization could allow 
genetic manipulation of microbes to enhance the bioremediation processes for these 
compounds. Molecular Biology tools provide the development of novel experimental 
approaches to find and identify novel pesticide-degrading genes. The bottleneck for finding 
new tools for pesticide bioremediation is that most microorganisms cannot be studied due 
to culturing limitations. There are estimations that around 99% of microorganisms are 
uncultivable using standard cultivation methods and therefore not accessible for finding 
useful genes or enzymes (Lorenz & Eck, 2005; Xu, 2006). To cope with this limitation, the 
recent development of metagenomic technologies has provided insights about the microbial 
genetic information available in environmental samples, independent of cultivability. 
Metagenome is the total biotic genome directly isolated from natural environments, and the 
power of metagenomics is the access, without prior sequence information, to the so far 
uncultured majority of microorganisms. 
Sequence information from metagenomes can provide two types of approaches for the 
bioremediation of pesticides. On one instance, biodiversity of contaminated environments 
can be monitored in order to assess the presence of pesticide degrading bacteria and fungi 
for biostimulation strategies. The most used molecular markers for this kind of studies are 
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the ribosomal RNAs, although other markers have also been used (Woese, 1990; Hibbett et 
al., 2007). Sequence analysis of these molecules permits phylogenetic reconstructions that 
describe the structure and composition of the microbial population in a determined habitat 
thus identifying potential microbial species for bioremediation (for example presence of 
bacteria from genera known to degrade pesticides). 
The other approach consists of searching directly for genes or enzymatic activities involved 
in pesticide degradation. Several successful cases have been reported for esterase activities 
capable of hydrolyzing organophosphates and pyrethroids (Li et al., 2008; Zhang et al., 
2009). In these reports the screenings were performed using substrates that upon hydrolysis 
produce a distinctive color, thus detecting hydrolases not previously described. The 
bottleneck of this approach, however, is that the genes must be expressed in a heterologous 
host (normally Escherichia coli), thus missing proteins that need complex posttranslational 
modifications, eukaryotic genes (that posses introns and promoters that are not recognized 
in bacteria) or distantly related genes whose promoters will not function in E. coli. Other 
hosts such as yeasts, or the use of expression vectors might be used to overcome some of 
these limitations. 
Another possible strategy is to design degenerate oligonucleotides based on known gene 
sequences to amplify the desired gene using the metagenome as template DNA (Rose et al., 
2003). This strategy will yield genes related to those that have been already described but 
overcomes the expression step limitation and thus is especially suitable to look for 
eukaryotic genes (although for further heterologous expression it will be still necessary to 
obtain the cDNA and use expression vectors).  

6. The immobilization of microorganisms for massive pesticides degradation 
Cell immobilization has been employed for biological removal of pesticides due to the 
possibility of maintaining catalytic activity over long periods of time (Richins et al., 2000; 
Chen & Georgiou 2002; Martin et al., 2000). Cell immobilization consists of restricting 
cellular mobility within a defined space, thereby retaining catalytic activity.  
Whole cell immobilization has been shown to have remarkable advantages over 
conventional biological systems using free cells, such as high cell density, avoidance of cell 
washout even at high dilution rates, easy separation of cells from the reaction system, 
repeated use of cells, and better protection of cells from harsh environments. With these 
advantages, immobilization of microorganisms has been applied in many areas including 
wastewater treatment and remediation of toxic chemicals. Comparing immobilized cell 
systems with conventional free cell systems, the productivity obtained with immobilized 
cells is considerably higher. One obvious reason for this is the high cell density maintained 
in the reaction system. Some research has suggested that this higher productivity results 
from cellular or genetic modifications induced by immobilization. Evidences indicating that 
the immobilized cells are much more tolerant to perturbations in the reaction environment 
and less susceptible to toxic substances make immobilized cell systems particularly 
attractive for treatment of toxic substances like pesticides (Ha, 2005).  
Immobilization of microorganisms has been applied in many areas including wastewater 
treatment and remediation of toxic chemicals from this technique generally provides several 
advantages over cultures using suspended cells that include greater cellular content in the 
support, enhanced cellular viability (weeks or months) and greater tolerance to high 
concentrations of pollutants. However, the main limitations to this method are low oxygen 
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diffusion and interference by the materials used as the support (Martin et al., 2000; Georgiou 
et al., 2005). Encapsulation and biofilm formation methods are commonly used in 
environmental contexts. Alginate, k-carragenin and polyvinyl alcohol are used as supports 
for immobilization; ceramics, diatomaceous earth and porous rocks are used for biofilm 
formation (Karamanev et al., 1998; Davey & Toole 2000; Watnick & Kolter 2000).  
In order to have a strategy for the treatment of pesticide wastes, we are also making efforts 
to build bioreactors with bacteria and/or immobilized yeast cells. 
As was mentioned above, there are different materials for the immobilization of cells, but 
we have looked for some materials that might be economic and with different advantages to 
design a reactor that can be used on big scale. Tezontle is a volcanic rock that is highly 
porous. It provides a great contact surface and it can be sterilized and reused. The presence 
of micropores allows the establishment of bacterial micro colonies. The immobilization 
method with this material is based on the colonization of the tezontle micropores through 
the formation of a biofilm. 
For the formation of the biofilm, tezontle rocks are crushed to obtain particles of about 3 
mm. Tezontle is autoclaved in an intermittent way, at 121°C for 20 minutes, leaving it rest 
for 24 hours. Then, the microorganisms are planted to allow the formation of the biofilm. 
Subsequently, a current with the pesticides wastes is passed through to allow the contact 
with the immobilized microorganisms, so this way the biodegradation can be executed. This 
strategy has been really efficient and is a tool that can be used for the degradation of 
pesticides wastes (Yañez-Ocampo et al., 2009 & Yañez-Ocampo 2009).  

7. Ecotoxicology studies 
Ecotoxicology is a toxicology discipline that was proposed by Truhaut in 1969 and studies 
the adverse effects of toxic substances on ecosystems. This is done by the analysis of the 
exposure routes, the entry to the organism and the harmful effects on individuals, 
populations and communities, their way of action, such as the prevention or combat of their 
harmful effects. A toxic substance is that one that after its penetration in the organism causes 
immediately, or later on, the suppression of any function of the organism or death.  
Soil pollution by pesticides represents a worldwide scale problem, that is why it is necessary 
to deal with it with an Ecotoxicological point of view, this discipline represents an useful 
tool to study the destiny and effects of pesticides in the environmental compartments (soil, 
water, air) and it has the objective to explain the cause and anticipate possible risks of 
pollution of environmental compartments, and the toxic effects (mortality, immobility, 
growth and enzymatic inhibition, among others) that pesticides may cause. Different 
markers have been used (lethality, enzymatic activity ACE, loss of weight and behavior) to 
prove the pesticides toxicity in laboratory conditions. For their study all the levels of 
biological organization can be used, from molecules, tissues, organisms and communities, 
with the purpose of evaluate the pollutant effects. The annelids (oligochaeta), which include 
the earthworms, are key species in the earth ecosystems that is why they have been widely 
used as biomarkers in enzymatic studies (acetylcholinesterase) and in studies about the 
behavior depending of the specific composition of the communities, the competition among 
species and the digging of galleries (Lavelle et al. 1997, Capowiez 2000).  
In our working group, the earthworms have been used to measure the effects of pesticides 
when they are in the soil, as well as the effects of the products that are obtained after the 
pesticide degradation (Olvera-Velona et al., 2008a).  
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8. Behaviour of pesticides in agricultural soils 
The study of pesticides behavior in the soil is really interesting, because it is a 
heterogeneous, complex and dynamic system, in which different reactions (chemical and 
biochemical) take place and also it plays a role as receptor of polluting substances. The 
liquid and gaseous phases in the soil are the main way of transport of the soluble 
compounds. The solid phase is the main site where accumulation and transformation 
(chemical or biochemical) of contaminating substances occurs. The pesticides can be directly 
incorporated into the soil by surface application on the crops, injection, or inadequate 
aspersion techniques or indirectly through plant leaves.  
When the pesticide enters in contact with the soil, sorption is the first process, including 
adsorption/desorption phenomena. The first one permits fixation of the compounds to the 
soil particles; the last one releases the pesticide into soil solutions. The sorption process is 
related very with the persistence and pesticide degradation, because the physicochemical 
and biological characteristics of soils play a key role (Madrigal-Monárrez et al., 2008).  

9. Pesticides sorption in soils 
The extensive use of pesticides in agriculture has resulted in the widespread distribution in 
the environment. Organophosphate insecticides are increasingly used in agriculture as a 
substitute for organochlorine and carbamate insecticides, because of their higher efficiency 
and lower persistence. However, it is necessary to evaluate the risks and toxicity of these 
compounds and their degradation products into the groundwater, and their movement 
through the food chain (Pehkonen & Zhang, 2002). 
The pesticide fate in soils strongly depends on adsorption-desorption phenomena. These 
processes influence the composition of the soil solution, and knowledge and understanding 
of them is important to accurately predict the mobility and bioavailability of these chemicals 
in soils; this would permit to limit their impact on non-targeted organisms and ecosystems. 
Pesticide availability in soil can be evaluated using indirect and direct methods. The most 
common indirect method to characterize pesticide availability is by using a partition 
coefficient (Kd). The pesticides with high soil-liquid partition coefficients (Kd values) are 
more strongly adsorbed to soils and transported in the soil solution. In contrast, pesticides 
with low Kd values are only weakly adsorbed to soils and are more likely to leach, as they 
are more water-soluble and hence exhibit greater mobility in the soil solution. However, 
sorption-desorption processes are complex and cannot be described by a single value, 
assuming instantaneous totally reversible sorption (Pignatello, 2000). Desorption processes 
control the release rate of pesticide into the soil solution, and thus have a major control of 
availability and bioavailability to soil organisms (Weber et al., 1993). Increasing pesticide 
contact time or ageing affects sorption and desorption processes, and generally desorption 
decreases with the residence time in soil. As a consequence, the availability of pesticide for 
transport or uptake by soil organisms decreases with time (Gevao et al., 2001; Mamy & 
Barriuso, 2007). 
The sorption and degradation are influenced by physicochemical properties of the soil [such 
as pH and organic carbon (OC) content], biological properties (activity and distribution of 
microorganisms), and environmental conditions that control soil temperature and moisture 
content. Both route and rate of degradation also depend on properties of the chemicals. For 
ionized molecules, mineralogical composition and soil pH are key parameters, whereas 
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sorption of neutral compounds is mostly governed by the soil organic matter (Cooke et al., 
2003). 
These generally accepted rules have been obtained in studies considering large number of 
soil types and origins. Nevertheless, the role of soil characteristics is less well documented 
for tropical soils, compared with temperate soils (Zheng et al., 1994; Zheng & Cooper, 1996; 
Wauchope et al., 2002; Oliver et al., 2005). 
Several pedological factors are known to regulate sorption and desorption processes (Weber 
et al., 2004). For molecules, mineralogical composition and pH are key parameters. The 
relations between sorption and soil type characteristics strongly depend on molecular 
properties, such as electric state and polarity (Barriuso & Calvet, 1991). The combination of 
effects of soil organic matter and of mineral constituents, such as smectite-type clays and 
amorphous clays-allophanes, usually increases the sorption of neutral molecules. They have 
a higher cation exchange capacity than other soil colloids, such as clays, and thus play an 
important role in adsorption reactions and determining fate of pesticides in the environment 
(Cooke et al., 2003). 
The studies about pesticide fate in soil are complex due to physical, chemical, and biological 
interactions occurring simultaneously. In this way, it has been suggested an integral view 
relating sorption and transformation (degradation or mineralization), considering the 
physicochemical properties of pesticides and soil. There are experimental tools, such as soil 
microcosms (experimental devices with nominal variables and standard conditions), that help 
to explain the fractioning (or mass balance) of pesticides into the liquid or solid soil phases. 
Our group has performed work in assays carried out in microcosms with parathion (14C-U-
labeled), in two crop soils (andisol and vertisol), after an incubation time of 32 days (Olvera-
Velona et al., 2008b). Some of the results are outlined below. 
Soluble fraction. This pesticide fraction is easily available for microorganisms; and thus, it 
can be easily biodegraded. This is the fraction with the highest mobility and can be 
lixiviated into the aquifer mantles. The aqueous solubility of pesticides is the most related 
property with mobility and lixiviation. Pesticides with aqueous solubility higher than 30 
mg/L represent a potential lixiviation risk (Xing & Pignatello, 1996). Adsorption coefficient 
(Kd) is another property related with the soluble fraction of pesticide in the soil. Kd values 
below 30 L/Kg indicate lesser affinity to the soil particles and higher affinity for the liquid 
phase (in solution) of the soil. Microcosms tests also supplied us information about 
parathion fractioning. The soluble fraction was 2 and 3% at 32 days, in vertisol and andisol 
soils, respectively. 
The Kd values for parathion were 74.9±0.6 L/Kg and 38.6±0.9 L/Kg in andisol and vertisol 
respectively, and when related with solubility (11 mg/L), we can infer that parathion has 
higher affinity for the solid phase in soil and lixiviation risk is low. The result indicates that 
only a small fraction (2-3%) can be found in the liquid soil phase in soluble form. 
Adsorbed fraction. This is the pesticide fraction that is potentially available, because it is 
retained in the solid particles of soil. Surely, this is the pesticide fraction with highest 
interaction with soil. This fraction can be studied by measuring the adsorption coefficient 
(Kd); with the Kd values we can estimate the amount of pesticide adsorbed by the solid 
phase of soil. Kd values above 200 L/Kg are related to high affinity with soil particles. Spark 
& Swift (2002) reported that organic matter is one of the most related parameters with 
adsorption process. Weber et al., (2004) reported that soil pedological factors (organic matter 
and clay minerals) increase pesticide adsorption. Adsorbed fractions from 50 to 46%, in 
andisol and vertisol soils were found, respectively. The fraction percentages reflected the 
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affinity for soil organic matter. However, when the organic matter content is below 2% (in 
the case of vertisol), an affinity for soil inorganic constituents (as smectites and allophan) 
was found (Worall et al., 1996). 
Strongly bound fraction. This fraction directs to the pesticide stabilization, and represents 
the less available or biodegradable forms. This fraction also is known as bound residues. 
Barriuso et al, (1994) suggested the formation of covalent binding with humic substances; 
these interactions confer stability to pesticide. The residue formation can be considered an 
alternative to reduce the lixiviation risk; however, also the availability (and bioavailability) 
is reduced. Studies carried out by Mordaunt et al., (2005) suggested that, through time and 
agricultural practices, these residues can be reactivated, pass to the soil solution phase, and 
be again available. The parathion bound residue formation was 45 and 35% in andisol and 
vertisol, respectively. These percentages indicated us that a significant proportion of 
parathion was found inactive in the soil particles (at 32 days). 
Mineralized fraction. This is the fraction of pesticide that has been transformed by microbes 
into components, such as CO2, H2O and NH4+. Therefore, the mineralization is the suitable 
process for soil depuration. The metabolic activity of microbial populations and the co-
metabolism are key determinants for the process. The microbial adaptation and enzyme 
production are important factors to catalyze the degradation reactions. The microbial 
consortia can carry out the degradation or mineralization with high efficiency, because the 
primary consumers start the degradation process and the secondary ones utilize the 
metabolic products from the formers and take them to degradation. This can facilitate the 
growth of primary consumers, by supply of metabolic products (e. g. growth factors), and 
by elimination of toxic compounds through co-metabolism. The mineralized fraction of 
parathion was 8 and 9% in andisol and vertisol soils, respectively. We consider that 
parathion mineralization in both soils was low. By relating this fraction with the soluble one 
(available), which was 2 and 3% in andisol and vertisol, respectively, results are logic. 
However, we also need consider the pesticide properties such as molecular structure, 
concentration, and bioavailability, because they are closely related with the mineralization 
process.  

10. Conclusion 
The use of chemical pesticides has brought benefits such as the increment of agricultural 
production, soil productivity and products quality, which is reflected in economical 
benefits, vector disease control and in general, in public health. However, due to only 10 per 
cent of applied pesticides reach to the target organism, a high percentage is deposited on 
non target areas (soil, water, sediments) and impacts to non target organism such wild life, 
besides affecting public health. Due to the extensive pesticides use, currently there are 
polluted sites with these compounds (mainly soils), besides of the production of great 
amounts of pesticide wastes, stored obsolete pesticides and empty containers. For this 
reason, it is necessary to generate strategies for waste treatment and/or for the 
bioremediation of polluted sites. The biological treatment is an important technology from 
an economical and environmental point of view. Currently, the use of native or genetically 
modified organism to degrade or remove pesticides has emerged as a powerful technology 
for in situ remediation There are reports of different organisms (bacteria, algae, yeasts, 
fungus and plants), characterized in relation to their genome and the enzymes that they 
produce, that can be used for waste treatment or bioremediation of soil and water. In this 
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last process, it is necessary to considerate the soil composition, which is the responsible of 
the final destination of these compounds. Another important aspect is the ecotoxicology 
study, which will help to prevent the native organisms of soil and water.   
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1. Introduction 
Most analyses of pesticide residues in foods are being performed in Raw Agricultural 
Commodities (RAC) for a variety of purposes, which include regulatory monitoring, 
import/export certification, risk assessment, field-application trials, organic food 
verification, and marketing to consumers. The levels of the positive detections in these 
analyses are generally being estimated on the basis of established Maximum Residue Limits 
(MRL's) which are set using field trial data for a particular pesticide to arrive at the highest 
residue levels expected under use according to Good Agricultural Practice (GAP). MRL's are 
a credible and useful means of enforcing acceptable pesticide use, and satisfy most of the 
above mentioned purposes of monitoring pesticide residues in the different food of plant 
origin. However, MRL’s use, proved to be inadequate as a guide to pesticide residue 
consumption through nutrition in health risk assessment studies from residues in food of 
plant origin and this is mainly because a wide range of RAC’s are processed before they are 
consumed.  
Storage and other post-harvest practices prior the further management of the product, as 
well as household and industrial food preparation processes may alter pesticide residues as 
compared with raw crops via chemical and biochemical reactions (hydrolysis, oxidation, 
microbial degradation etc.) and physicochemical processes (volatilization, absorption etc.). 
Although these processes usually are leading to reduction of any residues left on crops at 
harvest (Kaushik et al. 2009; Holland et al., 1994), in special cases residues may concentrate 
in the final product (e.g in the production of dry fruits and unrefined vegetable oil) 
(Amvrazi & Albanis 2008; Guardia Ruibio et al., 2006; Lentza-Rizos & Avramides, 2006; 
Lentza-Rizos & Kokkinaki, 2002; Cabras et al., 2000; Cabras et al., 1998; Cabras et al., 1997a; 
Holland et al., 1994; Cabras et al., 1993; Leandri et al., 1993; Ferriera & Tainha, 1983) and/or 
be formed in more toxic by-products or metabolites of the pesticide parent compound on 
raw crop (Holland et al., 1994; WHO 1988). These considerations suggest that effects of post-
harvest practices and food processing should be taken into account on the fate of a pesticide 
residue during dietary exposure assessments so as to ensure consumer safety from pesticide 
residues and allow a more realistic calculation of the dietary burden of livestock.  
Food processing studies and their effects on pesticide residues are also very important for 
the monitoring of the cases that the final residue concentration is exceeding MRL in RAC. 
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Although the established MRLs for processed and ready to eat food are limited to present 
and concern mainly the processed commodities where the residue could be found 
concentrated, regulatory attention has been focused on this issue the last decade and a 
current confrontation practice is the perspective of the processing factors (Pf’s) establishment 
to be used with already specified MRL’s of pesticides in RAC’s (Codex Alimentarius 
Commission, 2007). Pf is defined as the ratio of the residue level in processed commodity to 
the residue level in RAC or in the commodity to be processed. 
The aim of this chapter is to review the main types of post-harvest and processing practices 
that typically RAC’s are being subjected prior their consumption and point out the effects 
that these processes cause on the fate of pesticide residues that may persist on and in RAC’s 
after harvest. The main chemical, biochemical and physical phenomena in which pesticide 
residues take part in during these processes and the parameters that may influence these 
phenomena would further be discussed, through the latest published data on this topic.  

2. Mechanisms and factors affecting the fate of pesticide residues during 
storage and food processing 
The most important mechanisms that may lead in of a possible residue alteration during 
storage and other household and industrial food preparation processes of RAC are 
summarized as follows: 
1. Dissolution. The dissolution of a pesticide residue may take place during the washing of 

RAC, grape vinification, tea preparation and boiling and theoretically is related with 
the water solubility of the pesticide residue. Other factors such as the type of 
formulation applied, temperature, initial concentration of the pesticide residue on RAC, 
pesticide Kow, ionic strength and pH of the aqueous media and the nature of RAC may 
further affect the pesticide dissolution mechanism in a certain food preparation process.  

2. Heat degradation. Frequently a number of pesticides undergo degradation, 
polymerization and other reactions by heating. The reactions proceed at a greater rate in 
the liquid phase rather than in solid state. Thermal unstable compounds (e.g. atrazine, 
alachlor, aldicarb, captan, daminozide, dimethoate, dodine, lenacil, phorate, and others) 
may significant reduced by the formation of their degraded products during cooking 
and oven-drying of the processed RAC. Heat may also affect almost all pesticide 
eliminating mechanisms occur during RAC processing (dissolution, hydrolysis, 
penetration, volatilization, microbial degradation, metabolism and enzymatic 
transformation). 

3. Hydrolysis. Hydrolysis is one of the basic processes of most pesticides elimination 
through the different storage and food preparation processes of RAC. Most pesticide 
residues may by hydrolyzed during typical RAC processing depending on the water 
added or the moisture on RAC, pH, temperature and pesticide’s concentration. 
Pesticide compounds with functionalities such as carbamate, amide, urea, thiocarbonyl 
and imino group are more readily hydrolyzed in the presence of trace amounts of acid 
and/or base during the different processes of food preparation.  

4. Metabolism (enzymatic transformation); Microbial degradation. The enzymatic 
transformation of pesticides is mainly the result of biotic processes mediated by plants 
and microorganisms. Penetrated pesticides may be further metabolized during the 
storage of fresh fruits and vegetables. Microbial degradation is the breakdown of 
pesticides by microorganisms. It occurs when fungi, bacteria, and other microorganisms 
consume pesticides along with other substances. Microbial degradation is usually 
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mediated by enzymes. Microbial activity usually is greatest at 10-45oC and is enhanced 
by moisture, air and neutral pH. Thus pesticides microbial degradation may take place 
during the processes where these conditions exist as it happens in grain storage. Other 
processes of RAC where the metabolism of pesticides may occur are those include a 
fermentation step (bread making, alcoholic beverage production, vinegar production 
etc).  

5. Oxidation. Organic pesticide residues on RAC could be oxidized rather slowly with 
oxygen or air during storage depending on the of the pesticide residue and on the 
nature of RAC. In general the degradation of pesticides through chemical oxidation is 
affected by all factors that may result in the formation of .OH radicals. Food exposure to 
air, high storage temperatures, UV irradiation, and the presence of pro-oxidant 
compounds in the media where the pesticide residue occurs are several factors that may 
enhance the oxidation process of the persistent pesticide residue. In conclusion 
pesticides chemical oxidation mechanism may takes place during long term storage at 
elevated temperatures (i.e. room temperature), during the washing of RAC with 
oxidizing agents such as the  ozone and H2O2 (or combination)  and or UV irradiation of 
the ready to eat food for preservation purposes. 

6. Penetration. Penetration is the most common physicochemical process that may take 
place on the surface of RACs from the time of the pesticide application to the end of the 
storage of RAC. The degree of a pesticide residue penetration on a RAC significantly 
affects its fate during RAC storage, washing, peeling, and drying. The main factors that 
may affect the penetration of a pesticide residue are the characteristics of the pesticide 
(Kow, the molecular weight, the probable systemic action, and the formulation of 
applied pesticide) in relation with the nature of RAC. The initial concentration of the 
pesticide residue on RAC and the processing temperature could also affect significant 
the penetration mechanism. 

7. Photodegradation. All pesticides are susceptible to photodegradation to some degree. The 
intensity and spectrum of sunlight, length of exposure, and properties of the pesticide 
affect the rate of pesticides photodegradation. After harvest, photodegradation is not 
suspended to take place on pesticide residues persist on RAC in common food 
preparation processes and food storage. However significant pesticide elimination 
through photo degradation may occur during food processing like sun drying of fruits 
and UV irradiation that may be used for post harvest preservation processes. 

8. Physical change of the concentration of the pesticide residue due to a possible change of the 
RAC’s weight. Typical examples of that type of changes are: (i) the RAC’s growth 
(namely plant growth) during the storage of immature fresh fruits that usually lead to 
lower concentration in the stored RAC, and (ii) the loss of water during the storage, 
cooking and/or drying of RAC that usually leads in higher concentrations of the 
pesticide residue in the stored or processed RAC. A phase separation from RAC in food 
processing may also lead in a physical change of the pesticide residue depending on the 
partition coefficient of the pesticide in the edible part of RAC and the mass of the 
separated phase in the final product. A typical example of these types of changes is the 
concentration of fat soluble pesticides and the respective elimination of water soluble 
pesticides in unrefined oil production. 

9. Volatilization and co-distillation. Non systemic pesticide residues on RAC with relative 
high vapour pressures and low Kow may significant be eliminated through 
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volatilization from the stored or prepared food after drying or cooking. During storage, 
the higher the temperature is, the higher the pesticide’s volatilization from the furface 
of the RAC and the greater the air humidity is, the less pesticide volatilizes whereas the 
nature of the RAC (e.g. water content, % w/w) may also play a significant role on these 
processes of pesticides elimination from RAC. 

3. Fate of pesticide residues during post harvest storage practices of RACs 
Proper storage of unprocessed food of plant origin includes maintaining at appropriate 
temperatures, away from light, under the proper percentage of humidity and in such a way 
to keep it clean and safe prior the further management of the product. Temperature control 
is the single most important factor in maintaining quality after harvest and the most 
common postharvest practice of plant commodities storage is cold storage.  
Cold storage is taking place at different temperature and humidity, and lasts for different 
time intervals for each RAC depending from the nature of the commodity. Keeping 
products at their lowest safe temperature (0-4 oC for temperate crops, 4-8 oC and above 8 oC 
for chilling sensitive crops) will increase storage life by lowering respiration rate, decreasing 
sensitivity to ethylene gas and reducing water loss. However, temperature may additionally 
control the following elements of a pesticide residue dissipation and/or alterations during 
storage: (a) pesticide volatilization, (b) pesticide penetration, (c) pesticide metabolism 
and/or enzymatic degradation through the control of crop respiration and the consequent 
control of crop metabolism, (d) pesticide degradation through the retarding of certain 
microbial growth rate and activity, and (e) pesticide concentration changes per kg of RAC 
due the reduction of moisture loss, and/or loss of dry weight from respiration, or due to 
crop growth that usually leads to a reduction of pesticide concentration on raw crop. 
Furthermore, photodegradation is not expected to reduce further the applied pesticide after 
harvest during the proper storage of raw crop away from light whereas hydrolysis does not 
occur readily on plant surfaces during storage and is primarily confined to absorbed 
materials. In consequence, pesticide residues during deep frozen storage (-10 to -20 oC) are 
expected to be stable or decay rather slowly. However, the higher the storage temperature 
and time of storage, the higher the pesticides dissipation, degradation or concentration in 
processed commodity will be whereas the initial pesticide concentration and its 
physicochemical properties may affect significant its stability through storage processes. 
Residues on Fruits and Vegetables. Results of studies performed with fortified fresh fruits and 
vegetables with different pesticides in order to study the main effects on pesticide residues 
during storage indicated that the main mechanisms of pesticide residues reduction through 
storage are the volatilization and the slow acidic hydrolysis (since most fresh fruits have a 
pH=3-4). Both processes are being controlled significantly by the penetration mechanism. 
Thus, although many pesticides studied (azinphos methyl, kresoxim methyl, tolylfluanid, 
methamidophos, fenthion) in cold storage of different RAC (apples, lemons, grapes) 
exhibited slow dissipation rates (t1/2: 42-267days), or found to be stable during storage 
(pyrethroids and carboximides in apples) (Athanasopoulos et al., 2005; Kyriakidis et al., 
2005; Athanasopoulos et al., 2003; Rasmusssen et al., 2003; Athanasopoulos & Pappas, 2000), 
the highly volatiles dichlorvos and diazinon dissipated rapidly (70.8% and 64.8% 
respectively) from cucumber stored at +4 °C for 6 days (Cengiz et al., 2006) and the same 
results have been reported for dichlorvos from asparagus and kiwifruit stored at +1 °C for 
(Holland 1994).  
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Rasmusssen et al. (2003) reported that the organophosphates chlorpyrifos, diazinon and 
fenitrothion were significantly reduced (from 25% for chlorpyrifos to 49% for fenitrothion) 
on apples during storage at 4 oC for 79 days, whereas quinalphos was not. Quinalphos 
exhibits a systemic effect and penetrates from the skin into the outer flesh of the fruits such 
retarding dissipation during storage through the processes taking place on fruit surface. The 
same low dissipation through storage (~19% and 38% reduction on tomatoes after storage at 
+4 °C for 7 and 14 days respectively in polyethylene bags) could be observed for 
procymidone (Cengiz et al., 2007) that exhibits also a systemic action as compared with 
other pesticide dissipation with no systemic action during tomatoes storage (54 and 64% 
reduction for captan in the same study and > 49% reduction of iprodione and thiacloprid in 
another study performed by Omirou et al. 2009 at different storage conditions; +15 °C for 7 
and 12 days). However, the reduction of pirimicarb (52.7%), cyprodinil (33.83%), 
tebuconazole (19.34%) with systemic action as compared with the non systemic insecticides 
fludioxonil (28.8%), pyriproxyfen (8.26%, not significant) and buprofezin (2.55%, not 
significant) did not present similar differences on their reduction during cold storage of 
peppers (Fenoll et al., 2009) suggesting that octanol/water partition coefficients were also 
well correlated with penetration mechanism of pesticides in peppers (Kow: pirimicarb < 
tebuconzole ~ cyprodinil < fludioxonil < buprofezin < pyriproxyfen). Furthermore, it should 
be noted that pirimicarb and cyprodinil are unstable in basic pH as is pH of peppers (>5). 
Similar effects of the commodity pH on pesticides dissipation during storage have been 
reported by Athanasopoulos & Pappas (2000) when studied dissipation rates of azinphos 
methyl in apples and lemons at their typical storage conditions and a significant lower 
dissipation rate was observed for azinphos methyl on lemons than in apples. The differences 
were attributed, to the differences in acidity among the two commodities studied. The 
differences on the reduction of pesticides during storage of different RACs are also very 
pronounced in current literature and except of the observed different dissipation rates 
among the different commodities, significant differences were observed and among the 
different varieties of the same commodity studied (Rasmusssen et al., 2003). 
Grain storage. A separate, big issue on the fate of pesticide residues on RAC during storage 
concerns the pesticide residues on grains. Although grains storage is being performed at 
ambient temperature, in bulk silos for long term (3 - 36 months), the dissipation of pesticides 
is a slow process as compared with the cold storage of fruits and vegetables mainly due to 
pesticide retention on the seed coat and/or the high degree of pesticides penetration from 
the seed coat to the bran and germ which contain high levels of triglycerides. Furthermore, 
during grain storage insecticides may be applied post-harvest to reduce losses from storage 
pests (Holland, 1994), thus making cereal grains a potent source of pesticide residues 
through diet exposure.  
The most widely studied insecticides in grain storage are the organophosphates malathion, 
pirimiphos methyl, chlorpyrifos methyl and their dissipation after 5-8 months of storage 
could ranged from 50-86% depending of pesticide Kow, type of applied formulation and 
storage temperature and humidity ( Uygun et al., 2009; Uygun et al., 2008; Uygun et al., 
2007; Balinova, 2006; Uygun et al., 2005). The mechanism proposed was that insecticides 
adsorbed to the grain are desorbed by water and become available for degradation by 
storage fungi, enzymes, metal ions and other active molecules (Holland 1994). Different 
classes of insecticides have also been studied and their dissipation during grain storage was 
found higher for natural pyrethrin residues (a complete disappearance was observed by 
Caboni et al. 2007 after 8 months of storage at ambient temperature) and lower for 
organochlorines and synthetic pyrethroids that are very stable under the reported main 
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mechanisms of dissipation through typical storage conditions (non volatiles, with high Kow 
values and stable in hydrolytic processes).  

4. Fate of pesticide residues during common domestic and industrial 
processing of RACs 
The processing of food commodities generally implies the transformation of the perishable 
raw commodity to a value added product that has greater shelf life and is closer to being 
table ready. In this section the fate of pesticide residues during the most common food 
processing techniques applied to RAC in both household and industrial processing 
(washing; removal of the outer parts of the RAC such as peeling, husking, hulling, shelling, 
and trimming; comminution such as blending, chopping and mincing; cooking, and juicing) 
and the most important industrial processing of RAC in terms of frequent consumption of 
the processed food and/or the high probability of pesticide residues concentration in the 
processed ready to eat food (grain milling, oil production, alcoholic beverages production 
and drying), are being described. 

4.1 Washing 
Washing of RAC is the preliminary step in both household and commercial food 
preparation and the effect of washing on the fate of the pesticide residues on RAC has been 
well studied and recently well reviewed (Kaushic & Naik, 2009; Zabik et al., 2000; Krol et al., 
2000; Holland, 1994). The most interesting conclusions of these studies are that the 
rinsability of a pesticide is not always correlated with its water solubility (Cengiz et al., 2007; 
Boulaid et al., 2005; Angioni et al., 2004; Krol et al., 2000) and that different pesticides may 
be rinsed from processed units of RAC by different washing procedures (Angioni et al., 
2004; Pugliese et al., 2004; Lentza-Rizos & Kokkinaki, 2002; Cabras at al., 1998b).  
The removal of pesticides with the washing of RAC may be performed not only through the 
dissolution of pesticide residues in the washing water or the rinsing with chemical baths 
(detergents, alkaline, acid, hypochlorite, metabisulfite salt, ozonated water etc) (Holland, 
1994) but also through the removal of dust or soil particles previously absorbed residues 
from the outer layer of RAC (Guardia Rubio et al., 2007; Guardia Rubio et al., 2006; Angioni 
et al., 2004; Cabras et al., 1997). Penetration is again the most dynamic process that may 
control the fate of a pesticide residue on RAC during washing. The systemic insecticide 
dimethoate with water solubility equal to 23300mg/L and quinalphos that exhibits systemic 
action and its water solubility is 18 mg/L, were not reduced during the washing of olives 
(Cabras et al., 1997). Furthermore in many studies washing was not related with the water 
solubility of the pesticide residue but with Kow such reinforcing the view that partition 
coefficients between cuticle and washing water correlate well with pesticides Kow (Baur et 
al., 1997). In consequence, the use of an appropriate detergent that has the ability to 
solubilise waxes may dissipate the residue present in the fruit’s epicuticular wax layer 
(Angioni et al., 2004). Other washing agents or dipping treatments may also lead in the 
selective removal of the pesticide residues with systemic action through similar mechanisms 
(Cabras et al., 1998b; Femenia et al., 1998). The residue still present in the fruit after washing 
can be ascribed to the pesticide that has penetrated into the cuticle. The formation of 
possible toxic by-products during washing has also been studied by several authors (Ou-
Yang wt al., 2004; Pugliese et al., 2004; Cabrera et al., 2000; Zhang & Pehkonen, 1999). 
According to these results, typical washing with tap water is not expected to form toxic 
metabolites whereas the use of high levels of sodium hypochlorite, hydrogen peroxide, and 
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potassium permanganate in washing water as well as ozonated water could form oxons 
from the organophosphorus pesticides by chemical oxidation (Ou-Yang wt al., 2004; 
Pugliese et al., 2004; Cabrera et al., 2000; Zhang & Pehkonen, 1999).  

4.2 Peeling (husking, hulling, shelling, trimming) 
The removal of the outer part of RAC by peeling, husking, hulling, shelling, or trimming is 
the most effective food preparation process for pesticide residues removal from RAC. 
Numerous studies report the elimination of different pesticide residues on different RAC 
through peeling to range from 70 to 100% (Cengiz et al., 2007; Boulaid et al., 2005; 
Fernández-Cruz et al., 2004; Rasmusssen et al., 2003; Burchat et al., 1998; Clavijo et al., 1996; 
Celik et al., 1995; Holland, 1994; Rouchaud et al., 1991).  
The systemic action of a pesticide residue in this case is not always correlated with 
decreased reduction of pesticide residues through peeling. Thus, although, residues of the 
systemic organophosphorus phorate were only reduced by 50% through peeling of potatoes 
(JMPR, 1992) and similarly disyston residues in potatoes were only reduced by 35% after 
peeling (Holland 1994), quinalphos residues on apples and procymidone residues on 
tomatoes were reduced by ≥73% (Cengiz et al., 2007). Furthermore, the reported data of the 
reduction of dichlorvos and diazinon on cucumber by 57.2% and 67.3% respectively (Cengiz 
et al., 2006), the low reduction of pyridaben (~70%) in tomatoes (Boulaid et al., 2005) and the 
lower reduction of the metabolites of fenitrothion (80-92% for fenitrothion, 78-99% for 
fenitrothion oxon and 73-78% for 3-methyl-4-nitrophenol) in kakis (Fernández-Cruz et al., 
2004) and endosulfan sulphate (24%) in apples (Rasmusssen et al., 2003) consist that the 
main factor that may affect negatively that satisfactory removal of pesticide residues from 
RAC is penetration into the flesh of the processed RAC that is controlled by the 
physicochemical properties of the pesticide residue in relation with the nature of the 
processed agricultural commodity. 

4.3 Comminution 
Comminution of RAC through chopping, blending, crushing and similar processes usually 
do not affect pesticide residues in RAC since most pesticides are relatively stable in acidic 
plant tissue homogenates for the moderate periods of time involved in food preparation. 
However, comminution leads to release of enzymes and acids which may increase the rate 
of hydrolytic and other degradative processes on residues that were previously isolated by 
cuticular layers. Special concern on the fate of residues should be paid on acid sensitive 
pesticide compounds (e.g. EBDC, carbosulfan, benfuracarb, pymetrozine, dioxacarb, 
thiodicarb and others) that readily are hydrolyzed in the presence of trace amounts of acids 
and the most toxic metabolites formed should be studied. A typical example is the rapid 
degradation of ethylene bis dithiocarbamate (EBDC) fungicide residues to the formation of 
the toxic ETU, carbon disulphide and ethylenediamine in slightly acidic media, similar to 
the pH of the tomato homogenates (4.0–4.2) (Kontou et al., 2004; Holland, 1994; Howard & 
Yip, 1971). Pesticides degradation processes during storage of blended RACs could be 
enhanced significant with the increase of time storage and temperature and more toxic 
metabolites in these cases should be taken into consideration in health risk assessments. 

4.4 Juicing 
The residue levels in juices from fruits or vegetables are generally reduced by 70-100% 
(Rasmussen et al., 2003; Zabik et al., 2000; Abou-Arab, 1999; Will & Krüger ,1999; Buchat et 
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al., 1998; Holland, 1994) and their reduction depends on the partitioning properties of the 
pesticide between the fruit skin, pulp and the juice (which generally contain some solids). 
The pulp or pomace by-products, which often include the skin, retain a substantial 
proportion of lipophilic residues.  
Rasmussen et al. (2003) reported that only 2-9% of different pesticide residues (chlorpyrifos, 
cypermethrin, deltamethrin, endosulfan, fenitrothion, fenpropathrin, iprodione, kresoxim-
methyl, λ-cyhalothrin, vinclozoline) on fortified apples were transferred in apple juice 
whereas in apple pulp residues in mg/kg were detected 2.0-3.5 higher than in unprocessed 
apples (due to mass concentration). In the same study quinalphos (systemic action), 
endosulfan sulphate and tolylfluanid that were detected in higher amounts in the flesh of 
apples were transferred also in higher amounts in the produced apple juice (≤19%, 13% and 
23% respectively). No correlation with the water solubility of the pesticides studied could be 
observed on their fate during juicing in results reported by Abou-Arab (1999) where the 
reduction of HCB, lindane, p,p-DDT, dimethoate, profenofos and pirimiphos-methyl, 
residues upon tomato juicing, ranged from 72.7% to 77.6%. However, in other studies 
pesticides with the highest water solubility were present in relatively higher amounts in the 
juiced carrots, tomatoes and strawberries (Will & Krüger, 1999; Buchat et al., 1998).  
Clarification by filtration or centrifugation in juice processing may further eliminate 
pesticide residues retained in suspended particles (Liapis et al., 1995; Miliadis et al., 1995) 
and juice concentration by vacuum may also concentrate the pesticides transferred in juice 
(Zabik et al., 2000). 

4.5 Cooking (cooking, boiling, frying) 
Pesticide residues might be vaporized, hydrolysed and/or thermal degraded during 
cooking. However, the processes and conditions used in food cooking are highly varied. The 
details of time, temperature, degree of moisture loss, whether the system is open or closed 
and whether water is added or not in the process are important for the estimation of the fate 
of a residue level. In general, rates of degradation and volatilization of residues are 
increased by the heat involved in cooking or pasteurization and rates of hydrolysis may also 
be increased by the water addition and the increase of temperature.  
In different studies of organophosphorus (OP) insecticides (fenitrothion, fenitrothion oxon, 
3-methyl-4-nitrophenol) on RACs (cauliflower, kaki fruits ) it was reported that OPs are 
stable through heating without the addition of water for 10-15 min (Fernández-Cruz et al., 
2006; Fernández-Cruz et al., 2004) and unstable to heating in aqueous solution. Coulibaly & 
Smith (1993) studied famphur, fenthion, parathion, stirofos, chlorpyrifos, and ronnel in 
aqueous solutions that were unheated, heated to 70 °C for 1 or 2 h, and heated to 80 °C for 1 
h. Stirofos and famphur were largely unaffected by heating whereas fenthion, parathion, 
chlorpyrifos and ronnel were hydrolyzed by 53.2%-80% in unheated water and further 
heating did not result in further degradation. Other studies confirm the reduction of OPs 
(32% reduction of fenitrothion and 89.5% reduction of triazophos) after boiling (Rasmussen 
et al., 2003 ; Holden et al., 2001), but also reported chlorpyrifos and acephate reduction (50.5-
68%) after cooking of peppers, asparagus and peaches without the addition of water (at 100-
110oC for 20-80 min) (Chavarri et al., 2005). The latter differences might be due to higher 
temperatures and times used in cooking processes since drying at elevated temperatures 
and/or times also lead in higher reduction of pesticides (including OPs) in processed 
commodities. Furthermore, Nagayama (1996) reported that during the cooking process, 
some residual pesticides were translocated into the cooking water from the raw materials 
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according to the water solubility expression, and the pesticide remained in the processed 
food according to the Kow expression. These relationships were shown by simple equations. 
The inclination of the regression expression was similar with the same cooking process and 
increased with cooking time. 
Other pesticides such as pyrifenox, pyridaben, and tralomethrin were not reduced after 
cooking applied to the tomatoes without the addition of water although residues were 
concentrated in the final product due to water loss through cooking by a factor of 1.9-3.0 
(Boulaid et al., 2005). Captan was almost completely eliminated after cooking cauliflower 
without water for 15 min and after the processing of apple to sterilized puree (125 °C for 20 
min at pH 4) by exhibiting its tendency to thermal degradation. 
Interestingly, boiling did not reduce chlorpyrifos, cypermethrin, deltamethrin, diazinon, 
endosulfan (alpha, beta and endosulfan sulphate), fenpropathrin, iprodione, kresoxim 
methyl, λ-cyhalothrin, quinalphos and vinclozoline residues on apples (Rasmussen et al., 
2003). The fact that in the same study fenitrothion and tolylfluanid were reduced by boiling 
was not attributed to the acid hydrolysis of pesticides but to the selective degradation of 
fenitrothion and tolylfluanid residues related to interaction with thiol-containing 
compounds present in apples. Fenitrothion was the only organophosphorus pesticide in that 
study that contained a methoxy group enhancing enzymatic degradation to ethoxy 
containing organophosphors pesticides whereas the possible proposed degradation of 
tolylfluanid was the cleavage of the N-S bound after tolylfluanid interaction with thiol 
compounds. 
Randhawa et al. (2007) studied the fate of chlorpyrifos and its degradation product 3,5,6-
trichloro-2-pyridinol during boiling of different vegetables with water and the decrease of 
chlorpyrifos ranged from 12% to 48%. The effect was more obvious in spinach (38%) 
followed by cauliflower (29%). 3,5,6-trichloro-2-pyridinol was substantially increased during 
the course of cooking consisting that metabolites of toxicological concern should also be 
measured in cooked fruits and vegetables (and in the boiled water that might be used in 
further cook). In particular, pesticides such as carbamates, amides, ureas, thiocarbonyl and 
those containing imino groups may be readily hydrolyzed in the presence of trace amounts 
of acid and/or base during heating or boiling. On this topic, a substantially amount of work 
(Chavarri et al., 2005; Kontou et al., 2004a; Kontou et al., 2004b; Knio et al., 2000) has been 
published on the fate of pesticide residues of dithiocarbamates and the more toxic ETU that 
during cooking concluding that during cooking dithiocarbamates may be conversed to ETU 
by a factor of 30-48%. Although, ETU residues during boiling may pass into the boiling 
water, a significant amount remains in the processed food.  

4.6 Grain milling 
Cleaning, conditioning and grinding are the three basic steps in grain milling process that 
break its grain in three main parts:  wheat germ, bran and endosperm. In most studies on 
the distribution of pesticide residues (chlorpyrifos methyl, pirimiphos methyl, malathion, 
isomalathion, fenitrothion) during grain milling, the pesticide residues levels in bran are 
consistently higher than in wheat, usually by a factor of about 2–6 (Balinova et al., 2006; 
Uygun et al., 2005). Furthermore it has been reported that a considerable part of the 
insecticides is distributed in the semolina fractions. The residues of chlorpyrifos-methyl and 
pirimiphos-methyl determined in semolina were only slightly lower than the residues in 
bran and were, respectively, 2.0–3.6 and 1.3–3.2 times as high as those on the whole grain. 
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Uygun et al. (2008) reported that the carryover percentage of malathion from wheat to 
semolina was 16-28%, of fenitrothion 17-22%, of chlorpyrifos methyl 7-8% and of pirimiphos 
methyl 23-28%. As already reported for grain storage, pesticides are retained on the seed 
coat and tent to concentrate to the bran and germ which contain high levels of triglycerides 
and in consequence the lipophilcity of the pesticide residue on the processed grain may 
forecast its fate in the processed food product during grain milling. In conclusion Kow may 
adequate explain the different reductions of different pesticides that have been reported in 
wheat through milling; the reduction of malathion and fenitrothion was about 95%-100%, 
(Uygun et al., 2005), the reduction of deltamethrin was about 57.6% (Marei et al., 1995) in 
wheat through milling to flour. 

4.7 Oil Production  
Vegetable oils and fats are extracted from a variety of fruits, seeds, and nuts. Depending on 
the RAC, the preparation of raw materials may include husking, washing, crushing or other 
conditioning. The oil extraction processes are generally mechanical (boiling and/or 
centrifugation for fruits, pressing for seeds and nuts) or involve the use of solvents such as 
hexane. After boiling, the liquid oil is skimmed; after pressing, the oil is filtered; and after 
solvent extraction, the crude oil is separated and the solvent is evaporated and recovered. 
The solid by-products of oil processing usually are conditioned (for example, dried) and are 
reprocessed to yield other products such as for animal feed, soil amendments, food 
additives and soaps. The produced crude oil before its consumption is often being subjected 
to a refining process to remove undesirable compounds that contribute undesirable colour, 
flavours and aromas which are disagreeable to consumers, affect the stability of the product 
and/or are toxic in nature. Oil refining includes degumming, neutralization, bleaching and 
deodorization. 
Although most pesticide residues are not affected significant by the washing procedure of 
fatty RAC, residues in oil-seeds following husking are very low or non-detectable as it has 
been reported in relative studies from field applications (Holland, 1994). However, the 
following oil extraction processes by means of either mechanical or chemical (solvent 
extraction) have high theoretical concentration factors (from 2.3 for coconut oil to 1000 for 
citrus oil) (EPA, 1996) and the fate of pesticide residues during edible oil production is of 
great importance. 

4.7.1 Fate of pesticides in unrefined, edible vegetable oil 
Olive oil is the more important vegetable oil in European Market and the more characteristic 
unrefined vegetable oil that could be characterized as “virgin” according to the process of its 
extraction. The extraction process of unrefined olive oil involves the washing and milling of 
the fruit, the malaxation of the produced olive paste by slow mixing at a constant 
temperature (usually bellow 30ºC) for 30-90 min and the separation of oil by a press or a 
decanter (centrifugation system). Depending on the processed olives (variety and degree of 
maturation) and the decanting extraction technology used, additional water may be added 
during malaxation and centrifugation processes to better separate oil and increase oil yields. 
The theoretical processing factors of virgin olive oil by this process range widely (usually 
range from 4-6) depending on the variety of the olive fruits (oil and water content) and the 
decanting extraction technology used for oil extraction (Amvrazi & Albanis, 2009; EC, 2005). 
However, water soluble pesticides such as acephate, dimethoate, methamidophos, 
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omethoate and phosphamidon pass into the aqueous phase during the extraction of oil from 
olives (Amvrazi & Albanis 2008; Cabras et al., 2000; Cabras et al., 1997; Letza-Rizos & 
Avramides, 1995; Leandri et al., 1993; Ferreira & Tainhan, 1983) and only a small percent is 
transferred into the oil (e.g. 6.3-8.8% for dimethoate) depending on the water content during 
the extraction of the olives (Amvrazi & Albanis, 2008). Other pesticides with lower water 
solubilities (azinphos methyl, buprofezin, chlorpyrifos, fenthion, deltamethrin, diazinon, 
endosulfan, quinalphos, λ-cyhalothrin, methidathion, parathion methyl) were found to 
concentrate in the oil with a concentration factor of 2-7 (Amvrazi & Albanis 2008; Cabras et 
al., 2000; Cabras et al., 1997; Letza-Rizos & Avramides, 1995; Leandri et al., 1993; Ferreira & 
Tainhan, 1983) depending on the Kow of the pesticide residue, the oil yield of the extraction 
procedure and the stability of the pesticide towards volatilization, and hydrolytic and other 
degradative processes that might take place during the malaxation stage of the procedure. 
The formation of fenthion sulfoxide during olive oil production was calculated ~5% of the 
initial fenthion and was correlated with the water addition during oil production process. 
However, the formation of endosulfan sulphate was not related with the water in oil 
extraction process (Amvrazi & Albanis, 2008). 

4.7.2 Fate of pesticides in refined, edible vegetable oil 
During refining process of crude oils most organochlorine and organophosphorous 
pesticides in edible vegetable oils can be reduced considerably (concentration factors <0.1), 
but pyrethorid pesticides remain to a certain extent (Fukazawa et al., 1999; Hilbert et al., 
1998; Zayed et al., 1998; Miyahara & Saito, 1993; Wolff, 1974). From the four main processes 
of crude oil refining (degumming, neutralization, bleaching and deodorization), 
deodorization is the process that eliminates pesticide residues the most in the final product.  
Although neutralization with alkali is not expected to affect organochlorines and 
pyrethroids in the refining process (Fukazawa et al., 1999; Hilbert et al., 1998), it has been 
reported that organophosphates may be reduced by 28-50% during alkali refining of 
fortified olive oil (Morchio et al., 1992). 
The bleaching step is common for both physical and alkali refining and concerns the 
decolouration and the removal of undesirable compounds through absorption. The usual 
material is fuller's earth or carbon and charcoals materials in combination with fuller's earth. 
For optimum adsorption of most undesirable components to be achieved, the reaction time 
usually ranges from 15 - 30 min at 90oC. In the field of pesticides, it has been reported that 
bleaching by activated earth is not affecting significant most pesticide residues transferred 
in crude oil from RAC. However, it has been reported that endrin (Vioque et al., 1973) and 
simazine (Ruiz Méndez et al., 2005) have been completely eliminated in bleached oil. Zayed 
et al. (1998) reported carbofuran elimination at 20 % during bleaching with Fuller’s earth at 
80-100oC for 10 min and Morchio et al. (1992) reported that during docolorization, the 
percentage reduction of different organophosphates (dimethoate, diazinon, cis- and trans 
phosphamidon, parathion methyl, malathion, fenthion, and methidathion) varied from 95% 
(diazinon) to 30% (methidathion). 
Deodorizing of oils and fats consists mainly of steam distillation under vacuum. During 
deodorization residual free fatty acids, aldehydes and ketones that constitute the volatile, 
taste and odour components are being removed from crude oil. Pesticides as well as other 
contaminants such as the lower molecular weight, poly aromatic hydrocarbons (PAHs) 
could be significant eliminated at this point (Ruiz Méndez et al., 2005; Cejpek et al., 1998; 
Hilbert et al., 1998; Morchio et al., 1992; Vioque et al., 1973). However, although Morchio et 
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al. (1992) reported the complete elimination (95%) of organophosphates in refined olive oil, 
Hilbert et al. (1998) found that the deodorizing step decreased the amount of the most 
volatile organochlorine contaminants (α-hexachlorocyclohexane, lindane, 
hexachlorobenzene) to below the detection limit (5μg/Kg) whereas concentrations of the 
less volatile organochlorine pesticides (dieldrin, p,p’-Dichlordiphenyl dichloro ethylene, 
p,p’-1,1-dichloro-2,2-bis(p-chlorophenyl) ethene) and polychlorinated biphenyl were 
reduced to ~50% of the initial concentration in the crude fish oil. Ruiz Méndez et al. (2005) 
also reported the complete elimination of simazine, endosulfan, oxyfluorfen and 
diflufenican during deodorizing step of the physical refining process of olive oil at 260oC. 
During the refining process of soybean oil to which had been added 9 pyrethroid pesticides 
(pyrethrins, cyhalothrin, deltamethrin, permethrin, cypermethrin, cyfluthrin, fluvalinate, 
fenvalerate and flucythrinate, 5 mg/kg each) all pesticides remained for the most part in the 
oil during degumming, alkali-refining and bleaching. During deodorization at 260 oC, 
pyrethrins remarkably decreased, while the amounts of cyhalothrin, deltamethrin, 
permethrin, cypermethrin and cyfluthrin were reduced by ~50%. Only slight decrease was 
noted in fluvalinate, fenvalerate and flucythrinate under the same conditions. 

4.8 Drying 
Drying of RAC could be performed by the sun or a food dryer or in an oven. The different 
drying processes have different effects on pesticide residues on RAC since sun light may 
additionally photodegrade pesticide residues. Although the loss of water leads to increased 
theoretical processing factors during drying the respective factors of pesticide residues in 
dried food are generally lower.  
Thus, although dried apricots have a theoretical processing factor ~5-6, specific pesticide 
residues (bitertanol, diazinon, procymidone, iprodione, omethoate, ziram) in dried apricots 
have been detected at lower levels as compared with raw fruits (Cabras et al., 1998b; Cabras 
1997a). However under the same conditions of drying, fenitrothion disappeared completely, 
dimethoate did not change; phosalone was tripled whereas omethoate and ziram almost 
doubled (Cabras et al., 1997a). No changes among residues of bitertanol, diazinon, 
procymidone and iprodione were observed among pesticides studied with the two different 
drying procedures (oven and sundrying) tested, except of phosalone that doubled after sun 
drying (tripled by oven drying) in the processed apricots. Similar results have been reported 
for resin processing. Although the theoretical processing factor of resins is ~4, pesticides 
processing factors ranged from 0.08-1.7 for benalaxyl, dimethoate, iprodione, metalaxyl, 
phosalone, procymidone, vinclozoline, and cypermethrin (Lentza-Rizos & Kokkinaki, 2001; 
Cabras et al., 1998b). In a further study concerning the mechanisms occur during oven 
drying, the decrease of dimethoate was attributed to heat, of benalaxyl, procymidone and 
phosalone to co-distillation and of iprodione and metalaxyl to the combined action of heat 
and co-distillation (Cabras et al., 1998b). Furthermore, the type and the variety of the 
processed RAC may play a significant role on the fate of pesticides during drying; the 
higher the surface to-weight ratio, the more effective the loss. 

4.9 Alcoholic beverages production 
4.9.1 Wine making 
The winemaking process begins with the pressing of the grapes by forming a biphasic 
system made up of the must (an acid aqueous liquid phase with pH 2.7-3.7) and the pomace 
(a solid phase which contain cake and lees). The following step is fermentation and this 
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process can be carried out either with or without grape skins. In the former case (with 
maceration) the wine will be made with all of the residues on the grapes; in the latter case 
(without maceration) the process will include only the residues that have passed in the 
must. The grape pomace (cake and lees) is the main by-product from winemaking and 
traditionally has been used to produce pomace brandy (or marc brandy), and grapeseed oil. 
Today, it is mostly used as fodder or fertilizer.   
The fate of pesticide residues on grapes during winemaking has been widely studied. In 
most reported data, pesticide residues present on grapes (i.e diniconazole, famoxadone, 
fenbuconazole, flufenoxuron, flusilazol, lufenuron, teflubenzuron, trifloxystrobin) remain 
adsorbed in the cake and lees (which are by-products of wine-making) at relevant levels, 
and are transferred to the wine in low percentages after fermentation depending, mainly on 
the initial partition of a pesticide residue between the must and the cake and lees (Likas, 
2009; Likas & Tsiropoulos, 2009; Calhelha et al., 2006; De Melo Abreau et al. 2006; 
Tsiropoulos & Likas, 2005; Tsiropoulos et al., 1999). Azoxystrobin, benalaxyl, benomyl, 
dimethoate, fenhexamide, iprodione, metalaxyl-m, methidation, procymidone, 
pyrimethanil, spiroxamine and tebufenozide are several pesticide residues that have been 
reported to be transferred from the grapes to the wine at relevant amounts (20-30% for all 
pesticides but benomyl that transferred 100%) (Likas, 2009; Cabras & Angioni, 2000).  
However, the partition coefficient of a pesticide residue between the solid pomace phase 
and the liquid phase of must that mainly depend on the Kow and water solubility of the 
pesticide is not the only parameter that defines pesticides fate during wine-making. 
Dichlofluanid (Calhelha et al., 2006; Cabras & Angioni, 2000), chlozolinate (Gennari et al., 
1992), folpet, captan (Angioni et al. 2003), thiazinan, mepanipyrim and chlorpyrifos (Cabras 
& Angioni, 2000) are some of the pesticide residues that their dissipation in the final 
produced wine has been attributed the pesticide degradation from the time of pressing and 
during fermentation. Yeasts that usually are being used in vinification processes have 
shown the ability to degrade some pesticides belonging to the pyrethroid and thiophosphate 
classes (chlorpyrifos-methyl, fenitrothion, parathion, quinalphos). Moreover, yeasts adsorb 
some pesticides, thus contributing to their removal from the wine at the end of fermentation 
(Cabras & Angioni, 2000). 

4.9.2 Pomace brandy preparation (distillation) 
Pomace brandy is the liquor distilled from cake, lees (grape pomace) and/or wine. Since, 
grape pomace that contains most of the pesticide residues present on grapes, is the main 
raw material for pomace brandy production, residues are expected to be transferred in the 
final alcoholic beverage. However, although, the theoretical concentration factors of 
pesticide residues on grapes during the pomace brandy preparation process have been 
calculated to range from 10 to 574 (Cabras et al., 1997b), pesticide residues do not 
concentrate in the final edible product, mainly because of their moderate volatility that 
disables their transfer through distillation. In relative reported studies performed in 
laboratory scale processes no detectable residues of fosetyl aluminium, fenarimol, 
methidathion, myclobutanil, iprodione, metalaxyl, triadimefon, parathion methyl and 
dimethoate were detected in the final-distilled spirits of wine, whereas vinclozolin, fenthion, 
quinalphos and benalaxyl where transferred to the final spirits at very low percentages (0.1-
2% from lees and 5-13% from wine). That remarkable decrease in residues during the 
distillation process could depend on fact that very low amounts of residue are transported 
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by alcoholic vapors while higher amounts are transported by water vapors (Cabras & 
Angioni, 2000; Cabras et al., 1997b).  

4.9.3 Beer production (malting) 
In general during beer production, pesticide residues that might be present on barley and 
hops are transferred in beer according to their Kow. Water soluble compounds are more 
likely to be transferred into the beer whereas the more lipophillic are retained in the 
lipophillic trub and/or are metabolized by the biotic metabolism of the added yeast and/or 
degraded by abiotic processes from the relative reductive environment, during 
fermentation. In practice, a combination of the malting process, the high dilution with water 
and the filtering processes generally result in non detectable residues in beer.  
Malting of barley resulted in loss of about 80% of fenitrothion residues (Holland 1994), 58% 
of tebuconazole, 48% of fenarimol, 22-23% of Z- and E-dimethomorph, and almost 
diminished residues of chlorfenapyr, quinozyfen and pyridaben (Hengel & Shibamoto 
2002). Synthetic pyrethroid residues underwent similar high losses during malting (Holland 
1994). However, in the final produced beer dimethomorph residues were detected at about 
0.31% of original levels on hops (tebuconazole, fenarimol, chlorfenapyr, quinozyfen and 
pyridaben were not detected), glyphosate residue levels in beer were about 4% of original 
levels in the barley (JMPR, 1987), monocrotophos at lower than 1% of the original 
concentration (JMPR, 1972), and myclobutanil at lower than 0.009 (JMPR 1998). 

5. Conclusions 
Literature review presented in this chapter demonstrated large differences among the 
different pesticide residues persist in or on RAC and among the different food preparation 
processes studied. The largest reductions in residue levels of almost all common classes of 
pesticides were noticed through peeling (70-100%), juicing (73-91%), and alcoholic beverages 
production (most pesticides were reduced at 70-100%) and the lowest through washing (22-
60%) with tap water. Grain milling and drying processes could reduce pesticides at relevant 
percentages (58-100% and 57.5-98% respectively) and attention should be paid for pesticides 
with high Kow in grain milling and for thermally stable pesticides during oven drying. 
Furthermore, special concern on residues levels in the final product should be taken in 
unrefined oil production since pesticides reduction is low for most fat soluble pesticides (35 
- 78%) and processing factors range from 2 to 7. Similar considerations should be taken on 
pesticides residues in ready to eat food after cooking since their reduction after cooking may 
vary widely among the different pesticides and among the different cooking procedures 
(especially with or without water addition through heating) studied. The study on 
published data presented in this chapter pointed the selective reduction of pesticides 
tentative to hydrolysis (acid catalyzed mainly), heat degradation and enzymatic degradation 
mechanisms through cooking.  
Current literature on metabolites that may be formed during storage and food processing is 
limited and more toxic metabolites than parent compounds with critical physicochemical 
processes according to the mechanisms described in this chapter in the different food 
preparation process should be studied for their fate in the final edible products (e.g. acid 
sensitive pesticides as ETDC in tomatoes after comminution and mild cooking; oxon 
metabolites of organophosphorous pesticides after washing of RAC with ozonated water 
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and juicing; oxon metabolites in vegetable soups and others). This future scope is very 
important and of great priority to have a complete conclusion summary of the pesticides 
fate after the different handling of food processing technology. Results would further enable 
research on health risk characterization from realistic dietary exposures to pesticide 
residues; enable the settlement of MRLs or processing factors for pesticide residues in food 
products, and further enable the optimization of food technology processes with regard to 
pesticide residues dissipation. 
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1. Introduction 
Pesticides are groups of artificially synthesized substances, toxic and non-biodegradable in 
the environment, that persist after application and are subject to some chemical processes of 
degradation, hydrolysis, oxidation, and photolysis by the ecosystem (Ormad et al., 1997; 
Ariaz-Estevez et al., 2008). According to Law 7802 of 11 July 1989, pesticides and similar 
substances are defined as those products and agents of physical, chemical or biological 
processes intended for use in the production, storage and processing of agricultural products, 
in pastures, in the protection of native or implanted forests and other ecosystems, and also in 
urban, aqueous and industrial environments, whose purpose is to change the composition of 
the flora or fauna, to preserve them from the harmful action of living organisms considered to 
be harmful (Mahalashmi et al., 2007). This group of substances can be classified according to 
the purpose for which they are intended, the mode or period of action, or the chemical 
function such as: insecticide (insects), fungicide (fungi), rodenticide (rodents), moluscicide 
(snails), defoliant (leaf harvesting), dissecting (foliage). They are extensively used as 
insecticides, herbicides and nematicides, and they are included in the classes of 
organochlorides, organophosphates, and pyrethroids. More than 500 different formulations of 
pesticides have been used in the environment, largely in agricultural activities, for many 
decades. Pesticides are widely studied as environmental contaminants because of their 
extensive use in the control of pests affecting agricultural crops, homes, and gardens. Because 
of their chemical characteristics, they represent a type of pollutant that shows variable 
persistence and biochemical and photochemical degradation (Bandala  et al., 2007). 
Some studies show that, less than 1% of the total quantity of pesticides used in agriculture 
reaches its target. The remainder contaminates soil and other environmental compartments, 
air, and surface and groundwater. The fact that they are not biodegradable, together with 
their continued use, makes them a significant problem and a critical issue, with potentially 
damaging and unforeseen consequences for the future (Kapustka et al., 1996; Bandala et al., 
2002; Acero et al., 2008; Veiga et al., 2006). In 1995, US $1.6 million in actual pesticides were 
sold in Brazil. That amount increased to $2.5 million in 2007 (Andreu & Picó, 2004). The use 
of pesticides in the world has increased five fold in the last 30 years (Nawab et al., 2003). 
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According to the World Health Organization (WHO), approximately three million people 
are intoxicated each year as a result of the use of pesticides. In addition to the toxicity to 
humans, the presence of these products in the environment poses a risk to water quality and 
the ecosystem (Veiga et al., 2006). When applied to the soil, they can reach other levels as a 
result of mobility, sorption, volatilization, erosion, and leaching, thereby contaminating 
various environments (Andreu & Picó, 2004; Nawab et al., 2003), as is shown in Fig. (1).  
 

 
Fig. 1. Pesticide contaminants in the environment (Strandberg et al., 1998; Bavcon et al., 
2002, adapted) 

Other important aspects to be considered are the products of pesticide transformation (TP). 
There is great interest in studies on the formation of pesticide sub-products in the 
environment, since they can present a greater risk to the ecosystem than the original 
pesticides (Nawab et al., 2003; Sinclair & Boxall, 2003; Pozo et al., 2001; Sabik et al., 2000). On 
the other hand, some pesticide TP may present lower toxicity than the original substances 
from which they are formed (Borga et al., 1998). Thus, the results of pesticide use have not 
been completely elucidated because most studies are focused principally on the primary 
residues and not on their transformation products (Strandberg et al., 1998). 
Some pesticides are considered to be persistent organic pollutants (POP) in the environment 
(Bavcon et al., 2002). These POP possess long half-lives and can accumulate in the 
environment and in organisms, being transferred throughout the food chain until they reach 
human beings (Kodaka et al., 2003). On the other hand, many pesticides can be degraded. 
The degradation processes generate a large number of sub-products in low concentrations 
that are considered to be beneficial for the systems for treatment and disinfection of crops, 
soils and groundwater, but hinder chemical analysis. Even in low concentrations, these 
residues can be prejudicial to human health and the environment because of the 
accumulative effect (Kapustka et al., 1996; Bandala et al., 2002). Pesticides are degradable by 
microbiological or chemical processes. Chemical degradation occurs by photolysis, 
oxidation and reduction reactions (Sassman et al., 2004),  while biological degradation 
occurs through the action of environmental microorganisms (Nawab et al., 2003; Sassman et 
al., 2004; Ghardiri & Rose, 2001). The microorganisms are usually distributed in the first few 
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centimeters of the earth's surface, where the largest quantity of the organic compounds that 
serve as food, including the pesticides, exist (Navarro et al., 2004; Li et al., 2002; Monkiedje 
et al., 2003).  
The extensive presence of pesticides in the water and soil has stimulated interest in finding 
solutions for the treatment and/or removal of residues from the environment. Many 
techniques, such as adsorption, filters, biological treatment, and degradation by advanced 
oxidative processes (AOP) that utilize TiO2/UV as a catalyst, photo-Fenton reagents (FR) 
(Legrini et al., 1993), and ozonation processes with O3, O3/UV, and O3/H2O2 (Masten & 
Davies, 1994), are presently being studied for removal of pesticides. 
Several analytical methods have been developed for the identification and quantification of 
pesticide residues and their by-products. Among the most widely used techniques are gas 
chromatography (GC) and liquid chromatography (LC), both in combination with mass 
spectrometer (MS) detector (Arnold et al., 1995). In conventional GC-MS methods for the 
determination of pesticides in environmental waters, solid phase extraction (SPE) and 
liquid-liquid extraction (LLE) are used for sample preparation. However, these methods 
require large volumes of organic solvents (Louter et al., 1996; Hyotylainen et al., 1998; 
Jongenotter et al., 1998). Therefore, several other extraction methods have been proposed, 
among them the technique of solid phase microextraction (SPME) (Louch et al., 1992; Zhang 
et al., 1994; Doong & Liao, 2001), which will be emphasized in this chapter. This review 
describes the current studies on degradation of pesticides and the aspects involved in the 
analysis of pesticides and their sub-products, sample preparation, methods of 
determination, and analytical techniques. 

2. Environmental risk and the use of pesticides 
Environmental pollution by pesticides depends on several variables, including the type and 
quantity of the products employed. The factors that influence the transport of these 
compounds to surface waters are their physical-chemical and biological properties and their 
capacity for degradation. These factors include solubility, vapor pressure, the partition 
coefficient of organic carbon with water (Koc), and the octanol-water partition coefficient 
(Kow). Compounds with a high solubility and low adsorption have resulted in major 
contamination of surface and groundwater. In addition, the pH and soil temperature, 
climatic conditions, landscape characteristics, including topography and drainage, and 
appropriate practices, also influence the pesticide content of water. Pesticides with a high 
solubility in water can easily contaminate surface and ground water. The increase of organic 
matter in the soil increases the capacity for adsorption of pesticides by reducing leaching. 
For example, cationic pesticides are strongly adsorbed by electrostatic interactions with 
negative charges in the soil surface. The weak bases with pKa values close to the soil pH are 
strongly adsorbed. The acid pesticides are ionized, forming negative charges, and are not 
adsorbed by minerals in the soil because the negative charges cause repulsion in the 
interactions with soil organic matter (Jinno et al., 1996; Guo et al., 2000). 
The process of pesticide degradation plays an important role in the removal of their residues 
from the aquatic environment to mitigate the problem of pollution. This process is governed 
by biotic and abiotic factors (including enzymatic catalysis by microorganisms) that can 
cause very complex reactions involving a variety of interactions of pesticides with 
microorganisms that are soil constituents. The adsorption also plays a key role in the 
dynamics of transmission, persistence, transformation, and bioaccumulation of pesticides 
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(Jonge et al., 1996; Gao et al., 1998). It depends on the characteristics of these compounds 
and the organic matter in the soil (Spark & Swift, 2002; Coquet, 2003; Ahmad et al., 2006). 
The pesticides that bind covalently to humic soil matter have functions similar to the 
components of humus, and the processes of interaction with organic matter are generally 
governed by oxidative reactions. Microorganisms have always been reported as mediators 
in both the interaction of pesticides with the soil and their degradation (Gevao & Semple, 
2000; Dubus et al., 2001). The adsorption of weakly acid organic pesticides in the soil 
depends on the composition of the soil and its pH (Clause & Fabricius, 2002;  Boivin et al., 
2004; Wauchope et al., 2002), and may sometimes favor the leaching by surface and 
groundwater. 
Some studies have shown major interactions between the adsorption and degradation of 
pesticides (Guo et al., 2000; Gevao et al. 2000), since the chemical adsorption reduces the 
access of microorganisms, thereby limiting the degradation and transport of these 
compounds (Selim et al., 1999; Koskinen et al., 2001; Moyer et al., 1972). In studies assessing 
the rates of microbial degradation of these substances, the authors concluded that, under 
certain conditions of temperature and pH, the pesticides may deteriorate even before being 
adsorbed by the soil (Park et al., 2003; Bolan et al., 1996; Dyson et al., 2002; Elliot et al., 2000; 
Roulier & Jarvis, 2003). In a study that involved the evaluation of the degradation of 2,4-D in 
ten types of natural soils, a high degree of adsorption was observed to be associated with 
high microbial activity (Bolan et al., 1996 ). The penetration of pesticides into the soil and 
groundwater can be realized by galeries and by inflitration (Worrall et al., 2007). Infiltration 
is more common and represents a potent source of environmental pollution of groundwater. 
Some of the properties that favor the environmental contamination by adapted pesticides 
are presented in Table 1 (Strandberg et al., 1998). 
 

Parameter Value 
Water solubility > 30mg/L 

Koc* < 5, usually < 1 
Kow* < 300 

Speciation Negatively, fully or partially charged at ambient pH 
Hydrolysis half-life > 25 weeks 
Photolysis half-life > 1 week 

Field dissipation half-life > 3 weeks 

*Koc= organic carbon content/ water partition coefficient 

*Kow= octanol-water partition coefficient  

Table 1. Pesticide Properties Indicating their High Potential for Groundwater 
Contamination. 

3. Degradation process 
The degradation processes described in the literature demonstrate a great efficiency in the 
decontamination of systems contaminated by pesticides. Several factors influence the rate of 
degradation, such as the chemical structure of the pollutants, pH, iron concentration, 
hydrogen peroxide and the organic load. Because of the great potential of contamination by 
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pesticide residues and the variation in the time necessary for natural degradation, it is 
necessary to discover those processes that accelerate the decontamination of the affected 
environment. Thus, several degradation processes such as photocatalytic degradation, 
advanced oxidative processes, phytoremediation, bioremediation, ozonation and photo-
Fenton reactions have been proposed. All these systems are considered to be efficient for 
pesticide degradation. 
Microorganisms are considered to be the principal agents for the degradation of pesticides 
in bioremediation processes. Considering that the earth is the home for an uncountable 
number of microorganism species, the pesticides applied to these soils probably suffer an 
accelerated degradation by these organisms. Bhalero et al (Wyss et al., 2006), were able to 
remove the pesticide endosulfan from the environment. They isolated 16 microorganismos 
from the soil for this purpose. Aspergilus of the funghii kingdom totally removed endosulfan 
after incubating the mushroom for 12 days with the pesticide. The levels evaluated were 
between 35.0 and 350.0 mg.L-1. The results demonstrated that Aspergilus is a potent and 
easily acquired bioremediating agent that could be used to remove other pollutants from 
water and even soils.  
Wyss et al., 2006, isolated and characterized the bacterium Pseudomonas sp for the hydrolysis of 
atrazine. This microorganism used atrazine as a nitrogen, citrate and carbon source, and for 
the production of electron donor molecules under aerobic conditions. The degradation of 
approximately 100.0 mg.L-1 of atrazine occurred. The Pseudomonas sp was first cultivated in 
flasks under aerobic conditions previous to the experiments. The authors observed that 
concentrations of atrazine above 100.0 mg.L-1 were toxic to Pseudomonas sp. Giacomazzi &  
Cochet, 2004, studied the transformation of the herbicide diuron in water by microorganisms 
present in the soil. The reaction was catalyzed by OH- and H+ with organic and inorganic 
matter from soil dissolved in the aqueous phase. The proposed system presented good results 
for the chemical degradation of diuron. The authors suggest that microorganisms could be 
used to promote the biological treatment of polluted sewage water.  
Phytoremediation is a degradation process that uses plants to degrade or assimilate 
contaminants through natural processes. The success of this process is largely the result of 
the photosynthetic activity and growth rate of plants. Olette et al., 2008, investigated the 
potential of the phytoremediation process to remove pesticides in water bodies. The ability 
of three aquatic plants - Lemnos minor, Elodea canadensis and Cabomba aquatico to degrade 
pesticides by exposing the plants to five concentrations varying from 0 to 1.0 mg.L-1. L. minor 
was observed to be the most efficient for the capture of pesticides, followed by E. canadensis 
and finally C. aquatico The percentage removal of pesticides ranged from 2.5% to 50% during 
four days of incubation and reached 100% after seven days of incubation.  
In another study, Bouldin et al., 2006, investigated the removal of atrazine and lambda-
cyhalothrin from water and sediment by hydroponic plants. They used Juncus effusus and 
Luwigia peploides. In this study, 98% degradation in just 48 hours of exposure of the pesticide 
to plants was observed. The results obtained by Bouldin and Olleta demonstrate the 
potential of efficient phytoremediation processes for removal of pesticide residues from the 
environment. Xia & Xiangjuan, 2006, investigated the disappearance of the persistent 
pesticide ethion from water by the process of phytoremediation. They used the plant 
Eichlornia crassips, which was able to degrade 98% of the ethion. The authors concluded that 
this plant could be used as an efficient, economical, and ecological alternative to hasten the 
removal and degradation of ethion in groundwater, industrial waste and other systems, 
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together with other types of pesticides. Amaya-Chavez et al., 2006, studied the efficiency of 
removal of methyl parathion from water and sediments by the plant Typhya latifolia. This 
plant was able to reduce the content of pesticides in the concentration range of 0 to 200.0 
mg.L-1, reaching 100% degradation during 10 days of exposure. Thus, Typhya latifolia may be 
a good candidate for phytoremediation of systems contaminated with methyl parathion.  
Photocatalytic oxidation is a very advanced process used to remove and degrade pesticide 
residues from various environments such as soil, water and food. In recent years, several 
studies and reviews on advanced oxidative processes (AOP) (Wu et al., 2007; Lasa et al., 
2005; Carp et al., 2004), which use UV light. Titanium dioxide is used extensively in most of 
these studies. It is one of the most extensively used processes among those mentioned 
because it is a readily available reagent, chemically robust and durable (Legrini et al., 1993; 
Kabra et al., 2004; Leyva et al., 1998; Oh et al., 2004; Moctezuma et al., Chen & Ray, 1998; 
Canle-Lopez et al., 2005). Moctezuma et al., 2007, studied the photocatalytic degradation of 
methyl parathion pesticides, using TiO2 in aqueous suspension. The final products were 
phosphoric acid and CO2. Furthermore, Mahalakshmi et al., 2007 demonstrated that the 
combination of TiO2 and ZnO2 was very effective in the photocatalytic mineralization 
reactions of carbofuran in water samples under solar radiation. They also assessed the total 
quantity of organic carbon (TOC) to confirm the extent and effectiveness of the 
mineralization process used in this study. Four intermediate products of the carbofuran 
pesticide were formed after only six hours of reaction. Various pathways for degradation of 
this compound were proposed.  
Shemer & Linden, 2006, studied the degradation and the degradation products of diazinon 
using photocatalyzed reactions with the application of UV light and UV/H2O2 catalyst. The 
addition of H2O2 was very effective in this process, increasing the rate of removal of 
diazinon from aqueous samples. Upon photolysis, the hydrogen peroxide leads to the 
formation of strongly oxidant species such as the hydroxyl radical, which accelerates the 
degradation process. Chiron et al., 2000, used AOP to remove diazinon from aquatic 
environments. Similar to other studies, the hydrogen peroxide was very effective and 
efficient in reducing the burden of diazinon in the environment. 
Chiron et al., 1997, studied the degradation of endosulfan in water samples using 
photocatalyzed reactions with (FeCl3/H2O2) and (TiO2/H2O2). The degradation was studied 
with a concentration of 35.0 g.L-1, and the results showed that both catalysts were effective for 
the removal of pesticides and can be applied to other situations and environmental 
compartments. Arbeli & Fuentes, 2007, investigated the process of complete mineralization in 
the accelerated degradation of methyl parathion, parathion, diazinon and cypermethrin 
pesticides using ozonation reactions. The complete mineralization was assessed by 
intermediate products and the formation of CO2. Ozonation has become a safe and promising 
process for the removal of pesticides from water samples, plant surfaces, and domestic waste. 

3.1 Kinetic study of degradation 
The time necessary for degradation of pesticides is important to assess whether pollutants 
are persistent in the environment. The disappearance of these compounds is related to 
several factors such as pH, temperature, light, oxygen, and quantity of organic matter, 
which alter the kinetics of degradation. The kinetic studies to assess degradation of organic 
pollutants can be performed and assessed by the rate of mineralization (Dyson et al., 2002). 
The rate of mineralization is determined by monitoring of inorganic compounds such as 
CO2, Cl-, SO42-, NO3- and PO43-. The most common method of analysis to assess 
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mineralization is the determination of total organic carbon (TOC). It is a rapid measurement 
of high reliability and sensitivity to the level of pg.L-1.  
Several authors have dedicated themselves to the study of the degradation kinetics to 
evaluate the persistence of the pesticides in the environmental. Penuela & Barcelo, 1998, 
described the use of TOC to monitor the products of catalytic degradation of triazophos 
with TiO2 catalyst. The results showed that the triazophos absorbs light in the presence of 
TiO2 and is degraded in 4.5 hours. The rate of carbon dioxide formation is an indication of 
the disappearance of the pesticide. Prevot & Pramauro, 1999, also observed the complete 
disappearance of 2,3,6-trichlorobenzoic acid after 60 minutes of irradiation in the presence of 
TiO2. The degradation of this substance increased considerably at pH = 3, while the rates 
were lower at other pH values. Blanco et al., 1996, studied the degradation kinetics of 
pesticides in water samples by ultraviolet light. They observed that the degradation became 
effective after irradiation for a period longer than five hours. In another study, Konstantinou 
et al., 2001, investigated the photochemical degradation of herbicides (atrazine, prometryn 
and propazine) in different types of natural waters (river, sea and lake) and soils. The 
monitoring showed that the compounds exhibited degradation kinetics with very different 
periods of irradiation, being greater than 10 hours for the three types of matrices. Hermam 
et al., 1999, investigated the degradation kinetics of methyl pirimiphos in water with 
different photocatalytic irradiation times. The results showed that over 98% of the pesticide 
disappeared after 10 minutes of irradiation with 1.5x1017 photons per second. Complete 
(100%) degradation of the pesticide occurred upon irradiation with 1.4x1016 photons per 
second over a longer period  (30 minutes). Shankar et al., 2004, studied the influence of pH 
on the degradation kinetics of pesticides in aqueous solutions. The results indicated that the 
degradation was rapid in solutions at pH between 2 and 7, reaching 100% degradation. At 
pH's above 7, the degradation rates were below 60%. A similar study was conducted by 
Kuo, 2002, who investigated the kinetics of degradation of the carbofuran pesticide between 
pH 4 and 7, using TiO2 as the catalyst. The results showed that the degradation was slow at 
pH's above 7. Uygun, 1997, studied the rate of degradation of pesticides in stored carrots. 
The studies were performed under sunlight and ultraviolet light of 280-300 nm. The 
degradation of pesticides occurred after 3 to 5 hours of solar irradiation, while the 
degradation by UV radiation required 10 hours. Rafqah et al., 2005, investigated the rate of 
degradation of sulfuron methyl by a photocatalytic process in the presence of two different 
titanium dioxides, Degussa P25 and Millennium PC500. The times necessary for the 
disappearance of the pesticide in the presence of Degussa P25 and Millennium PC500 were 20 
and 80 minutes, respectively, the efficiency of TiO2 (P25) being the greater. Wang & Lemley, 
2001, studied the rate of degradation of the pesticide 2,4-D in natural waters by treatment 
with Fenton, combined with the photocatalytic degradation of pesticides with TiO2. Rapid 
degradation by the Fenton reaction occurred in the presence of hydrogen peroxide; 
otherwise, the process was very slow.  

4. Environmental analysis of the pesticides and the sub-products 
The intensive use of pesticides and the consequent contamination of surface water, soil, 
flora, fauna and groundwater by their residues, including the products and degradation 
sub-products, require the use of reliable, sensitive methods for the analysis of contamination 
by these pesticides. Several analytical methods were developed for identification and 
quantification of pesticides and their degradation products in the environment. Among the 
main analytical techniques used are high performance liquid chromatography (HPLC) and 
gas chromatography (GC), since they possess the selectivity, sensitivity and high capacity 
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necessary for identification and quantification of pesticides and their degradation by-
products (Sabik et al., 2000; Wang & Lemley, 2005; Gennaro et al., 2001; Sasano et al., 2000; 
Pereira et al., 1990; Faria et al., 2007; Sandra et al., 1995; Carreteur et al., 1996).  

4.1 Sample preparation 
The methods for extraction of pesticides and clean-up of environmental samples are 
extremely important for their quantitative determination in the matrices of interest. The 
extraction techniques used to concentrate the analytes include liquid-liquid extraction (LLE), 
solid phase extraction (SPE) and solid phase microextraction (SPME). The SPME technique 
is promising and has the advantage of not using a solvent for extraction.  
The LLE extraction is based on the partition of the sample between two immiscible phases 
(organic and aqueous) and was used in the analysis of pesticides in water and food samples. It 
was used for many years as an official technique of the U.S. Environmental Protection Agency 
(U.S. EPA) (Watts et al., 1989). It is a classical technique based on repeated extraction of 1.0 or 
0.5 L of sample with organic solvents using a separatory funnel. Its main advantage is the 
ability to extract a wide range of compounds with a wide range of polarities.  
 Solid phase extraction (SPE) is a technique commonly used as a method for pretreatment of 
samples in trace analysis of micro-contaminants in aqueous samples. It was introduced in 
mid 1970 (Pichon, 1998), and it was marketed in 1978 as an alternative to LLE. The analytes 
contained in an aqueous matrix are extracted together with the interfering compounds after 
passage through a sorbent cartridge. A selective organic solvent is commonly used to extract 
the analytes of interest. The selection of the SPE method depends on the physico-chemical 
properties of the pesticides and their concentrations, so as to process the ideal volume of 
solvent (Thurman et al., 1990). Sasan et al., 2000, determined the pesticides and herbicides in 
aqueous samples using SPE. The efficiency of the extraction method for the identification of 
30 compounds was demonstrated. Using the same extraction method, Carreteur et al., 1996, 
analyzed pesticides in samples of sea water using SPE. The technique was very efficient for 
the extraction of analytes at ng.L-1 concentrations, allowing rapid preparation of the sample 
at the local of collection with good performance. Other studies have focused on the triazines 
and their degradation products extracted by this technique (Pichon et al., 1994; Dugay et al., 
1998). Penuela et al., 1996, performed the analysis of endosulfan in water samples using SPE 
with C18 cartridges, which permitted the study of its isomers at low concentrations. In 
another study, Penuela et al., 1998, used SPE to monitor the kinetics of degradation of 
Alachlor in water. The method was efficient for the extraction of pesticides, including for 
various degradation products. The pre-concentration with SPE in studies of 
photodegradation is a good technology, making it possible to measure the organic 
pollutants and identify the degradation products in low concentrations. Faria et al., 2007, 
proposed a new method for extraction of pesticides. To do so, they associated the SPE with a 
polymer supported on silica. The new system presented a high potential for extraction at gL-

1concentrations. However, alternative methods reduce or eliminate the use of solvents in the 
preparation of samples for chromatographic analysis (Chiron et al., 2000), this being one of 
the limitations of this technique compared to more traditional methods.  
Sabik et al., 2000, used SPE and SPME to analyze triazines in water samples. They discussed 
the advantage of SPME over SPE, since it dispenses the use of solvent. However, a large 
number of pesticides, including triazines and their degradation products, are easily 
determined and monitored efficiently at trace concentrations (ng.L-1) in water samples with 
SPE.  
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Chiron et al., 2000, highlighted SPME, a widely used extraction method, because it does not 
require the use of solvents and is simple, fast and efficient. Jinno et al., 1996, analyzed 
residues of some pesticides in plant samples using SPME with a PDMS fiber. The results 
showed that it is a technique capable of extracting traces of pesticides from aqueous 
solutions and from the surface of plants under domestic conditions. Sabik et al., 2000, 
measured pesticides in surface water and groundwater using SPME as the extraction 
method; Polydimethylsiloxane/Divinylbenzene (PDMS/DVB), Carbowax/Divinylbenzene 
(CW/DVB) and Polyacrylate (PA) fibers were tested. The CW-DVB fiber in saline solutions 
was more efficient for atrazine and its degradation products and was suitable for extraction 
of more polar compounds.  
There exists a discussion about the difficulty of  quantitative analysis using SPME, 
conversely, the studies shown below presented good results for quantitative determinations 
using SPME. Miege & Dugay, 1998, analyzed pesticides in aqueous samples using SPME. 
The most adequate fiber was PDMS (100 mm), which was able to extract organochlorine 
pesticides of low solubility and some organophosphates. The PA fiber was shown to be 
ideal for the extraction of pesticides containing nitrogen and phosphorus. The data indicated 
that the measurable limits were from 5.0 to 100.0 ng.L-1. Navalon et al., 2002, developed a 
method for determination of the herbicide oxidiazon in water, soil, wine and human urine 
samples, using the Headspace and PDMS fiber. The best responses were obtained by 
extraction for 25 minutes at a temperature of 100 ºC.   
Carvalho et al., 2008, determined organochlorine pesticides in sediments and studied their 
strong interaction with organic matter using SPME in headspace mode (HS-SPME) with a 
PDMS fiber. The method presented detection limits of 0.005 to 0.11 ng.g-1 of sediment and a 
good linearity in the 6.0- to 1000.0-ng.g-1 range. Xiang et al., 2008, investigated SPME using a 
new plythiophene (PTH) fiber to determine organochlorine pesticides in water. The results 
proved the ability of the new fiber to extract these compounds from aqueous samples. The 
detection limit was 0.5 to 10.0 ng.L-1, and the calibration curve was linear in the appropriate 
range, 10.0 to 100.0 ng.L-1 (R2 > 0.982). The method had the advantage that the fiber is 
robust, with durability greater than that of the PDMS fiber used by Carvalho et al, 2008.  
Gupta et al., 2008, proposed an improved SPME method using a 
Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS) fiber with a PTFE 
tube for the analysis of organophosphate pesticides. The proposed combination presented 
good linearity in the range from 0:03 to 150.0 µg.L-1, with 78% recovery and detection limits 
between 6.1 to 21.8 ng.L-1. The method is efficient, but requires a longer time to process the 
samples than the conventional SPME method. Seeking innovation, Djozan &  Ebrahimi, 
2008, covered the fiber with methacrylic acid and ethylene glycol by means of 
copolymerization for the analysis of atrazine and triazines in water by SPME. The new fiber 
was highly efficient, even for the analysis of rice and garlic. Similarly, Zeng et al., 2008, used 
ceramic material and carbon of high thermal stability as a support for SPME fibers for the 
analysis of organophosphorus pesticides in water samples. The method presented an LOD 
of 5.2 to 34.6 ng.L-1 and a good linearity between 0.05 to 200.0 ng.mL-1.  
Silva & Cardeal, 1999, developed a method for the determination of organophosphorus 
pesticides in water samples using SPME. A good linearity of the method was obtained in the 
0.20 to 20.0 ng.L-1 range, with correlation coefficients above 0.999. The accuracy of the 
method was 5.7 to 10.2% for all the pesticides evaluated, resulting in lower limits of 
detection, from 0008 to 0020 ng.L-1. Capobianco & Cardeal, 2005, proposed a method for the 
analysis of organophosphorus pesticides (co-ral, DDVP, Di-syston, phorate, phosdrin and 
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malathion) in freshwater fish, water and food samples by applying the SPME technique. The 
correlation coefficients for the curve obtained were between 0.997 and 0.999, with a relative 
standard deviation of 4.40 to 15.13%. The detection limits ranged from 0.05 μg.L-1 to 8.37 
μg.L-1, and the measurable limits were 0.09 μg.L-1 to 8.70 μg.L-1.  
Among the techniques mentioned, SPME extraction preserves all the advantages of SPE, 
such as simplicity, low cost, and easy automation, and eliminates the disadvantages such as 
clogging of the cartridge and use of solvents. All the studies for the analysis of pesticides by 
SPME furnished good results. This fact indicates that this approach is recommended for the 
analysis of trace organic compounds in environmental samples. Other studies (Fernandez-
Alvarez, 2008), have proposed changes in methods and alternatives for the analysis of other 
undesirable compounds in ecosystems.  
Basher et al., 2007, compared the efficiency of extraction of organophosphorus pesticides 
from groundwater by SPME and by liquid-phase microextraction (LPME). The SPME 
method was more effective at higher concentrations (LOD between 3.1-120.5 ng.L-1), while 
the LPME method was more effective at low concentrations (LOD between 0.3-11.4 ng.L-1). 
Lambropoulou & Albanis, 2005,  successfully developed a LPME method to determine 
traces of some insecticides (dichlorvos, mevinphos, ethoprophos, carbofuran,chlorpyrifos 
methyl, phenthoate, methidathion and carbofenothion) in water samples. Their method  
exhibited good linearity. The detection limits were in the 0.001 to 0.072-µg.L-1 range with 
relative recoveries from 80 to 104%. In another work, also using LPME, Xiong & Hun, 2008, 
analyzed organosulfur pesticides (malation, chlorpyrifos, buprofezin, triazophos, 
carbofsulfan and pyridaben) in environmental samples of water. The method presented 
good linearity (0.80 to 850 µg.L-1) and a correlation coefficient of 0.9901 to 0.9988, with limits 
of detection of  0.21 to 3.05 µg.L-1. Thus, LPME is a promising technique for environmental 
analysis at trace levels.  

4.2 Analytical techniques 
The analytical techniques for the determination of the pesticides in environmental samples 
request appropriate sensibility and precision. Gas chromatography coupled to mass 
spectrometry is among the most frequently used tools. This analytical tool has promoted the 
quantification of pesticides and their sub-products in the ppt level. 
Gennaro et al., 2001, investigated the process of degradation of the pesticide carbofuran 
using photocatalyzed reactions. The progress of the degradation of the pesticide was 
monitored using the techniques of HPLC and GC, both being coupled to mass spectrometer 
(MS) detectors. The intermediate products from carbofuran could only be identified by the 
GC/MS method because it presented greater selectivity, specificity, and capacity for 
identification.  
Sasano et al., 2000, proposed the analysis of pesticides in water samples using the GC/MS 
technique The authors used an automated system that consisted of pneumatic valves that 
introduced the sample directly into the sample injector chamber, with rapid evaporation of the 
solvent. They determined 29 pesticides and herbicides. The system achieved a recovery of over 
75% and a relative standard deviation (n = 6) of 10%. Sabik at al., 2000, described the 
determination of herbicides of triazines group and their degradation products in water 
samples using the GC/MS, HPLC-UV and HPLC/MS techniques. The technique was relevant 
because it became possible to propose reaction pathways for the degradation of atrazine. 
Nélieu et al., 2000, analyzed the atrazine degradation products by LC and HPLC using UV and 
MS detectors. The results indicated that mass spectrometry is a more efficient detector. Some 
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of the degradation products were not identified by HPLC/MS or HPLC/MS/MS. Sandra et 
al., 1995, investigated the degradation of the organophosphate methyl pirimiphos in water by 
artificial light. The analysis of the intermediate degradation products was achieved by 
GC/MS, HPLC-UV, HPLC/MS analysis and total organic carbon (TOC) techniques. The best 
results were obtained by GC/MS, and it was possible to identify all the degradation products 
of methyl pirimiphos. The formation of inorganic ions was verified through TOC. Prevot et al., 
1999 and Ravelo-Perez et al., 2008, investigated the photocatalytic degradation of acid 
solutions of 2,3,6-trichlorobenzoic acid (2,3,6-TBA) in the presence of TiO2. Several aromatic 
intermediates were detected by GC/MS with HS-SPME extraction. These intermediates have 
indicated the occurrence of hydroxylation, dechlorination, decarboxylation and oxidation-
reduction reactions. Pereira at al., 1990, identified a number of pesticides including atrazine, 
alachlor, and metoxichlor and their degradation products in surface water using gas 
chromatography and mass spectrometry with an ion trap analyzer. The method resulted in the 
determination of approximately 1.0 ng.L-1, with detection limits of up to 60.0 pg.L-1.  
Faria et al., 2007, proposed a method of analysis for six pesticides (imazethapyr, imazaquin, 
metsulfuron-methyl, bentazone, chlorimuron-ethyl and tebuconazole), by GC and HPLC 
with mass spectrometer detectors. The method involved the immobilization of the pesticides 
on a silica support immersed in water. The proposed system presented a good potential for 
extraction and concentration of pesticides in aqueous samples. It had the advantage of being 
a low-cost extraction method. 
Faria et al., 2007 and Sandra et al., 1995, developed a GC/MS method for the analysis of two 
metabolites of the herbicide chlorotriazine and 11 pesticides in water samples. The recovery 
index for all the analytes studied was 105-116% for concentrations in the range of 0.5 -1.0 
ng.mL-1, with detection limits of 0.05 ng.mL-1.   
In another study, Charreteur et al., 1996, determined pesticides in water samples using 
sequential GC/MS with Ion trap analyzers, in electron impact (EI) and chemical ionization 
(CI) modes. In this study, the detection limits for both types of ionization were 0.2 to 5.0 
ng.L-1. The selectivity increased significantly with the use of EI-MS/MS, compared to CI. 
Steen et al., 1997, analyzed triazines using the working conditions of Charreter. Magnuson 
et al., 2000, also determined the degradation products of triazines by GC/MS, but noted a 
problem of coeluition of the two main products, deethylatrazine (DEA) and 
deisopropylatrazine (DIA). The strategy to avoid coeluition was to combine the products 
with two different compounds, octadecyl and ammelide, so as to increase the polarity of the 
molecule.  
Uygun, 1997, investigated the degradation of chlorvenvifós by GC/MS, HPLC/UV and gel 
permeation chromatography (GPC) techniques. The main degradation product in all the 
samples was trichloroacetophenone, and the GC/MS technique was the only one able to 
identify this compound. The results also indicated that the degradation of chlorvenvifós is 
significantly lower at temperatures below 5 oC.  
Penuela & Barcelo, 1998, studied the degradation of endosulfan in water samples using the 
GC/MS and GC/ECD techniques. The endosulfan sulfate was determined in only a few 
samples because the proposed method indicated that the degree of recovery was low (70-
86%) and the limit of detection was high (0.5-540.0 ng.L-1) for the levels under study.  
Penuela & Barcelo, 1996, studied the degradation of Alachlor in water samples by GC/ECD 
and GC/MS. Three products were identified (2-hydroxy-2,6'-diethyl-N-methylacetanilide, 8-
ethyl-l-methoxymethyl-4-methyl-2-oxo-l,2,3,4-tetraquionoline and hydroxyalachlor). The 
pesticide was highly stable when exposed to irradiation by natural light during a period of 
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20 h. However, in the presence of 15.0 mg.L-1 of FeCl3 catalyst, the method became very 
effective for the destruction of Alachlor. 
Bandala et al., 2007, studied the degradation of aldrin, and its products were analyzed by 
GC/MS. Three degradation products were identified: dieldrin, chlordane and 12-
hydroxydieldrin. In the presence of H2O2, 93% degradation of aldrin was achieved. 
A review of methods for the determination of pesticides and their degradation products in 
environmental samples using different types of detectors was performed. The methods most 
used in the analysis were GC with an electron capture detector (ECD), nitrogen and 
phosphorus detector (NPD) or mass spectrometer (MS) detector and the technique of liquid 
chromatography with UV and MS detectors. The best detector among the studies discussed 
was the mass spectrometer. A summary of some studies described in the literature regarding 
the pesticides examined, types of samples and techniques used are presented in Table 2.  
Kouloumbos et al., 2003, investigated the products of photocatalytic degradation of diazinon 
in aqueous suspensions using GC/MS/MS and HPLC/MS/MS. The photocalytic 
degradation of diazinon catalysed by titanium dioxide was observed to proceed essentially 
through a hydroxylation mechanism. The results show that the combination of GC/MS/MS 
with EI, positive and negative ion CI, and LC/MS/MS with electrospray ionization 
represent a powerful analytical approach for the confirmation of the structure of 
photocatalytic intermediates.  
Kowal et al., 2009, developed an ultraperformant liquid chromatography-tandem 
spectrometry (UPLC/MS) method for the analysis of metabolites of the pesticide N,N-
dimethylsulfamide (DMS) in aqueous matrices. More than 600 samples of drinking water, 
surface water, and groundwater have been examined successfully using this method. The 
method furnished a relative standard deviation of 15% (n=10) and a limit of detection of 
10.0 ng.L-1. 
Hernández et al., 2008, investigated the metabolites of pesticides in food and water by liquid 
chromatography with time-of-flight mas spectrometry (HPLC/TOFMS). This technique has 
been successfully applied in multi-residue target analysis and has allowed the safe 
identification of metabolites in samples, as well as their quantification.  
In other study, Jeannot & Sauvard, 1999, determined pesticides in water samples using 
HPLC/MS/MS-APCI in positive mode. The method showed good linearity from 0.05 to 10.0 
ng.L-1, correlation coefficients from 0.9993 to 1.0  and detection limits from 0.02 to 0.1 µg.L-1. 
The study furnished the identification and quantification of pesticides and their conversion 
products in drinking water. 
Comprehensive two-dimensional gas chromatography (GCxGC) is a relatively new 
technique, developed in the nineties, and has great power of separation for complex 
samples, such as multi-residue analyses of pesticides. Banerjee et al., 2008, optimized a 
method for multi-residue analysis of pesticides in grapes using  comprehensive 
GCxGC/TOFMS and GC/TOFMS. The method resolved the co-elution problems observed 
in full scan, one-dimensional analysis and promoted chromatographic separation of 51 
pesticides within a 24-min run time with mass-spectrometric confirmation. The detection 
limits for GC/TOFMS were 2.0 to 19.0 ng.g-,1 and detection limits for GCxGC/TOFMS were 
0.2 to 3.0 ng.g-1. Multiresidue analysis by GCxGC/TOFMS presented distinct advantages 
over the GC/TOFMS analysis. The technique shows promise and good separation of all co-
eluted as well as closely eluted compounds with high sensitivity in the analysis of the 
pesticides studied. 
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Khummueng et al., 2006, determined residues of nine fungicides in vegetable samples using 
GCxGC/NPD. The  concentrations ranged from 1.0 to 1000.0 µg.L-1. Excellent linearity was 
observed for these standards in the range from 0.001 to 25.0 mg.L-1. The limit of detection 
(LOD) and limit of quantification were less than 74 and 246 ng.L-1.  Degradation of one 
fungicide (ioprodine) was readily identified by the characteristic band in the 2D plot 
between the parent and the decomposition product. The study showed that GCxGC/NPD 
has a potential for the routine analysis of fungicides in food and vegetables samples, 
providing a low LOD and LOQ and a good repeatability and reproducibility of peak 
response. Dalluge et al., 2002, also determined 58 pesticides in food extracts using 
GCxGC/TOFMS. All the pesticides of interest could be identified using their full-scan mass 
spectra. This determination of pesticides in vegetable extracts serves as an example. It was 
demonstrated that GCxGC improves the separation dramatically and is very suitable for the 
analysis of complex food samples. The authors mention that the analytes of interest can be 
better separated from one another when using GCxGC, but, more importantly, they are also 
separated from matrix compounds, which tend to seriously interfere in the 1D-GC/MS 
procedure. Consequently, the quality of the TOF/MS mass spectra obtained by GCxGC is 
much better than those obtained with 1D-GC, as was illustrated in this study for serious 
pesticides. Zrostlíková et al., 2003, determined trace level residuesof 20 pesticides in 
complex food matrices using GCxGC/TOFMS. The repeatability of retention time as R.S.D. 
ranged from 0.28 to 0.56% and 0.29 to 0.78% in the first and second dimensions, respectively. 
Good linearity (R2 = 0.9982-0.9996) was achieved in the concentration range of 5-500 ng.mL-1 
for standards in ethyl acetate. In this study and that of Dalluge, GCxGC/TOFMS was 
demonstrated to be a powerful tool for solving the problems with reliable confirmation of 
pesticide residues at the very low concentration levels  required for the analysis of some 
types of samples such as baby food. 
Gilbert-López et al., 2010, studied 105 pesticide residues in olive oil using fast liquid 
chromatography-electrospray time-of-flight mass spectrometry (LC/TOFMS) with two 
sample treatment methods: matrix solid-phase dispersion (MSPD) and liquid-liquid 
extraction. Data obtained shows that higher recoveries were obtained with LLE. The limits 
of detection obtained using both sample treatment methods were lower than 10 µg.kg-1 for 
more than 85 analytes. The HPLC/MS technique provided good precision and accuracy 
without requiring expensive instrumentation for the sample treatment step,  and it 
consumed relatively low amounts of solvent  and generated little waste material. 
Cus et al., 2010, identified the presence of 117 pesticide residues in vinification process of 
different grape varieties. Pesticides were determined by two different multi-residue 
methods. Seventy-one pesticides and dithiocarbamates were determinate by GC/MS. 
Another 45 pesticides were determined by HPLC/MS/MS. The LOD was 0.01 mg.L-1. 
Dithiocarbamates and some pesticides that are rapidly degraded, such as chlorothalonl, 
were not detected in this study. However, the study demonstrated the persistence of many 
pesticides during the vinification process. The range of concentrations of pesticides detected 
was 0.01-0.013 mg.L-1.  
Ayala et al., 2010, used high performance liquid chromatography with mass spectrometry  
(HPLC/ESI/MS) to study the degradation of bromoxynil and trifularina through an 
ozonation process. This mass spectrometry method provides necessary information about 
the degradation products during the process that can lead to a proposal of a transformation 
route for the pesticides studied. In another study, Ayala et al., 2010, evaluated the 
degradation of bromoxinyl and trifularin in natural waters by photoradiation with a UV 
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Pesticides Degradation products Analytical 
Technique 

Method 
Extraction References 

Aldrin Dieldrin, chlordane and 
1,2-hydroxy-dieldrin 

GC/MS e 
GC/ECD LLE Ormad et al., 

1997 

Carbofuram 

2,3-dichloro-2,2-
dimethylbenzofuran-7-

carbonato , 
carbofurafenol  and 

benzofuran 

HPLC,UV-vis 
and GC/MS LLE Mahalakshmi 

et al., 2007 

36 kinds of 
different 

pesticides 
studied 

Their respective 
degradation products 

GC/ECD,GC/
MS, GC/NPD, 

LC/MS and 
LC/UV 

LSE/SPME Bandala et al., 
1998 

Propan, 
terbutiron, 
propiclor, 

chlortoluron, 
thiran, ácido 
fenoxiacético, 

2,4,5-
triclorofenoxid

o, uracil, 5 
bromuracil and 

bromotimol 

Propham, propachlor, 3-
3(3-hydroxy-4-

4methylphenyl)-1,1-
dimethylurea, chloro-4-
methylphenyl, urea, 3-

3chloro-4-
methylphenylamine e 

chlortoluron 

GC/MS SPME Veiga et al., 
2006 

Mechlorprop , 
dichlorprop, 

2,4-D, 4-chloro-
2-

methylphenol, 
2,4-

dichlorophenol
, bentazon, 

bromoxynil, 
yonyxil, 
dicamba 

dinoseb and 
DNOC 

4-chloro-2-methyl 
phenol CMP)  and 2,4- 
dichlorophenol, (DCP) 

GC/MS SPME Ghadiri et al., 
2001 

29 kinds of 
pesticides and 

herbicides 
- GC/MS SPE Olette et al., 

2008 

Triazines 

Chloromethoxy , 
methylthiotriazines, 

metribuzin, metamitron, 
triazinones and 

hexazinonetriazinone 
and hexazinone 

GC/MS, 
LC/MS, 

GC/MS, LC-UV
SPME Bouldin et al., 

2006 

Pirimifós metal 4-hydroxy derivative, 
phosphorothioic acid, 

GC/MS, 
GC/MS-MS LLE/SPME Herrmann et 

al., 1999 
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O.O.S-trimethyl ester 

Atrazine Diethylatrazine and di-
isopropylatrazine GC/MS/MS SPME Shankar et al., 

2004 

Pirimiphos-
methyl 

Phosphate, sulfate and 
nitrate anions 

GC, HPLC, 
GC/MS, TOC 
and LC/MS 

SPE Kuo et al., 2002 

2,3,6-
Trichlorobenzo

ic 

Dichlorobenzene 
isomers, 1,2,5-

trichlorobenzene, 2,3,5-
trichlorophenol, 2,3,6 –
trichlorophenol, 2,3,6-

trichlorohydroquinone2,
3,6- 

GC/MS LLE Uygun,1997 

Chlorfenviphos 

1-(2,4-
dichlorophenyl)ethan-1-
ol, 2,4-dichlorobenzoic 
acid and 2,2-dichloro1-

(2,4-dichlorophenyl) 
vinyl alcohol 

GC/MS LLE Rafqah et al., 
2005 

Endosulfan 

Endosulfan diol, 
endosulfan ether, 

endosulfan lactone, 
endosulfan 

hydroxyether and 
endosulfan dialdhyde 

GC/MS SPE Wang & 
Lemley, 2001 

Alachlor 

2-hydroxy-2,6-diethyl-
N-methylacetanilide, 8-
ethyl-1-methoxymethyl-
4-methyl-2-oxo-1,2,3,4-

tetraquionoline and 
hydroxyalachlor 

GC/MS SPE Gennaro et al., 
2001 

Parathion, 
atrazine e 
alachloro 

Atrazine amide, 
deethylatrazine, 
simazine amide, 

deisopropylatrazine, 
hidroxyatrazine amide, 

chlorodiamino-s-triazine 
and deisopropylatrazine 

amide 

GC/MS, 
LC/MS LLE Sabik et al., 

2000 

Triazines, 
phenoxyacids 

and 
organophosph

orus 
compounds 

Atrazine amide, 
deethylatrazine, 

deisopropylatrazine 
amide 

deisopropylatrazine 
simazine amide, 
chlorodiamino-s-

triazine, ammelie and 
hydroxyatrazine amide 

GC/MS, 
LC/MS/MS LSE/LLE Picho et 

al.,1998 



 Pesticides - Formulations, Effects, Fate 

 

610 

Diazinon 

2-isopropil-6-metil-
pirimidin-4-ol (IMP) and 

2-isopropil-6-
metilpirimidin-4-il 
fosfato (dizoxon) 

UV-vis, GC/MS LSE/SPME Chiron et al., 
1993 

Table 2. Studies of the Determination of Pesticides and their Degradation in Environmental 
Samples 
lamp and with a combination of UV and hydrogen peroxide (H2O2). The concentration of 
these compounds was monitored by high performance liquid chromatography with a UV 
detector using the wavelengths of 237 and 220 nm to quantify trifularina and bromoxinyl, 
respectively. The study showed that the UV/H2O2 process enhanced the oxidation rate in 
comparison to direct photolysis. 
Chung et al., 2010, validated a method of multi-residue analysis by liquid chromatography 
with a sequential mass spectrometer detector (HPLC/MS/MS). Ninety-eight pesticides, 
including organophosphorus and carbamates, were determined in various types of food, 
edible oil, meat, egg, cheese, chocolate, coffee, rice, tree nuts, citric fruits and vegetables. The 
method was suitable for the practical determination of multi-class pesticides in food. It 
presented good linearity in the range of 1 to 20 µg.L-1. The coefficients of determination were 
greater than 0.995 for all the compounds studied. The limit of detection was of 2 µg.kg-1, and 
the limit of quantification (LOQ) was 10 µg.kg-1. The average recoveries, measured at 10 
µg.kg-1, were in the 70-120% range for all of the compounds tested.  

5. Conclusion 
Degradation methods have been extensively used and proposed as an alternative for the 
complete destruction of pesticide residues, or as a means of obtaining less harmful 
compounds in different environmental matrices and especially in water. The main methods 
proposed include photoirradiation, advanced oxidative processes (AOP), phytoremediation 
and bioremediation. AOP allied with irradiation was efficient in the elimination of harmful 
pesticide residues and has also been used to study the degradation products to determine 
the kinetics of formation and disappearance of more toxic products and to establish the 
routes of degradation and their relative importance.  
Chromatographic techniques such as gas chromatography with mass spectrometer detector 
are proposed for the determination of pesticide residues and their degradation products 
because of the selectivity, sensitivity and relative speed of analysis. However, liquid 
chromatographic techniques with mass spectrometer detectors are more suitable for the 
analysis of more polar compounds because the samples are analyzed directly without the 
need for derivatization. 
Commonly used extraction processes involving analytical methods such as LLE, SPE or 
SPME are associated with the chromatographic techniques. Considering the use of solvents 
and the formation of residues by LLE and SPE methods, methods using SPME are 
considered more advantageous. Moreover, several studies have shown that the SPME 
technique is selective, rapid and of low cost. 
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1. Introduction      
The organic pollution is a major concern during the treatment of drinking-water as organic 
micro-pollutants might show disruptive and toxic properties. Organic micro-pollutants are 
found in surface and groundwaters at different concentrations, mostly between 0,1 and 100 
μg/L (Panno&Kelly, 2004).  
Pesticides are known contaminants of concern. 363 kt of pesticides were used between 1980 
and 1990 in the USA. From among triazine pesticides, atrazine and its metabolites, 
deethylatrazine and deisopropylatrazine, can still be found in drinking-water supplies 
throughout the EU, due to their usage as maize and sugar beet pesticide.  They are slowly 
biodegradable microbiologically (Reid et al, 2003). They have to be removed from drinking-
water sources  because they are classified as possible human carcinogens (Legube et al, 
2004). Atrazine, with the chemical name 2-chloro-4-(ethylamino)-6-(isopropylamino)-s-
triazine (C8H14ClN5, MCIET = 215,7 g/mol) is soluble in water at 30 mg/L and half live in soil 
for atrazine is 15−100 days (Ralebitso et al, 2002). Atrazine is classified as a class C 
carcinogen. Chromosom damage to chinese hamster egg cells were observed if they were 
exposed to 0,005−0,080 μmol/L of atrazine, within two days. Two well-known atrazine 
metabolites, deethylatrazine and deisopropylatrazine, were found to be potentially 
carcinogenic, therefore the admissible levels for each pesticide individually in water are set 
at 0,1 ug/L, and the sum should not exceed 0,5 μg/L in EU (Thurman et. al, 1994).  US EPA 
(US Environmental Protection Agency) set the total admissible levels for atrazine, 
deethylatrazine and deisopropylatrazine in groundwater at 3 μg/L (Richards et al, 1995). A 
study by US EPA in 2003 showed that triazines – atrazine, simazine and propazine – as well 
as metabolites – deethylatrazine and deisopropylatrazine in deethyl- deisopropylatrazine – 
have the same mechanism concerning endocrine disruptions. Anumnerated compounds act 
the same way on human bodies, therefore, US EPA introduced the sum of all 
chloro−s−triazines. Atrazine removal from drinking water sources is impossible using 
chlorination, aeration, filtration or coagulation. Quite effective technologies include 
activated carbon, ozonation, membrane separatoin, and biofiltration. The most efective are 
RO and NF membranes (Jiang&Adams, 2006).  
During a study of atrazine degradation within concentrations ranging from 5 to 1700 ng/L, 
the only metabolite found was deethylatrazine within a concentration range from 10−850 
ng/L (Garmouna et al., 1997). 



 Pesticides - Formulations, Effects, Fate 

 

620 

A study of atrazine monitoring in Slovenia from 1993 to 1996 showed that atrazine 
concentrations were up to 7,23 μg/L. Then they started to decrease to 0,06 μg/L due to the 
elimination of Primextra and Atrapine T in 1994 (Pintar & Lobnik, 2001). In March, 1999 
atrazine use was prohibited (Official Gazette RS, 1999). 
Evidently, organic micro-pollutants represent only a minor fraction of organic pollution. The 
major fraction of organic pollution is attributed to natural organic matter (NOM). NOM is a 
heterogeneous mixture of undefined structurally complex organic compounds derived from 
plants, animals, microorganisms, and their waste and metabolic products. Therefore, NOM 
inevitably occurs in all natural water sources and, like micro-pollutants, must be removed 
from water sources. NOM interferes with the performances of several unit processes. NOM 
could be responsible for high coagulant demand, rapid clogging of filters by biofilm growth on 
media, rapid saturation of activated carbon beds, thereby increasing the regeneration 
frequency, high disinfectant demand, inhibiting the impact of disinfectants, and the rapid 
decay of ozone. NOM is a major membrane foulant and may inhibit the removal of organic 
micro-pollutants by activated carbon. NOM should be carefully considered when choosing the 
optimal process and design for organic removal (Haarhoff, 2010). 

2. Ozone reaction in water 
Ozone in ground and surface water reacts with dissolved organic substances (DOC) and 
micropollutants. Ozonation decreases the formation of disinfection by-products, such as tri-
halometanes (THM) and haloacetic acid (HAA). NOM influences ozone decay. Ozonation is 
one of the better known technologies for atrazine removal (Von Gunten, 2003). Ozone is 
unstable in water and its half-life ranges from a few seconds to a few hours, depending on 
pH, NOM, and water alkalynity. Ozone decomposition constitutes the first step of a 
complicated mechanism for indirect reactions, which are accelerated by initiators such as 
OH-ions.  The resulting radicals react instantly (k = 108-1010 L mol-1 s-1) and non-selectively 
with pollutants.  The radical pathway is influenced by the type of dissolved substances in 
the water.  This mechanism, consisting of  three different steps is widely used: the initiation 
step - formation of superoxide anion radical (O2.-), the propagation step - formation of 
hydroxyl radicals and re-initiation of the chain reaction, and the termination step - inhibitors 
(scavengers) stop the re-formation of the superoxide anion radical.  The direct reaction of 
organic compounds with ozone is a selective process and has a slow reaction rate constant. It 
takes place when the radical mechanism is inhibited the oxydation of ozone with NOM is a 
typically second-order reaction, but with a first-order reaction with respect to ozone and to 
the organic compound following eqs. 1 and 2. Second- order reactions are typical for 
reactions of organic compounds and hydroxyl radicals following eq. 3 (Von Gunten, 2003). 

 γNOM + γO3   → products (1) 

 (−dγNOM/d t) =  kr . γNOM . γO3 (2) 

 (−dγNOM/d t) = kO3 . γNOM . γO3  +  kOH . γNOM . γOH. (3) 

γNOM − NOM, mg/L 
γO3 − ozone, mg/L 
γOH. − hydroxyl radicals, mg/L 
t − time, t 
kr − reaction rate constant, mol/(L. s) 
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kO3 − reaction rate constant for ozone, mol/(L.s) 
kOH − reaction rate constant for hydroxyl radicals, mol/(L.s) 
Various reaction orders for ozone degradation from 0 to 2 have been reported 
(Hermannowicz, 1999). The order of reaction depends on the reaction time. Ozone reacts 
with organic pollutants  and, as by-products, various metabolites are formed which can 
affect ozone decomposition. Some accelerate while others inhibit decomposition. 
Decomposition change can be noticed in the change of reaction order. Ozone degradation 
follows first reaction order in batch experiments. If the reaction  time is prolonged and the 
concentrations of ozone are negligible in comparison with initial ozone concentractions, the 
reaction order changes. In reported experiment, the first-order reaction coeficients are 
calculated as being higher compared with batch experiments. Various data concerning first 
order kinetics are found in literature: 0,031−0,23/min for millipore water,  up to 0,27−11,3 
1/min for continuous systems and 0.16 to 0.361/min for batch systems in surface water. 
Batch experiments are conducted on the laboratory scale, where different conditions appear, 
compared with real water samples. Ozone may destroy organic components in water and, 
consequently, its concentration decreases. 
It has been reported that concentrations of atrazine could be lowered by the formation of 
OH radicals, at pH 7.60, because of initiation with OH- ions in water (Gottschalk, 2000). 
In aqueous solutions, ozone may react with various dissolved compounds in one of two 
ways: either direct reaction of the molecular ozone or indirect reaction through the 
formation of secondary oxidants (radical species: hydroxyl radicals) during ozone 
decomposition in water.  These different reaction pathways lead to different oxidation 
products, and are controlled by different types of kinetics. 

Indirect reactions 
Any indirect reaction of ozone with pollutants generates radicals, such as hydroxyl radicls 
(OH0) which can then accelerate ozone decomposition. They react un-selective and rapidly 
with kr = (108−1010) L/(mol.s) (Gottschalk et al., 2000). Radical mechansms are complex and 
depend on various factors. Major reactions are presented in eqs. 4 to 14, based on 2 models. 
Mechanisms consist, basically, of 3 stages: reaction initiation, radical chain-reaction, and 
reaction termination. 
Reaction initiation between ozone and hydroxyl ions leads to the formation of superoxide 
anionic radical O2.− and hydrogen peroxide radical HO2. (see eqs. 4, 5). 

 O3 + OH− →O2.− + HO2.,        kr = 70 L/mol.s (4) 

 HO2. ↔ O2.− + H+,                  pKa = 4,8 (5) 

Radical chain-reaction: according to the reaction between ozone and superoxide anionic 
radical O2.−  ozonide anionic radical O3.− is formed, which immediately decomposes to OH-
radicals, following eqs. 6 to 8. 

 O3 + O2.− → O3.− + H+,             kr = 1,6  .109 L/(mol.s) (6) 

 HO3.−  → O3.− + H+,                   pKa = 6,2 (7) 

 HO3. → OH. + O2,                   kr = 1,1. 108 L/(mol.s) (8) 
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OH. can react eather way (eqs. 2.9 and 2.10): 

 OH. + O3→ HO4.,                    kr = 2,0 . 109 L/(mol.s) (9) 

 HO4.→ O2 + HO2.,                   kr = 2,8 . 104 /s (10) 

Following eq. 10 oxygen and HO2. are formed, and the reaction can begin again. The 
promoter is a compound which enables the transformation of OH. into superoxide radical 
O2.−/HO2., and catalyses the chain-reaction.  
Organic molecules R are promoters. They contain functional groups and react with OH.. 
Organic radicals R. are generated. 

 H2R + OH. → HR. + H2O (11) 

Organic peroxide radical ROO. is generated in the presence of oxygen and can react to form 
O2.−/HO2. during chain-reaction: 

 HR. + O2 → HRO2. (12) 

 HRO2. → R + HO2. (13) 

 HRO2. → RO + OH. (14) 

Reaction termination 

Compounds react with OH. to produce radicals O2.−/HO2.. These are called inhibitors and 
terminate the reaction (eqs. 15 and 16). Known inhibitors are carbonate ions (k = 4,2 108 
L/(mol s)) and hydrogencarbonate ions (kr = 1,5 107 L/(mol s)), PO43− , humic acids, and 
tertial butil alchohole (t-BuOH). There is a second method for terminating reaction when 
two radicals react to form oxygen and water (eq. 17). 

 OH. + CO32− → OH− + CO3.−,        kr = (4,2 108) L/(mol s) (15) 

 OH. + HCO3
− → OH− + HCO3.,    kr = (1,5 107) L/(mol s) (16) 

 OH. + HO2. → O2 + H2O,               kr = (3,7 1010) L/(mol s) (17) 

Two OH-radicals are formed per three molecules of ozone.  
Other mechanisms are also possible. Some aromatic comounds with buffers decompose 
ozone within a system: aromatic ring ⇒ olefine ⇒ H2O2 ⇒ HO2

−. The aromatic ring reacts 
with hydroxyl radical or ozone, olefine is generated, and a chain is formed with two bonds 
(C−C=C−C=C−C). Olefine immediately reacts with ozone to form H2O2. A part of this 
molecule dissociates to HO2

−, which accelerates ozone degradation. t−butanole inhibits the 
aroomatic ring decay, and no H2O2 is formed. Some aromatic compaunds do not react with 
ozone  but they do react with OH-radical. This second pathway is faster than the mechanism 
explained above (Pi, 2005). 
Direct reactions 
The direct reaction of organic compounds with ozone is a selective process and the reaction 
rate constant kr = 1,0.103 L/(mol.s) is low (Gottschalk et al., 2000). It takes place when the 
radical mechanism is inhibited. Ozone reacts slowly with different organic compounds, 
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whilest it reacts quickly with electron donors such as the hydroxyl group in phenole. Direct 
ozonation prevails if the radical mechanism is inhibited and if water contains terminating 
compounds. The direct  mechanism is more important than the radical within pH ranges 
below 4 and vice-versa at higher pH above 10, while both mechansms are important within 
neutral range. Inorganic copmpounds, such as iron, manganesse, nitrite, cianide, bromide 
can be oxydized during ozonation. Fe2+ forms Fe(OH)3, Mn2+ forms MnO2, NO2- forms NO3–

ions. The most problematic is the oxydation of bromide to bromate, which is a carcinogen. 
Certain chlorine by-products can be formed, such as HOCl, OCl−, ClO2

− v ClO3
−.  However, 

more organics can be directly oxiydized by ozone. 

2.1 Micropollutants’ oxidation with ozone 
Atrazine can be degraded by mechanisms involving dealkylation, deamination, 
dehalogenation, and hydroxylation. Atrazine degradation is pH and temperature 
dependent. The atrazine degradation efficiency was 17 % at pH  3,3, and was much higher 
up to 71 % at pH = 9,7. If a higher pH value is applied more polar metabolites are formed 
and more atrazine is degraded (Kearney, 1988). Laboratory scale experiments showed that 
alkyl groups are oxydized, while amino alkyl groups are oxydized into acetamide. 
Ozonation of the N-ethyl group is five-times faster compared with ozonation of the N-
isopropyl group (Hapeman, 1994). Two metabolites with imino-groups are formed. The N-
ethyl-group is more reactive compared with the N-isopropyl group: 19-times by ozonation 
and 4-times by radical attack, therefore acetamide or imine is predominantly formed and 
does not react with ozone. The N-isopropyl group forms a free amino-group following 
dealkylation. The major reaction products released during atrazine ozonation according to 
Acero (Acero et al., 2000), which are: 
• Atrazine: 2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine, (CIET, 67 %)  
• 4−acetamido−2−chloro−6−isopropylamino−s−triazine (CDIT, 24 %),   
• deisopropylatrazine: 2-amino-4-chloro-6-(ethylamino)-s-triazine (CEAT, 5 %),  
• deethylatrazine: 2-amino-4-chloro-6-(isopropylamino)-s-triazine (CIAT, 4 %; four 

primary metabolites), 
• 4−acetamido−6−amino−2−chloro−s−triazine (CDAT), 
• 6−amino−2−chloro−4−ethylimino−s−triazine (CIAT−imine),  
• deethyldeisopropylatrazine (DEDIA; three secundary metabolites). 
 Degradation of 2−kloro−4−ethylimino−6−isopropylamino−s−triazine using ozone is slow 
and the end products are unknown.  
4−acetamido−2−chloro−6−isopropylamino−s−triazine is degraded by ozone to 
4−acetamido−6−amino−2−chloro−s−triazine (100 %). Ozonation of deethylatrazine leads to 
deethyldeisopropylatrazine formation (100 %). Ozone attacks isopropyl groups and leads to 
dealkyilation of isopropyl group. Due to the ozonation of deisopropylatrazine 6−amino−2-
chloro−4−ethylimino−s−triazine (66 %) and 4−acetamido−6−amino−2−chloro−s−triazine (34 
%) are formed. 
The dealkylation of 6−amino−2−chloro−4−ethylimino−s−triazine is very difficult to carry 
out. 4−acetamido−6−amino−2−chloro−s−triazine and deethyldeisopropylatrazine are the end 
products. 2−chloro−4−ethylimino−6−isopropylamino−s−triazine (50%) is the major 
metabolite. Three products formed during the radical reactions plus a small portion of 
undefined products:  
• 4−acetamido−2−chloro−6−isopropylamino−s−triazine,  
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• 4−acetamido−6−amino−2−chloro−s−triazine 
• 6−amino−2−chloro−4−ethylimino−s−triazine.  
Oxydation of 4−acetamido−2−chloro−6−isopropylamino−s−triazine  leads to 
• 4−acetamido−2−hydroxi−4−isopropylamino−s−triazine (ODIT, 10 %) and 
• 4−acetamido−6−amino−2−chloro−s−triazine (90 %) formation. 
While oxydation of deisopropylatrazine forms: 
• 4−acetamido−6−amino−2−chloro−s−triazine (30 %) and 
• 6−amino−2−chloro−4−ethylimino−s−triazine (70 %).  
Deethyldeisopropylatrazine and 4−acetamido−6−amino−2 −chloro−s−triazine are the end 
products. Hydrolisis of acetamide following dealkilation forms acetic acid. 
4−acetamido−2−chloro−6−isopropylamino−s−triazine hydrolyses at pH 6 to 8 to 
deethyldeisopropylatrazine. The imino group hydrolyses to acetaldehide. Deethyilatrazine 
is also end-product (Acero et al, 2000). 
Drinking water with atrazine at 190 m3/d flow was filtered and ozonized. The treated water 
contained increased concentrations of: deisopropylatrazine, deethylatrazine, 
deethyldeisopropylatrazine, hydroxydeethylatrazine 4-acetamido-2-chloro-6-ethylamino-s-
triazine, hydroxydeisopropylatrazine, and other metabolites. (Verstraeten et al., 2002) 
The ozone doze was 1,5 mg/L, and the ozonation time 20 min. After ozonation, the water 
was filtered. 2,2 mg/L of chlor 0,6 mg/L of fluor and 0,38 mg/L NH4+ were added before 
distribution to the city collection reservoir. The rate constants of N−ethyl group ozonation 
were double that of N−izopropyl group ozonation. Atrazine oxydation pathway was via 
N−acethyl group and included N−isopropyl group in smaller portion. Imine and amide 
were formed. The major reaction products released were (Verstraeten et al., 2002):  
• deethylatrazine, 
• deethyldeisopropylatrazine, 
• 4-acetamido-2-chloro-6-etilamino-s-triazine (CDET), 
• deisopropylatrazine, 
while hydroxyatrazine (OIET; 2-(ethylamino)-4-hydroxy-6-(isopropylamino)-s-triazine) was 
not considered due to negligible dehalogenation. The pH of the water was above 8,5, more 
deethylatrazine was formed in comparison with deisopropylatrazine. A similar process 
could be done with hydroxyatrazine where dealkyl products being formed 
(hydroxydeethylatrazine (OIAT; 2-amino-4-hydroxy-6-(isopropylamino)-s-triazine), and 
hydroxydeisopropylatrazine (OEAT; 2-amino-4-(ethylamino)-6-hydroxy -s-triazine (Verstraeten 
et al, 2002). 
Ozonation alone is sometimes insufficient for successful oxidation of micropollutants. 
Ozone might be combined with other processes, such as UV-light, hydrogen peroxide, 
Fenton. The range of processes, termed advanced oxidation processes AOP’ dosplayed great 
potential for treating organic micropollutants. Metabolites are formed during AOP, which 
could be even more toxic as target micropollutants. Therefore, ozonation is combined using 
filtration or adsorption. 

3. Advanced oxidation processes 
The range of AOP processes have been developed over the last 40 years in order to degrade 
organic micro-pollutants. AOPs are based on the generation of powerful oxidizing agents, 
especially hydroxy-radicals, which destroy micro-pollutants. The best-known is the direct 
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photolysis of hydrogen peroxide and UV - direct photolysis or photo-induced processes, 
such as Photo-Fenton oxidation.  Enhanced degradation of atrazine by ozonation is achieved 
by combining ozonation with other processes, such as H2O2/ozone within the pH range 
above 7 (Meunier et al., 2006, Huang et al, 2004), and UV/ozone (Panno, 2004). Other 
combined processes are also known from the literature, such as UV/TiO2 (Van Gunten, 
2003), and UV/Fenton reagent (Hermanowicz et al, 1999).  Chan & Chu (Chan & Chu, 2005) 
reported on the dependence of atrazine removal from concentration of dissolved iron ions, 
using Fenton reagent. Park (Park et al., 2004) proved the dependence of ozone 
decomposition on the pH of goethite surfaces during para-chlorobenzoic acid degradation. 
Ni (Ni et al., 2002) used different metal ions for 2-dichlorophenol degradation with ozone. 
TiO2/hν/O2 is a powerful combination for pesticides degradation (Andreozzi et al, 1999). 
Compared to OH. (1.8-2.7 V depending on the pH), SO4.− demonstrated higher standard 
reduction potential (2.5-3.1 V) at neutral pH. At acidic pH, they both demonstrated similar 
reduction potential, but SO4.−, in general, was more selective for oxidizing organics than that 
of hydroxyl radicals. There were few studies on the generation mechanism of SO4.− by 
cobalt- catalyzed decomposition in the homogeneous system. This SO4.− radicals were very 
effective in oxidizing and transforming organic compounds like atrazine (Chan & Chu, 
2009).  

3.1 Ozone/Hydrogen peroxide 
H2O2 reacts with ozone as anion HO2

−(Gottschalk et al., 2000). The reaction constant of the 
system  H2O2/O3 depends on the initial oxydant’s concentration. This reaction follows eqs. 
18 and 21. The reaction of ozone and undisociiated H2O2 is also possible (see eq. 20), but the 
degradation rate is low. Initiation is also possible following eq.21 (Sunder & Hempel, 1997). 

 H2O2 ↔ HO2
− + H+,                      pKa = 11,8 (18) 

Iniciation of reaction: 

 HO2
− + O3 → HO2. + O3.−,            kr = 2,2 .106 L/(mol.s) (19) 

 H2O2 + O3 → H2O + O2,                kr < 10-2 L/(mol.s) (20) 

 H+ + O3 → HO3. → HO. + O2,       kr = 1,1. 105/s (21) 

During the chain-reaction phase hydroxyl radicals are transformed into peroxy radicals (eqs. 
22 to 24). pKa for O2.−/HO2. is 4,8 (see eq. 5), and radical chain-reaction ends following eq 6. 
Compounds in water can act as promoters or scavengers, such as organic pollutants. The 
radical chain-reaction goes as follows (Sunder & Hempel, 1997): 

 HO. + O3 → HO2. + O2,                  kr = 1,1 .108 L/(mol.s) (22) 

 H2O2 + HO. → H2O + HO2.,            kr = 2,7 .107 L/(mol.s) (23) 

 HO.+ + HO2. → H2O + O2.−,            kr = 7,5 .109 L/(mol.s) (24) 

An electron pathway from H2O2 to HO2
− or bimolecular degradation is possible. During the 

ozonation of perchloroethene inorganic carbon acts as a hydroxyl radical scavenger and is 
formed due to the addition of H2O2. Increased concentration of inorganic carbon in water 
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caused lower pollutant concentration. Free radicals are un-available due to the reaction with 
ozone, the ozone degradtaion decreases, and the concentration of inorganic carbon affects 
ozone stabilization. This effect is impossible at high pH. Most of the inorganic carbon is in 
hydrogencarbonate ion form at pH = 7. The inorganic carbon concentration was between 50 
and 200 mg/L and consequently alkalynity was high. Hydrogencarbonate ions react with 
hydroxyl radicals at a lower constant rate of 8,5. 106 L/(mol. s) (Acero & Von Gunten, 1998) 
compared with atrazine and nitrobenzene with k = 3 .109 L/(mol.s) (Hoigne, 1997). Due to a 
higher concentration of hydrogencarbonate compared with organic pollutants it can be 
presumed that hydrogencarbonate consumes hydroxyl radicals. The inhibitory effect of 
hydrogen-carbonate is formed originating from the reaction with hydroxyl and 
hydrogencarbonate radicals which act selectively. They also express a lower reaction 
constant compared with hydroxyl radicals for the oxidation of organic pollutants (Hoigne, 
1998). The reaction of hydrogencarbonate and hydroxyl radicals leads to intermediate 
formation, which can enable the radicals to form (Legube et al., 2004).  
Termination phase: 
The reaction between hydroxyl radicals and inorganic carbon produces carbonate radical 
CO3.−, and the reaction mechanism is insufficiently established in the literature (eqs. 25 to 27). 

HO. + HCO3
− → H2O + CO3.−, 

kr = 1,5 .107 L/(mol s) (Rosenfeldt et al., 2006), 8,5. 106 L/(mol.s) (Ma, 2000)   
(25)

HO. + CO32− → HO− + CO3.−, 
kr = 4,2 108 L/(mol s) (Rosenfeldt et al., 2006), 3,9 .108  L/(mol.s) (Ma, 2000)   

(26)

HO. + pollutant → H2O + CO2 + products (27)

The reaction constant for HO2
− was determined at 2,2 .106 L/(mol.s) and for HO− at 70 

L/(mol.s). The latter is negligible in comparison with the first.  
The constant for atrazine degradation in the presence of hydroxyl radicals was determined at: 
• kr =  3 .109 L/(mol.s) at pH = 2 (Accero et al, 2000),  
• kr =  2,4. 109 L/(mol.s) at pH = 2 (DeLaat et al, 1994),  
• kr =  2,6 .109 L/(mol.s) at pH = 3.6 (photo-Fenton) (Haag & Yao, 1992). 
The direct constant of atrazine decomposition was calculated at: 
• kr =  7,90  ±  0,62 L/(mol.s) at pH = 3 and 25 ±0,2 °C (Camel & Bermont, 1998) , which is 

very low.  
Two end products are formed if atrazine is exposed to the H2O2/O3 process,: 
2,4−diamino−6−hydroxy−s−triazine at pH = 8 and deethyldeisopropylatrazine. The share of 
both compounds depends on hydroxyl radical concentration (Nelieu et al., 2000). 
The H2O2/O3 process is advisable for oxidation in water if the ozone molecule is relatively 
stable (Acero & von Gunten, 2001). Such waters do not contain many organic substances but 
the alkalinity is high. During ground-water ozonation, the ozone reacts quickly during the 
initial phase, then the first-order reaction takes place. Sometimes we can not differentiate 
between these two phases due to the very rapid end of the first one. During the H2O2/O3 
process only one phase was obseved for both types of drinking water. The ozone 
degradation rate constant was 10- times lower compared with the H2O2/O3 process, in 
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ground-water, while twice as low in surface water. The quantity of hydroxyl radicals was 
measured  by p−chlorobenzoic acid transformation. It reacted with hydroxyl radicals at kr = 
5,2. 109 L/(mol. s) and not with ozone, due to the very low constant kr = 0,15 L/(mol.s). One 
hydroxyl radical per three molecules of ozone is formed during ozonation while one 
hydroxyl radical per one molecule of ozone is formed during the H2O2/O3  process in pure 
water, which means 2/3 of the hydroxyl radicals during H2O2/O3 are formed due to 
ozonation during the initiation phase. Hydroxyl radicals’ formation per ozone molecule is 
0,5 in real water samples. The formation of hydroxyl radicals increased from 23 to 54 % 
during ozonation and the H2O2/O3 process in ground-water. In the surface-water, the 
formation of hydroxyl radicals was comparable with the ozonation and H2O2/O3 processes. 
The surface-water contained more NOM, which acted as a hydroxyl radicals’ promoters; 
one hydroxyl radical formed per one molecule of ozone (theoretical value for OH./O3 was 
the same as for O3/H2O2). The addition of H2O2 did not significantly accelerate the ozone 
degradation. The alkalinity of the surface-water was higher than that of the ground-water, 
therefore, the p−chlorobenzoic acid degradation rate was higher in groundwater. Namely, 
the inorganic carbon species are scavengers of hydroxyl radicals. Atrazine was decomposed 
in 300 min during ozone oxidation, and in 80 mins during the H2O2/O3 process (Acero & 
von Gunten, 2001). 

3.2 Ozone/UV 
The degradation of organic compounds takes place by photolysis (Beltran, 1996). Ozone in 
water is decomposed into H2O2 (eq. 28). Ultraviolet lights should expose photolysis at  
254 nm. 

 O3 + H2O → H2O2 + O2 (28) 

Oxidation of the compound can be achieved by each oxidant: UV-radiation, ozone, and 
H2O2. Direct photolysis of UV-light absorption can take place. Direct oxydation by H2O2 is 
impossible under normal conditions at pH = 5−10 and room temperature. The extinction 
coeficient ε for ozone at 254 nm is higher (ε = 3300 L/(mol.cm)) comapred with H2O2 (ε = 
18,6 L/(mol.cm)). The rate of ozone degradation is 1000−higher compared with H2O2 

degradation (Gottschalk et al., 2000). 
During ozonation, the ozonide radical ion O3.− is formed from O.− and O2. If O.− are absent, 
O3.− degrade to O.− and O2, and reacts with O.−. O3.− degradation is very sensitive to O.− 
presence. O3.− are generated with photolysis alkaline water (pH > 12,7) and  H2O2 or S2O82− 
addition. The first order reaction takes place with H2O2 , whilest then using  S2O82− a more 
complex degradation process take palce and more intermediates are formed 
(Gonzales&Martire, 1997).  
The fluorescence method was introduced to analyze hydroxyl radical levels during indirect 
ozone process, and O3 /UV processes. It was observed that the amount of hydroxyl radical 
exposure during the O3 /UV process was much higher than in the indirect ozone process. If 
the alkalinity in water is high, the inhibition is significant and the linear correlation between 
alkalinity and hydroxyl radical exposure was revealed which might have insight into the 
effect of alkalinity on the inhibition of hydroxyl radicals. Consequently, more reduction of 
TOC and DBP during the O3 /UV process would be observed. 
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The chlorine demand increases with decreasing pH and increasing alkalinity. It could be 
concluded that hydroxyl radical can more strongly destroy the organic precursors resulting 
in reducing chlorine consumption than an ozone molecule (Gonzales & Martire, 1997). 

3.3 UV/Hydrogen peroxide 
Degradation of organic compounds can take place if the light energy is adsorbed by the 
molecule to produce an electronically-excited molecular state, and chemical transformation 
is competitive with deactivation process. UV/ H2O2 generally involves the generation of 
hydroxyl radicals’ formation. The photolysis of H2O2 yields two hydroxyl radicals formed 
per photon, absorbed by 254 nm during a direct process (eq. 29). HO2

− also absorbs energy 
by 254 nm and is in acid-base equilibrium with H2O2 (eqs. 30 and 31) (Gottschalk et al., 
2000). 

 H2O2 → 2OH.,                         ε  = 18,6 L/(mol.s) (29) 

 HO2
− → OH. + O.−,                 ε  =  240 L/(mol.s) (30) 

 HO2
− + O.−→ OH− + O2.−,       kr = 4. 108 L/(mol.s) (31) 

Prado (Prado & Esplugas, 1999) studied atrazine degradation using UV light at different pH 
values 4,74, 6,85 and 11,71. The best results were achieved at pH 11,71 over 50 min. In a 
second set of experiments, atrazine was treated with H2O2. 4 % of atrazine was oxidized at 
pH = 4,8, 9 % at pH = 6,8,  and total atrazine degradation was achieved within 240 min at 
pH = 11,4. Enough radicals were available at a high pH without UV-irradiation. Atrazine 
was oxidized with ozone and  50 % of atrazine decomposed within 90 min at pH = 4,74, 
while 70 % at pH = 6,88 and again total degradation was achieved at high pH 11,55 within 
30 mins. It can be conceluded from the results, that direct ozonation is slower compared 
with the radical. During indirect reaction a lot of  hydroxyl radicals were formed at high pH 
values. The UV/H2O2 process was studied for atrazine removal. Within the neutral pH 
range only 15 min was needed for atrazine removal, whilest when using  UV 50 min was 
necessary. The atrazine disappeared at pH = 4,74 in 25 min. The process is slower compared 
with the use of UV at only pH = 11,55. Other reactions take place at higher pH values and 
the hydroxyl radical formation is deactivated. At O3/UV process, H2O2 decomposes to 
hydroxyl radicals just like the H2O2/UV process. Atrazine decomposes within 80 min at pH 
= 4,65, within 40 mins at pH = 7,2, and within 30 mins at pH = 11,23. During the O3/H2O2 
process, 70 % of atrazine decomposes within 90 mins at pH = 4,0, total degradation takes 
place within 40 mins at pH = 6,92, and within 30 mins at pH = 10,1. In this study H2O2 
concentration was  10−times higher than stechioometric concentration. The O3/H2O2/UV  
process showed that atrazine decomposes within 30 mins at pH = 4,31 t = 30 min, within 15 
mins at pH = 6,7, and within 100 mins at pH = 11,03. The best results were achieved using 
UV/H2O2 at pH = 6,8 followed by O3/H2O2/UV within the neutral pH range. The half-life 
times for atrazine degradation are listed in Table 1. The concentration of atrazine was 6,95. 
10−5 mol/L at the temperature 20−23 °C. (Prado & Esplugas, 1999). 
Atrazine was degraded in ultra-pure water. The best results were achieved using O3/UV 
which is in accordance with other experiments. The water type has a major influence on 
removal efficiency (Beltran et al., 2000). 
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pH (4,3−4,8) (6,7−7,2) (10,1−11,7) 
process t/min t/min t/min 

UV 9,7 8,2 7,1 
O3 81 38 3,6 

H2O2 / / 32 
H2O2/UV 4,7 2,2 25,4 

O3/UV 14 9 8,5 
O3/ H2O2 52 10 16 

O3/ H2O2/UV 4,9 3,1 20 

Table 1. The half-life time of atrazine 

3.4 Ozone/Metal catalyst 
Catalytic ozonation is a new technology developed over recent years. It was discovered, that 
the reaction rate increased when Pb2+, Cu2+, Zn2+, Fe2+, Ti2+, and Mn2+ ion were applied 
during the ozonation of 2-dichlorophenol (Ni et al., 2002). 
The best results were achieved using Mn2+ (kr = 227 L/(mol.min)) followed by Fe 2+ (kr = 143 
L/(mol.min), , Ti2+ with kr = 139 L/(mol.min), Zn (kr = 107 L/(mol.min), Cu kr = 89 
L/(mol.min) and Pb kr = 81 L/(mol.min). The reaction rate was three time higher at pH = 3 
and 1 mg/L Mn2+ in comprarison with treatment without Mn. With an initial Mn-
concentration of 0 to 2 ppm, after gas exposure for 20 min the removal rate can be increased 
from 38% to 93%.  The TOC removal rate increased from 13 % to 38 % over 60 min. The 
reaction rate improved greatly at an initial pH = 3. Linear correlation was established 
between ozone degradation with a metal catalyst, and the oxydation abilities of pollutants. 
At high pH values atrazine degradation is high due to high concentrations of OH-radicals 
(Ni et al., 2002). Manganesse is non-toxic to humans. The maximum allowable concentration 
(MAC) of 50 μg/L was set for Mn2+. Linear correlation was established between Mn2+ 

concentration and concentration of undecomposed atrazine in dependence of time. The 
catalytical ability of Mn2+ activation was higher than that of the Mn4+ ions created after the 
reaction of KMnO4 and MnSO4. Comercially-available MnO2 proves the non-degradation 
ability of atrazine. The authors explained that fact by the formation of hydroxyl radicals if 
Mn2+ is combined with ozone generation. If the Mn2+ concentration was higher, more ozone 
reacted with the organic pollutant and less ozone remained in the solution. Even the flow-
rate of ozone from the air-gas into the solution was higher with higher manganesse ions in 
the solution. If the Mn2+ concentration was 1.5 g/L  65 % of ozone flows from air and only 35 
% without Mn2+ (Ma & Graham, 1997). The humic acid influence on atrazine degradation 
was studied by the same authors. At a low quantity of humic acids at 1 mg/L the 
degradation process was accelerated with the presence of Mn2+ or MnO2, due to the humic 
acids acting as initiators and promoters of radical reaction. At higher humic acid 
concentrations (2,4 and 6 mg/L) the process of atrazine degradation was inhibited by the 
humic acids despite different additions of Mn2+ or MnO2, due to the reaction of humic acid 
with hydroxyl radicals. MnO2 exhibits certain adsorption properties for certain pollutants, 
therefore the theory of atrazine adsorption onto MnO2 was experimentally proven. The 
results show that only 10 % of atrazine adsorbed onto  MnO2 which is low, regardless on the 
concentration of humic acid in the solution (Ma & Graham, 1999). In the same reasearch, the 
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effect of hydrogencarbonate and t-butanole on atrazine ozonation was studied and using 
catalyst Mn2+. Mn2+ improved the atrazine degradation. Polar low molecular weight 
metabolites were formed. Increased hydrogencarbonate ion concentrations or t-butanole 
decreased the atrazine degradation rate, because they acted as OH-radical scavengers. The 
worst results were achieved with t-butanole, which reacts with hydroxyl radicals at a rate of 
5 .108 L/(mol.s), and is faster compared with hydrogencarbonate ions. Inert intermediates 
are formed during t-butanole reaction with hydroxyl radicals, which terminate the reaction, 
and with t-butanole acting as the inhibitor. Ozone degradation is slower even at low t-
butanole concentrations of 5 mg/L (Ma & Graham, 2000).  
p−chlorobenzoic acid was exposed to ozonation using goethite (FeOOH), with particle sizes 
0,3−0,6 mm, and a specific area of 147 m2/g. The ozone rate constants were double using 2 
g/L FeOOH compared with ozonation alone (Park, 2004). 
Simazine, atrazine (ethyl and isopropyl groups), and  terbuthylazide (ethyl and t-buthyl 
groups) at pH = 3 were oxidized by ozone, as well as Ce(NH4)2(NO3)6 in acetonitrile. 
Dealkyilation of the N-ethyl group took place, whilest it was negligible for atrazine. 
Dealkylation of t-buthyl group did not appear, therefore N-deethylation dominated. The 
ratio N−deethylation/N−deisopropylation was determined at 11,5 using Ce(NH4)2(NO3)6 
whilest it was 5,3 using ozone. Oxidative N-dealkylation of small linear alkyl groups is 
faster if alkyl chained groups are larger at chemical oxidants, and in enzimatic systems. 
Ozonation of atrazine and terbuthylazide generated traces of amides during oxidation of 
carbon next to nitrogen on N-ethyl group (Bolzacchini et al., 1994). 
The atrazine ring opens using Al2O3 from 240 to 450 °C. Triazine ring hydrolises to 
amonium and carbon dioxide. Those groups which are bonded to the triazine ring reacted 
with hydrogen to form small molecules (Zhan et al., 1996). 
Kinetic decomposition of ozone and atrazine (and its metabolites), were studied using 
ozonation and catalytic ozonation. Three different types of Pt-catalyst were applied by 
studying the atrazine decay-rate. It was found that the addition of Pt-catalyst improves the 
atrazine decay rate at higher pH. The improvement was more significant using Dohr1-Pt 
catalyst.  After 30 min of catalytic ozonation, up to 93% of atrazine was removed, whilest 
only 33% of atrazine was removed after 30 min of ozonation without the catalyst.  HPLC 
analyses showed that atrazine did not decompose to form deethylatrazine, but some other 
substances which could not be detected using our analytical methods. Pt-catalysts increased 
the ozone decomposition rate. The determined rate constants using ozonation with Pt-
catalyst were twice the values of ozonation without catalyst. The ozone decomposition was 
generated in the bulk solution and on the surface of the Pt-catalyst.  The highest rate of 
decomposition in the bulk solution was achieved within the pH range above 7, and was 
equal to 0.0262 1/min; on the catalyst surface the highest decomposition rate of 0.0120 
1/min.g L was achieved in a neutral pH.  The decomposition of ozone is proportional to the 
Pt catalyst mass (Tepuš & Simonič, 2007; Tepuš & Simonič, 2008). 

3.5 UV/Metal catalyst 
Pesticides could be degraded using high pressure mercury or xennon light due to different 
photochemicall processes. Long reaction times and highly energetic photones are needed. 
Pesticides are often incompletely removed. The major reactions using UV-light are 
dehalogenation, substitution of chloride atom by  hydroxil groups, and radical formation 
advanced oxidation processes with UV-light are promising processes for pesticide 
degradation. Ther is a difference between: 
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• homogenous (H2O2/UV, Fe3+/UV) and  
• heterogenous photocatalitic processes (TiO2/UV, ZnO2/UV).  
Photocatalitic advanced oxidation processes are light-induced reactions based on hydroxil 
radicals’ formation in combination with oxidants, such as TiO2, ZnO2, Fenton. Titan dioxide 
(TiO2) is a more frequently used photocatalyst for pesticide degradation. Light is absorbed 
at λ < 385 nm (while H2O2/UV needs λ between 210 and 230 nm). Positive sites in the net 
are generated acting as strong oxidants, or hydroxil radicals are formed. TiO2 uses sun-light 
as an energy source. If the catalyst is bonded to the surface, the efficiency is lower in 
comparison with those processes where TiO2 ions are mixed into the solution. If TiO2 is 
bonded to the activated carbon, the pesticide reaction rate might increase and the generation 
of atrazine metabolites decrease. For 90 % atrazine degradation 9,1 min was necessary 
during the TiO2/UV process, 9,2 min for ozonation, and below 0,5 min using Fe/UV 
(Chiron, 2000). 
Atrazine degradation using UV light and TiO2 catalyst was studied (Pelizzetti, 1992). 
Hydrolisys of 2−chloro substituent on a ring took place, oxidation of alkyln group, and 
dealkylation and deamination of the chain. Finally, the amino groups were replaced by 
hydroxil ones. A series of intermediates were analysed, while the cianuric acid did not 
decompose. Atrazine decomposition was fast, whilest the cianuric acid rate was slow due to 
the amino group bonding to the triazine ring replacement by hydroxil ones. Inorganic 
compounds, such as peroxodisulphate accelerate cianuric acid formation. Many products 
are generated with high hydrofilicity, and are less toxic.  
95 % of atrazine was degraded photocatalytically on immobilised TiO2 at pH = 7,1 with the 
initial concentration of atrazine at 1mg/L, over 24 h. When real water was used as matrix, 
the atrazine degradation rate was reduced at a factor of 3. Orto−phosphate and carbonate 
ions slightly improved the process, whilest other inorganic species did not influence the 
reaction rate. Atrazine in destilated water decomposes into deethylatrazine, 
deisopropylatrazine, hydroxiatrazine, deethyldeisopropylatrazine, deethylhydroxiatrazine 
(OIAT), deisopropylhydroxiatrazine (OEAT), deethyldeisopropylhydroxiatrazine (OAAT). 
The latter decomposes into cianuric acid (OOOT). In drinking-water atrazine decomposes 
into deethylatrazine, deisopropylatrazine and deethyldeisopropylatrazine. Photochemical 
degradation yields dehalogenated products, while photocatalytical degradation yields 
dealkilated products (Ziegmann et al., 2006). 

3.6 Hydrogen peroxide/metal catalyst 
Fenton reagent (H2O2 and Fe2+) enables hydroxil radicals formation following eqs. 32 and 33.  

 2+ 3+ . -
2 2Fe + H O Fe + HO + HO→  (32) 

 . 2+ - 3+HO + Fe HO + Fe→  (33) 

Oxidation of alkylamino groups and/or dealkylation take palce. The exact mechanism is 
unknown, as yet. 
Atrazine was degraded into: 
• 4−acetamido−2−chloro−6−isopropylamino−s−triazine, 
• deethylatrazine,  
• 4−acetamido−2−chloro−6−ethylamino−s−triazine (CDET), 
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• deisopropylatrazine,  
• 4−acetamido−2−hydroxi−6−isopropilamino−s−triazine, due to dehalogenation, 

oxidation of alkyl groups. In less than 30 s out of atrazine: 
• deethyldeisopropylatrazine (23 %) and 
• 4−acetamido−6−amino−2−chloro−s−triazine (28 %) were formed.  
Higher Fenton reagent concentrations enables the formation of 
4−acetamido−6−amino−2−chloro−s−triazine, and deethyldeisopropylatrazine. The end-
product was 2, 4−diamino−6−hydroxy−s−triazine. The efficiency of atrazine degradation 
was 99 % at pH = 3, and only 37 % at  pH = 9 (Arnold et al., 1995).  
The next study suggest two phases of atrazine decomposition: ‘faster and slower ‘following 
second order kinetics (Chan & Chu, 2003), more metabolites were analysed: 
• 2−chloro−4−(1−carboxylethanolamino)−6−isopropylamino−s−triazine                          

(CIET-carboxylethanolamino), 
• 2-hydroxy-4-acetamido-6-ethylamino-s-triazine (ODET), 
• 6-hydroy-4-ethylamino-2-amino-s-triazine, 
• 4-hydroxy-6-isopropylamino-2-amino-s-triazine (Chan & Chu, 2005) 
Fenton reagent consists of an iron salt which is usually Fe- sulphate. In this study, iron 
hydride within an anaerobic environment was used, due to the fact that oxygen leads to 
organic radicals’ formation and peroxyl radicals, which affect the Fe2+ and hydroxyl radical 
concentrations, but not the reaction rate of atrazine degradation. Therefore, secondary 
reactions do not affect rate reaction. The constant reaction rate using iron hidride was ten 
times higher at pH = 3 than at  pH = 8 (Barreiro et al., 2007).  
Reaction rate constants were determined at 0,24−2,83. 103 1/s for atrazine and 
(1,57−12,75).105 1/s for H2O2 using Fe3+/H2O2 for 80 % atrazine removal in 1 h. Higher H2O2 
led to higher rate constants til the certain value and after that they decrease (Gallard & De 
Laat, 2000). 
Continuously electrogenerating of H2O2 from the electro-reduction of dissolved O2 and 
combination of Fe3+ and Cu2+ leads to the optimum degradation rate  for which complete 
disaperance of atrazine is achivied at 22 min. However, Cu2+ concentrations higher than 10 
mM inhibit H2O2 generation and consequently atrazine degradation rate because of copper 
deposition on the carbon- felt cathode surface. In this study degradation of cyanuronic acid, 
the ulitmate product of atrazine was observed, which is very rare (Balci et al., 2009). 

4. Adsorption media for atrazine removal 
4.1 Adsorption isotherms 
Adsorption isotherms are developed by exposing a given amount of adsorbate in a fixed 
volume of liquid to varying amounts of activated carbon. The adsorbent phase after 
equlibrium is calculated using eq. 34:  

 ce = ((γ0 − γe) V)/m (34) 

ce − adsorbent phase concentration after equlibrium , mg/g 
γ0 − initial concentration of adsorbate, mg/L 

γe − final equlibrium concentration of adsorbate, mg/L 

V − volume of water in reactor, L 
m − mass of adsorbent, g 
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Various adsorption isotherms were developed, but the Freundlich isotherm is used more 
commonly, followed by the Langmuir isotherm. 
The Freundlich isotherm is defined as follows (Metcalf & Eddy, 2003):  

 ce = kf γe1/n (35) 

kf − Freundlichov capacity factor (mg/g) (L/mg)1/n  
1/n − Freundlich intensity parameter, 
The constants in Freundlich isotherm can be determined by plotting log ce  versus log γe. Eq. 
35 can be rewritten as eq. 36:  

 log ce = log kf + 1/n log γe (36) 

Langmuir isotherm is defined as (eq. 37): 

 ce = ( a b γe)/(1 + b γe) (37) 

Where 
a − empirical constant, mg/g 

b − empirical constant, cm3/mg 

The Langmuir isotherm was developed by assuming that a fixed number of accessible sites 
are available on the adsorption surface and that adsorption is reversible. Equilibrium is 
reached when the rate of adsorption of molecules onto activated carbon is the same as the 
rate of the molecules desorption. The Langmuir isotherm can be rearanged to eq. 38: 

 γe/ce = 1/(a b) + γe/a (38) 

4.2 Pesticide removal achievements by adsorption 
Different adsorption media could be used for atrazine removal such as activated carbon, 
zeolite, resins, and others (Nyex 100). 
Adsorption resins are similar to ion-exchange resins. They express high porosity, include 
different exchange groups or none, and are utilised for anionic and weak ionic compounds 
adsorption. Resins could be divided into three groups regarding polarity: 
• ion adsorption resins which are strongly base, as used for organic adsorption 
• phenole adsorption resins which are weak base amino and phenole groups, used for 

coloured articles’ removal in the food industry; 
• inert adsorption resins macroporous copolimers of  styrene and divinylbenzene with a 

high net-degree and high ratio between area and volume; used for weak ionised 
substances. 

Atrazine, simazine and propazine as well as deethylatrazine, deisopropylatrazine and 
deethyldeisopropylatrazine were efficiently removed when using Calgon WPH and Norit 
HDB activated carbons. Freundlich constants were calculated, as presented in Table 2, for 
atrazine and metabolites. Calgon WPH was more efficinet for atrazine removal (Jiang & 
Adams, 2006).  
Non of the metabolites are formed if atrazine is adsorbed onto activated carbon. The 
procedure is simple, also for deethylatrazine and in deisopropylatrazine removal. The water 
solubilty of atrazine is 33 mg/L, for Deethylatrazine and  deisopropylatrazine it is higher at 
380 mg/L and  210 mg/L at 25 °C, respectively. deethylatrazine and  deisopropylatrazine 
expose a lower capacity for activated carbon compared with atrazine, due to the rule 
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Pesticide Sample kf/((mg/g)(L/mg)1/n 1/n 
Atrazine 

Deethylatrazine 
Deisopropylatrazine 

millipore 
13,518a    6,15 b 
1,793a      5,09b 

1,829a      6,13b 

0,491a    0,44b 

0,294a    0,56b 

0,308a    0,65b 

Atrazine 
Deethylatrazine 

Deisopropylatrazine 
groundwater 

2,211a 
0,651a 

1,385a 

0,358a 
0,832a 

0,621a 

Atrazine 
Deethylatrazine 

Deisopropylatrazine 
millipore 

10,654c 

1,659c 

1,837c 

0,221c 

0,219c 

0,377c 

Atrazine 
Deethylatrazine 

Deisopropylatrazine 
groundwater 

0,885c 

0,000c 

1,076c 

0,973c 

7,516c 

0,420c 

Table 2. Freundlih constants for different carbon types (aCalgon WPH, cNorit HDB,  pH  = 7, 
room temperature (Jiang & Adams, 2006), bCalgon WPL,  pH  = 6, ϑ = 21 °C (Adams & 
Watson, 1996)) 

that substances with higher solubility have lower adsorption capability when binding to 
activated carbon. Due to this rule, it can be expected that the adsorption capacities of other 
s−triazine metabolites are lower due to their high solubilities in water. Higher adsoprtion 
capacities were determined at lower pH = 6 compared with higher pH values (e.g.pH = 8). 
pH change within the neutral region does not affect the solubility of atrazine due to pKa of 
atrazine  = 1,7. Adsorption is a reliable treatment method for pollutant removal until certain 
value. The costs rise very quickly if it is necessary to remove the pollutant below this 
mentioned value (Adams & Watson, 1996).  
Picabiol and WCM 106 activated carbon gave beter results concerning atrazine removal 
compared with WCM 106, due to a higher specific area. The efficiency was improved by 
combinig atrazine adsorption with pre-ozonation (Pryor, 1999). NOM has a huge influence 
on atrazine adsorption. It was discovered out that 3,4−0,4 mg/g lower adsorption capacity 
within 62 days is achieved due to the high NOM content in water. High DOC also inteferes 
with atrazine adsorption on granular activated carbon. Up to two thirds lower adsorption 
capacities were determined (Lebeau et al., 1999). 
Organic zeolites were found to exhibit an adsortion capacity for organic pollutants. Clay 
with negative charge and zeolites have an affinity to cationic exchange.  In contrast to clay, 
zeolites with grain sizes around 1 milimetre or more might be used as filter media for 
inorganic substances’ removal, such as ammonia and heavy metals. If the functional groups 
on a zeolite surface are replaced by high-molecular weight quarter amine, they could be 
applied for neionic organic contaminants’ removal from water. The capacities for atrazine 
bonding to stearyle-dimethylbenzi ammonium chloride modified zeolite surfaces was 0,43 
mg/g, following the Langmuir model (Lemić et al., 2006) . 
In study in which activated caron, carbonaceous resin and high- silica zeolites were studied 
to evaluate their effectivenes activated carbon was the most effective and zeolites were less 
effective because zeolites contain pores of uniform size and shape, and pesticides must 
matching pore size/shape requirements (Rossner et al., 2009). 
Nyex 100 is an adsorption media containing non-porous particles of carbon, and expresses 
high conductivity.  Adsorption and electrochemical regeneration are rapid due to hindered 
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intramolecular diffusion. Nyex 100 is a cost-effective carbon dust material with particle 
diameters from 10 to 600 μm, and an average diameter of 124 μm. Its specific area is low at 
2,75 m2/g whilest activated carbon has 2000 m2/g. The Freundlich adsorption isotherm for 
atrazine was calculated at  0,279 (mg/g)(L/mg)1/n,  and 1/n = 0,550 at pH  = 3, at room 
temperature 17−26 °C. This is lower compared with activated carbon. If Nyex 100 is 
electrochemically regenerated using cathode and anode, and salt. However, the adsorption 
isotherm was similar to when using fresh Nyex 100 (Brown et al., 2004).  
Adsorption isotherms were determined using Filtrasorb 400 (Chemviron Carbon) and two 
resins: Dowex Optipore L 493 (Dow Chemical Company) and Lewatit VP OC 1064 MD PH. 
The Freundlich equation was employed. Lewatit VP OC 1064 MD PH was the best 
adsorbent for atrazine, followed by Filtrasorb 400, and Dowex Optipore L 493 resin with 
only half the Lewatit VP OC 1064 MD PH capacity. Filtrasorb 400 was determined to be the 
better solution for deethylatrazine removal with a third higher adsorption capacity than 
Dowex Optipore L 493 (Tepuš et al., 2009). 

5. Membrane technologies 
Over recent years, membranes have become fully or partially integrated into all facilities 
that produce drinking water (Duranceau, 2000). This is due to the fact that membrane 
processes can resolve technically complex and, at times, conflicting requirements relating to 
compliance with multi-contaminant regulations (Taylor & Hong, 2000). With the tightening 
of regulations in the future, the need for membrane technology such as reverse osmosis (RO) 
and nanofiltration (NF) will increase significantly. However, wider use of reverse osmosis 
membrane technology in the drinking water industry has been hampered greatly by 
membrane fouling (Hong & Elimelech, 1997). The extent and rate of membrane fouling are 
largely affected by membrane surface characteristics (Elimelech et al., 1997; Vrijenhoek & 
Hong, 2001). 
Because it is generally accepted that, besides the operation values (flux, pressure), 
membrane performance in RO and/or NF processes is influenced by membrane porosity 
and by physicochemical interaction in a system’s membrane-water-solute(s) (Kosutic & 
Kunst, 2002). It has been discovered, that rejection of the model solution by very tight RO 
membranes is dominantly affected by the membrane porosity parameters (pore size 
distribution and effective number of pores), whilst, the rejection of charge ions and organics 
by NF membrane is expected to be influenced more by the physicochemical parameters 
(charge, hydrophobicity).  
Therefore, in NF retention properties are very important: the possibility of retaining 
relatively small organic molecules and multivalent ions from aqueous solution is crucial for 
most applications. NF and RO offer very good removal possibilities for most organic micro-
pollutants, since the molecular weights of these pollutants are often around 200-300 g/mol, 
and the molecular weight cut-off (MWCO) values of NF membranes are also often within 
this region (for RO membranes, the MWCO values are even lower). However, removal of 
some organic micropollutants is still incomplete and traces may still be detected in the 
permeate of NF and RO installations (Bellona et al., 2004).  
Considering that the molecular weights of almost all pesticides range from 200 to 400 Da, 
NF membranes are potentially useful for pesticide removal. Since NF membranes can 
simultaneously remove both hardness and pesticides, their application to the treatment of 
drinking water has been increased (Reinhard et al., 1986; Baier et al., 1987; Duranceau et al., 
1992; Hofman et al., 1993; Berg et al., 1997; Hofman et al., 1997; Van der Bruggen et al., 1998).  
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General 
Membrane separation is addressed as a pressure-driven process. Pressure driven processes 
are commonly divided into four overlapping categories of increasing selectivity: 
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and hyperfiltration or reverse 
osmosis (RO). MF can be used to remove bacteria and suspended solids with pore sizes of 
0.1 to micron. UF will remove colloids, viruses and certain proteins with pore sizes of 0.0003 
to 0.1 microns. NF relies on physical rejection based on molecular size and charge. Pore sizes 
are within the range 0.001 to 0.003 microns. RO has a pore size of about 0.0005 microns and 
can be used for desalination (Mulder, 1991). 
 

 
Fig. 1. Filtration and Separation Spectrum (Aim Filtration Systems, Aug. 2010). 

 

 
Fig. 2. Comparison between: (a) dead-end, (b) cross-flow configuration (Saxena et al., 2009). 
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During membrane filtration, there are two major filtration modes, dead-end filtration and 
cross-flow filtration. In the cross-flow mode, the fluid to be filtered flows parallel to the 
membrane surface and permeates through the membrane due to pressure difference. The 
cross-flow reduces the formation of the filter cake to keep it at a low level (Negaresh, 2007). 

Membrane Materials 
The membrane material refers to the substance from which the membrane itself is made. 
Normally, the membrane material is manufactured from a synthetic polymer, although 
other forms, including ceramic and metallic “membranes,” may be available (Allgeier, 2005). 
MF and UF membranes may be constructed from a wide variety of materials, including 
cellulose acetate (CA), polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN), 
polypropylene (PP), polysulfone (PS), polyethersulfone (PES), or other polymers. Each of 
these materials has different properties with respect to surface charge, degree of 
hydrophobicity, pH and oxidant tolerance, strength, and flexibility. 
NF and RO membranes are generally manufactured from cellulose acetate or polyamide 
materials (and their respective derivatives), and there are various advantages and 
disadvantages associated with each. While cellulose membranes are susceptible to 
biodegradation and must be operated within a relatively narrow pH range of about 4 to 8, 
they do have some resistance to continuous low-level oxidant exposure. Polyamide (PA) 
membranes, by contrast, can be used under a wide-range of pH conditions and are not 
subject to biodegradation. Although PA membranes have very limited tolerance for the 
presence of strong oxidants, they are compatible with weaker oxidants such as chloramines. 
PA membranes require significantly less pressure to operate and have become the 
predominant material used for NF and RO applications (Allgeier, 2005). 
 

 
Fig. 3. Membrane module: a) Plate-and-frame membrane module b) Tubular membrane 
module c) Hollow fibre module with opened-end design d) Spiral Wound Membrane 
Module (Mulder, 1991). 
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 Reverse 
Osmosis Nanofiltration Ultrafiltration Microfiltration 

Membrane Asymmetrical Asymmetrical Asymmetrical Symmetrical 
Asymmetrical 

Thickness 
Thin film 

150 µm 
1 µm 

150 µm 
1 µm 

150 -250 µm 
1 µm 10 – 150 µm 

Pore size <0.002 µm <0.002 µm 0.2 – 0.02 µm 4 – 0.02 µm 

Rejection 
of 

HMW, 
LMWC, 
sodium 
chloride, 
glucose, 
amino acids 

HMWC 
mono-,di- and 
oligosaccharides, 
polyvalent neg. 
ions 

Macro 
molecules, 
Proteins, 
Polysaccharides, 
vira 

Particles, 
Clay, 
Bacteria 
 

Membrane 
material(s) 

CA 
Thin film 

CA 
Thin film 

Ceramic, 
PSO, PVDF, CA 
Thin film 

Ceramic, 
PP, PSO, PVDF 
 

Membrane  
Module 

Tubular, 
Spiral wound, 
Plate-and-
frame 

Tubular, 
Spiral wound, 
Plate-and-frame 

Tubular, 
Hollow fiber, 
Spiral wound, 
Plate-and-frame 

Tubular, 
Hollow fiber 

Operating 
pressure 15-150 bar 5-35 bar 1-10 bar <2 bar 

Table 3. Comparing four membrane processes (Wagner, 2001). 
Membrane Modules  
The feasibility of a membrane process depends on the design of membrane module since the 
active separation membrane area is directly influenced by the membrane modules 
configuration. Plate-and-frame and tubular membrane module are two of the earliest 
module designs based on simple filtration technology. Both systems are still available today 
but, due to their relatively high cost and inefficiency, they have been mainly substituted by 
hollow fiber and spiral wound membranes (Cheryan, 1998).  
Nanofiltration principle and mechanism 
Among all the separation operations in the liquid phase using membranes, nanofiltration 
(NF) is the latest one to be developed. NF is a process located between UF and RO. Some 
authors refer to NF as charged UF (Simpson et al., 1987), softening, low pressure RO (Rohe 
et al., 1990). NF is generally expected to remove 60 to 80% of hardness, >90% of colour, and 
all turbidity. The process has the advantage of low operating pressures compared to RO, 
and a high rejection of organics compared to UF. Monovalent salt is not retained to a 
significant extent; however this is not normally required in the water treatment of surface 
water.  

Rejection Mechanisms 
Due to its small pore size, the observed mass transfer mechanism for NF is diffusion and 
convection. In addition, the active normal layer normally consists of negatively-charged 
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chemical groups, thus mass transfer via migration of ions in an electrical field must also be 
considered (Tsuru T. et al., 1991). The transport mechanism is normally explained in terms 
of charge and or size effects (Peeters J. M. M, 1999). Transport of uncharged solutes takes 
place by convection due to a pressure difference and by diffusion due to the concentration 
gradient across the membrane. A sieving mechanism is responsible for the retention of the 
uncharged solutes. For charged components an electrostatic interaction takes place between 
the component and the membrane as the most nanofiltration membrane is charged (mostly 
negatively). The effect of membrane charge on the transport of charged components has 
already been described by Donnan at the beginning of the 20th century. 

Equilibrium/Fixed charge effects 
For charged solutes two additional mechanisms can be recognised:  
1. Donnan exclusion:  
When a charged membrane is placed in a salt solution, equilibrium occurs between the 
membrane and the solution. Because of the presence of the fixed membrane charge, the ionic 
concentration in the membrane is not equal to those in a solution. The counter-ion (opposite 
sign of the charge to the fixed charge in the membrane) concentration is higher in the 
membrane phase than in the bulk solution, while the co-ions (same sign of charge at the 
fixed membrane charge) concentration is lower in the membrane phase. A potential 
difference at the inter-phase, called the Donnan potential, is created to counteract the 
transport of counter ions to the solution phase and the co-ions in the membrane phase. 
When a pressure gradient across the membrane is applied, water is transported though the 
membrane. The effect of the Donnan potential is then to repeal the co-ions from the 
membrane. Because of the electro-neutrality requirements the counter ion is also rejected 
and salt retention occurs.  
For every charge that passes through the membrane, an opposite charge must also pass to 
maintain charge-neutrality. This phenomenon is complicated since different ions have 
different diffusivities. So alone each ion would move through the membrane at a different 
speed. When several different ions are passing through the membrane together some are 
slowed down and some are sped up in order to maintain charge neutrality.  

2. Dielectric exclusion: 
Dielectric exclusion, which does not generally play a role in ultrafiltration and 
microfiltration but is of major importance in electrodialysis (Bontha & Pintauro, 1994). Due 
to the charge of the membrane and the dipole momentum of water, water molecules will 
show a polarisation in the pore. This polarisation results in a decrease in the dielectric 
constant inside the pore, thereby making it less favourable for a charged-solute to enter. 
However, even in a situation that the dielectric constant inside the pore is equal to the one of 
water, a change in electrostatic free-energy of the ion occurs when the ion is transferred 
from the bulk into the pore. This also results in exclusion. The relative importance of two 
mechanisms in NF is still a point of debate within the scientific community (Hagmeyer & 
Gimbel, 1998, Yaroshchuk, 2000). Most of literature on NF uses Donnan exclusion as the 
distribution mechanism (Tsuru et al., 1991, Wang et al., 1995, Bowen & Mukhtar, 1996). 
The principal transport mechanisms of NF are depicted in Figure 4. 
Macoun (Macoun, 1998) summarised NF rejection mechanisms as follows: 
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• Wetted Surface – water associates with the membrane through hydrogen bonding and 
those molecules which form hydrogen bonds with the membrane can be transported, 

• Preferential Sorption/Capillary Rejection – the membrane is heterogeneous and 
microporous, electrostatic repulsion is based on different electrostatic constants in 
solution and membrane, 

• Solution Diffusion – membrane is homogeneous and non-porous, solute and solvent 
dissolve in the active layer and diffusion determines transport, 

• Charged Capillary – the electric double layer in pores determines rejection, ions of 
same charge as membrane are attracted and counter-ions are rejected due to the 
streaming potential, 

• Finely Porous – membrane is a dense material punctured by pores, transport is 
determined by partitioning between bulk and pore fluid. 

 

 
Fig.4. Transport phenomena in NF, (a) concentration polarisation (b) sieving (c) charge 
effects (e.g. charge repulsion or electrical double layer formation). 
Filtration Models 
The Extended-Nernst Planck Equation (equation (39)) is a means of describing NF 
behaviour. The extended Nernst Planck equation, proposed by Deen (Deen et al., 1980), 
includes the Donnan expression, which describes the partitioning of solutes between 
solution and membrane. The model can be used to calculate an effective pore size (which 
does not necessarily mean that pores exist), and to determine thickness and effective charge 
of the membrane. This information can then be used to predict the separation of mixtures 
(Bowen & Mukhtar, 1996). No assumptions regarding membrane morphology are required 
(Peeters, 1997). The terms represent transport due to diffusion, electrical field gradient and 
convection, respectively. JSi is the flux of an ion i, DI,P is the ion diffusivity in the membane, R 
the gas constant, F the Faraday constant, Ψ the electrical potential, and KI,c the convective 
hindrance factor in the membrane. 

 ,
, ,

 i i i pi
si i p i c i

z c Ddc dJ D F K c J
dx R T dx

Ψ
= − − ⋅ ⋅ +

⋅
 (39) 

The equation predicts solute rejection as a function of feed concentration, ion charge, 
convection across the membrane, and solute diffusion (Braghetta, 1995). The model has 
proven to be successful for modelling the solute transport in simple electrolyte solutions, 
although its applicability in the presence of organics is questionable. 
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Wang et al (Wang et al., 1995b) developed the model further to account for the transport 
phenomena of organic electrolytes, thus combining electrostatic and steric hindrance effects. 
The steric hindrance pore model suggested by Nakao et al. (Nakao et al., 1982) was 
incorporated into the modified Nernst Planck equation. For mixed solutions, hindered 
diffusivity becomes more significant. The rejection depends on electrolyte concentration and 
the membrane charge increases with salt concentration. This indicates co-ion adsorption on the 
membrane and, in fact, the effective membrane charge was described as a Freundlich isotherm 
being function of bulk concentration by Bowen and Mukhtar (Bowen & Mukhtar, 1996). 
The Fine Porous Model, as presented by Xu and Spencer (Xu & Spencer, 1997), describes the 
equilibrium and non-equilibrium factors of rejection. Only coupling between solvent and 
solute is taken into account, and no solute-solute coupling is permitted. Equilibrium 
parameters dominated separation, and these are described by the reflection coefficient σ in 
equation (40), where kM is the solute mass transfer coefficient in the membrane. 

 

1

1 1 1
1

M S

J J
k kR e eσ

σ

−
− −⎡ ⎤⎛ ⎞⎛ ⎞⎢ ⎥⎜ ⎟= − + ⋅ − ⋅⎜ ⎟⎢ ⎥⎜ ⎟−⎝ ⎠ ⎝ ⎠⎣ ⎦

 (40) 

The Hindrance Pore Model was introduced by Wang et al. (Wang et al, 1995). This model 
also allows the calculation of an effective pore radius and the ratio of membrane porosity to 
membrane thickness. As can be seen with the various models, determination of an effective 
pore size has become an issue. This is due to the fact that NF pores are too small to be 
measured directly by various methods, as in MF or UF. 
Micropollutants removal using NF  
Viable technologies to remove micropollutants, such as pesticides and alkyl phthalates and 
NOM from water of impaired quality are high-pressure membrane processes such as 
nanofiltration (NF) or reverse osmosis (RO). In past research, it has been demonstrated that 
some micropollutants such as pesticides (e.g., atrazine) can be effective by NF membranes 
(Kiso et al., 2001; Kiso et al., 2000; Cho et al., 1999; Kiso et al., 2001; Kiso et al., 2002). 
Pesticide rejection by NF and RO membranes is thought to be influenced by compound 
physical–chemical properties (e.g., molecular size, solubility, diffusivity, polarity, 
hydrophobicity, and charge), membrane properties (e.g., permeability, pore size, 
hydrophobicity, and charge), and membrane operating conditions (e.g., flux, 
transmembrane pressure, and recovery). Several studies have reported that the molecular 
size of the molecule was the most important structural property for retention (Van der 
Bruggen et al., 1999; Ozaki & Li, 2002). In addition to steric hindrance, Kiso et al. (Kiso et al. 
2000; Kiso et al. 2001; Kiso et al. 2001) determined the hydrophobicity of compounds 
quantified as n-octanol/water partition coefficient (Kow), as another key parameter for 
rejection. Studies conducted by Van der Bruggen et al. (Van der Bruggen et al., 1998) using 
NF membranes indicated that a higher dipole moment resulted in a lower retention and that 
the retention of a compound with a high dipole moment was lower than that expected when 
based on molecular size. Most of these studies used surrogate compounds (e.g., alcohols) or 
pesticides; in many cases, higher than relevant concentrations were employed. There is still 
a lack of understanding about whether DBPs/EDCs/PhACs (disinfection 
byproducts/endocrine disruptors/Pharmaceuticals) can be sufficiently removed by NF and 
RO membranes. (Kimura et al., 2003) 
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Studies above pesticide removal have mostly focused on the removal mechanisms between 
pesticides and membranes. Van der Bruggen et al. (Van der Bruggen et al., 1998; Van der 
Bruggen et al., 1999) demonstrated that molecular weight and size were the most critical 
mechanisms for pesticide removal using different kinds of NF membranes. Kiso et al. (Kiso 
et al., 2000; Kiso et al., 2001; Kiso et al., 2001; Kiso et al., 2002) studied the rejection of alkyl 
phthalates, nonphenylic pesticides, and aromatic pesticides by flat-sheet and hollow fine 
fibre types membranes. Both RO and NF were used in their studies. The results also showed 
that molecular weight, size, and hydrophobicity were all significant. However, the 
combined effect of the flux, recovery, molecular weight and size were seldom discussed 
together, although flux and recovery are two of the critical operational parameters for NF 
membranes. 
A single-element Filmtec NF70 nanofilter was operated for six l-month periods in which 
each of the pesticides was studied (Duranceau et al., 1992). The results showed that rejection 
of these six pesticides was dependent on pesticide molecular weight. EDB (molecular weight 
190) completely passed the NF70 for all test conditions. DBCP (molecular weight 236) was 
partially rejected and indicated diffusion control mass transport. All other pesticides having 
molecular weights greater than 278 were completely rejected by the membrane. Variations 
in recovery and feed-stream velocity had no effect on pesticide rejection by the membrane 
with the exception of Dibromochloropropane, which did show an increase in permeate 
concentration w ith increasing recovery. 
The removal of simazine, atrazine, diuron, bentazone, DNOC, and dinoseb has also been 
investigated using four different nanolilters - Fluid Systems 4~21PZ, Filmtec NF70, 
Hydranautics PVD 1, and a Toray SU6 10 on a pilot scale in the Netherlands by KIWA 
(Hofman et al., 1993). Atrazine was as consistently rejected as any pesticide, which was due 
to steric effects; diuron was the most poorly-rejected pesticide. These results showed that 
pesticide rejection varied by membrane and did not always increase with pesticide 
molecular weight. Lower rejection of diuron with the NF70 membrane might have been due 
to the surface interaction of the membrane film with the diuron. 
Another pilot plant was operated in Germany for a 5-month period, in order to study the 
rejection of simazine, atrazine, diuron, terbutylazine by a Hydranautics PVD- 1, polyvinyl 
alcohol membrane. For 75% recovery, simazine, atrazine, terbutylazine were rejected over 
90% and diuron was rejected for about 85%. Diuron was again the lowest rejected pesticide 
in this study. When the recovery increased to 80%, all the pesticide rejection was decreased 
by about 5%. This result can be explained by the higher concentration in the feed-side, 
which results in high permeate concentration in the diffusion-controlled membrane system. 
The rejection properties of pesticides and alkyl phthalates were examined using flat-sheet-
type NF membranes (Kiso et al., 2000; Kiso et al., 2000; Kiso et al., 2001) and the following 
results obtained: (1) higher desalting NF membranes rejected almost all solutes at more than 
95%, (2) some compounds were rejected effectively even by lower desalting membranes, (3) 
the rejection properties were influenced, not only by steric hindrance, but also by an affinity 
to the membrane. The rejection properties of a hollow-fiber membrane (HNF- 1) for non-
phenilic pesticides were also investigated in our previous work (Kiso et al., 2002) where the 
rejection properties were discussed on the basis of short-term (5 h) of membrane separation 
experiments. The fact that the pesticides were adsorbed on the membrane suggested that it 
is necessary to conduct the experiments for longer periods, in order to evaluate the effects of 
the adsorption. In addition, it was found that aromatic pesticides were adsorbed more than 
non-aromatic pesticides. (Yung et al., 2005) 
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Van der Bruggen et al. (Van der Bruggen et al., 2006) attempted to develop a semi-
quantitative method for estimating rejection of organic micropollutants by NF. This model 
provides an approximation of rejection by taking into account compound molecular weight, 
hydrophobicity, and charge combined with the membrane’s molecular weight cut-off 
(MWCO) and surface charge. Further development of this type of model is needed as 
molecular parameters including, among others, dipole moment and effective hydrated 
radius, along with membrane parameters such as pore size distribution, hydrophobicity and 
charge are not excluded. It is also important that operational parameters are considered, 
such as recovery and cross-flow velocity. 
In addition, an increase in compound rejection may result from the binding of EDCs and 
PhACs to NOM due to hydrogen bonding, forming NOM-compound complexes that are 
larger, have an increased negative-charge, and/or a higher affinity for adsorption to the 
membrane when compared to the compound alone (Plakas et al., 2006; Zhang et al., 2004; 
Devitt et al., 1998). The presence of cations can also influence the membrane charge and the 
interaction of compounds and humic acids with each other and the membrane surface (Cho et 
al., 2000; Jucker & Clark, 1994). For example, Devitt et al. (Devitt et al., 1998) investigated the 
rejection of atrazine by NF and UF membranes and observed that atrazine-NOM association 
decreased in the presence of cations (principally calcium). Plakas et al. (Plakas et al., 2006) 
studied the removal of atrazine, isoproturon and prometryn by NF and found that the 
presence of calcium ions alone has a positive effect on pesticide retention but can interfere with 
the pesticide-NOM complex, thus reducing overall retention. (Comerton et al., 2008) 

6. Conclusion 
Atrazine is still one of the most commonly used herbicides in the world and is used on most 
corn, sugarcane and sorghum acreage in the United States.  It is used to stop pre- and post-
emergence broadleaf and grassy weeds, and is generally applied in the spring.  Thus, 
atrazine concentrations are greatest in streams during the spring, when most fish in North 
America are attempting to reproduce. Investigations and evaluations of the potential risks 
posed by atrazine, particularly in wild populations of fish from streams in agricultural areas 
with high use of this herbicide are still the important issue worldwide. 
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1. Introduction 
An application of large quantity of agricultural pesticides in rural area is a common practice 
in order to increase the productivity and yield, to protect the agricultural crop from pests 
and prevent products lost due to insect and bacterial contamination is a common practice. 
Resistance and mutation of some pests to chemicals are the causes of using larger quantity 
of pesticide in the developing countries. According to the rate of degradation of chemicals, 
pesticides can be categorized as sensitive or tolerant to decomposition. Their destruction 
might be occurred under exposing to the normal atmospheric conditions or by biological 
activity of the soil microorganisms such as Pseudomonas, Flavobacterium, Alcaligenes, 
Rhadococcus, Gliocladium, Trichoderma and Penicillium. These microorganisms use the 
pesticides as their carbon and energy sources (Aislabie & Lloyd-Jones, 1995). Because 
agricultural pesticides are mostly artificial synthetic compounds without any identical in the 
nature, they are substantially tolerant towards degradation in natural conditions. In many 
cases, stability of these pesticides to the biological destruction arises from their insolubility 
in water, as the microorganisms are incapable of decaying such materials. Malathion, 
carbamate, pyrethriod, diazinon, dichloropicolinic acid and phenylalkanbic are sensitive 
pesticides to the hydrolytic activity of microorganism enzymes. Extracellular enzymes of the 
bacteria are capable of cleavage broad range of chemical pesticides. Apart from the natural 
structure of the pesticides, their volatility and adsorption ability to the soil compounds are 
also important factors affect sensitivity to the biological cleavage. These factors themselves 
are dependent on temperature, light, soil moisture and pH. The more fugacity of the 
pesticides, the more transfer of them to the atmosphere. Higher moisture of the soil ease 
degradation rate of the water soluble pesticides by the microorganisms, while reduce their 
volatility. Some of the pesticides such as diazinon are very sensitive to the low pH range 
and their degradation at this range dramatically occur (Muller & Korte, 1975; Freed et al., 
1979). Because organophosphorous compounds are decomposed faster and easier compared 
to the organochlorine compounds, their application have been increasing day by day. 
Consumption of fruits and vegetables containing organochlorine components residue causes 
undesirable health disorders especially on the nerve system (Racke & Frank, 1997; Pehkonen 
& Zhang, 2002; Lal & Saxena, 1982). This danger is more acute in Iran because of the 
improper attitude that excessive application of the pesticides leads to the more efficient 
deterioration of the pests. 
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Because of the important impact of the microorganisms in the degradation of the pesticides, 
numerous researches have been done regarding qualitative and quantitative aspects of this 
phenomenon. Navab et al. (2003) studied the effects of isolated Pseudomonas spp. from soil 
on the DDT, DDD, DDF and HCH under the laboratory conditions. The bacteria were able 
to partially degrade the pesticides. It has been reported that Flavobacterium and 
Spingomonaspaucimobil spp. decayed some types of the pesticides during 48 h of 
fermentation process (Dimitrios et al.). Comprehensive research done by Peric et al. (1981) 
about the biological decomposability of the pesticides revealed that DDT (mainly) and HCH 
(partially) degraded by the species of Debariomyces, Micrococcus and Lactobacillus. Lactobacilli 
showed the lowest effect. Peric et al. (1981) also perceived that adding mentioned microbial 
mix to the fermented sausage led to the significant decrease in HCH concentration. Similar 
degradation of DDT and DDE in the Roquefort blue cheese by the using different species of 
gram positive Lactobacilli, Streptococci and yeasts were reported by Ledford and Chen (1969) 
and Mirna and Coretti (1979). Therefore, isolation, identification and screening of the 
microorganisms which are capable of pesticides residue degradation in food materials are 
important issues. No research has been done about the isolation and identification of the 
indigenous pesticides decomposing microflora in vegetable materials. Therefore, this study 
intends to investigate the effects of isolated indigenous microflora from Iranian vegetable 
source on the degradation of containing pesticides residue during the fermentation process. 

2. Experimental 
In order to produce vegetable with desirable pesticides residue, broadcasting precise 
quantity pesticide and conducting systematic experiments, experimental farm with a surface 
area of 1000 m2 was prepared. The land preparation stages namely: land excavation, land 
leveling, land grading, primary and secondary tillage operations, sowing, irrigation and 
cultural practices were carried out. 
Types of pesticides used in cultivated vegetables: Diazinon and malathion, which are the 
most consuming agricultural pesticides in Iran were selected for this study (the pesticides 
were obtained from Plant Production Department, Ministry of Agriculture, Tehran, Iran). 
The pesticides were sprayed on the vegetables in a concentration of 0.002 g L-1. The 
cultivated vegetables were tomato (Super Queen), celery (Tail Utah), green bean (Sun Ray), 
pea (Green Arrow), cabbage (Space Star) and cauliflower (Globe Master). The original seeds 
were obtained from seed and plant production institute of Iran. 
Preparation of vegetable samples: Cultivated vegetables were harvested at maturation 
stage and were immediately transferred to the laboratory. The external waste and damaged 
leaves of vegetables were removed then, piled, trimmed, washed and cut to the desired 
sizes. Cut vegetables were mixed together and filled into glass jars and covered with 2% 
(w/v) hot brine (95°C). The aim of adding hot brine was to destroy the heat labile anaerobic 
nonspore forming microorganisms such as coliforms, improve colour and texture of final 
product, accelerate the acidification rate and improve nutritional property of the final 
product. Finally, about 4 mL of vinegar was added to the top of samples in order to prevent 
activity of unwanted microflora. The mouth of the jars were covered with nylon film having 
low permeability to water vapour and oxygen, tied with thread and kept at room 
temperature. 
Fermentation process was immediately started. In order to isolate and identify  
microorganism involved in fermentation of mixed vegetable in different stages, sampling 
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was conducted every 12 h. Fermentation was continued till the pH of the product reached 
about 4.0. Fermentation process was stopped by opening the jars. Vegetables were removed 
from jars washed and stored at -4°C until pesticide detection experiments were done. 
Culture media used for the isolation, screening and enumeration of the microorganisms: 
MRS broth/agar and LSDM broth/agar media (Merck, Darmstadp, Germany) were used for 
the isolation, partial identification, screening and enumeration of lactic acid bacteria. Media 
compounded, heated in a flask and boiled in a thermostatically controlled heater till cleared. 
Then pH of the medium was adjusted to 6.20. The media solutions were distributed in 250 
mL flasks. The flasks were autoclaved at 121°C for 15 min and kept in refrigerator until 
used. In order to evaluate fermentation rate of the different carbohydrates, MRS broth 
without glucose and beef extract containing 0.05% chlorophenol red was used as a base 
medium. The ingredients of the medium were separately prepared from Merck (Darmstadp, 
Germany) and mixed carefully under controlled conditions. All the carbohydrates were 
sterilized using membrane filtration and added to the basal media to have final 
concentration of 1% in media. After inoculation of the microflora to the media, incubation 
process was carried out at 37°C for 7 d and colour variations within this period were 
studied. 
Isolation and identification of microorganisms involved in fermentation of vegetables: 
Fermentation of vegetables started after few hours, subsequent to sealing the jars. Lactic acid 
bacteria were isolated from fermenting vegetables using MRS agar and LSDM at 12, 24 and 
48 h of fermentation. The contents of the jars were mixed thoroughly and 10 mL of brine 
was withdrawn under sterile condition using a syringe. Fermenting brine 1 mL was serially 
diluted in saline and was plated on MRS agar and LSDM agar. The streaked plates were 
incubated at 30°C for 72 h. At the end of the incubation period, bacteria colonies were 
counted. Individual colonies were isolated based on morphology, gram reaction, cell 
morphology, catalase production, presence of spores and aerobic and anaerobic growth. 
Isolated cultures were purified by repeated streaking on MRS agar and isolation. The 
microflora at the end of 12, 24 and 48 h were isolated and examined for gram reaction, 
morphology, catalase production, presence of spore and growth under aerobic and 
anaerobic conditions. The general key used for the identification of gram positive bacteria 
was done according to the procedure given in Bergey's manuals determinative bacteriology 
(Sneath et al., 1986). The general morphological and biochemical characteristics of lactic acid 
bacteria were determined according to the procedure of (Sharpe et al., 1979). In the course of 
identification of microorganism, to identify microorganism capable of standing presence of 
two pesticides malathion and diazinon in MRS and LSDM media, the amount of 
carbohydrate in the media was reduced and same quantity of malation and diazonin was 
added. They were inoculated with the desired purified cultures. Finally, the isolates were 
washed under aseptic conditions and centrifuged at 3000 g for 10 min to separate the cells 
from culture medium. Recovered cells were washed with sterile distilled water several times 
and kept in a 1% sterilized brine solution for further studies. 
Identification procedure was adapted based on the classical biochemical and morphological 
tests. Biochemical tests included fermentation patterns of the sugars (arabinose, fructose, 
esculin, glucose, galactose, lactose, mannose, maltose, manitol, rhamnose, raffinose, ribose, 
salicin, sucrose, sorbitol and xylose), capability of hydrolyzing casein and gelatin, indol 
production, ammonia from argenin, catalaze and pseudocatalaze tests, gas formation from 
consumption of glucose, VP and MR tests, being homofermentative or heterofermentative, 
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reaction to the molecular oxygen, organic acid production under aerobiosis and 
anaerobiosis, growth at 15, 30 and 45°C, survival at 60°C after 0.5 h, reaction to the 0.1% MB 
solution, growth at pH 4.0 and 9.6, growth at the 4 and 10% brine solutions and cells 
motility. Morphological tests consisted of considering cell appearance, cell arrangement, 
spore production and gram staining (Sharpe et al., 1979; Anderson, 1984). 
Detecting pesticides residue in the vegetable samples: Liquid-liquid extraction method 
with the solvents of acetone and dichloromethane were used for extraction of the malathion 
and diazinon from vegetable samples. Quantification analysis of the pesticides was done by 
applying GC method (Shimadzu 2100, Japan) with the  NPD detector and DB5 column 20. 
Replications: Experiments were performed three times in duplicate and the mean of the 
results were considered as final data. 

3. Results and discussion 
Enumeration of vegetable microflora during the fermentation process: Extra care must be 
taken when comparing the results; in vitro studies are not always real situation in food 
products. This is due to the fact that the biodegradation process may be affected by a 
number of factors such as the interaction between microorganisms, the microbial 
concentration of the medium, whether the medium is liquid or solid and the microbial 
growth conditions of temperature and pH. 
Table-1 indicates total counts of lactic acid bacteria in MRS and LSDM agar along with the 
pH drop kinetic, in 12 h of vegetable fermentation. The population of microorganisms 
increased during 24 h of fermentation reaching pH 4.2, then, sudden decrease of population 
was observed. According to the Table, the population of Lactobacillus and Streptococcus 
genera (which were enumerated by LSDM media) was considerably higher than other genera 
of lactic acid bacteria. It can be attributed to the naturally higher number of bacteria belong 
to the two mentioned genera in the vegetable mix. 
 

 
Table 1. Total counts of microorganisms in MRS and LSDM during fermentation of 
vegetables. 
Identification of isolated bacteria: According to the results obtained from classical tests 
(Tables 2-5), the isolated microorganisms totally belonged to the lactic acid bacteria group 
and consisted all four genera of these bacteria including Lactobacillus, Streptococcus, 
Pediococcus and Leuconostoc. According to Table-2, isolates 12.2, 12.3, 12.11, 12.14 and 24.5 
were from Lactobacillus genus including L. delbrueckii ssp. Lactis and L. plantarum. Apart from 
the Lactobacilli, 11 types of cocci were isolated (Table-2). These bacteria belonged to the 
genera Streptococcus species S. lactis (isolates 48.2 and 48.3) and S. rafinolactis (isolate 48.4), 
Pediococcus species P. pentosasus (isolate 12.7), P. acidilactici (isolate 12.13) and P. damnosus 
(isolate 12.11) and Leuconostoc species L. mesentroides (isolate 12.4), L. cremoris (isolate 48.6) 
and L. oenus (isolate 48.7). Some of the unidentified species concerned to the genus 
Leuconostoc were also recognized.  
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Table 2. Characteristics of isolates from the brine of fermented vegetables at different 
intervals 
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Table 3. Physiological and biochemical characteristics of isolates from fermenting brine 
 

 
Table 4. Characterization of Lactobacillus isolates 
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Table 5. Physiological and biochemical characteristics of isolates from fermenting brine 
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Degradation of the pesticides by the lactic acid bacteria: Table 6 shows the effect of 
indigenous lactic acid bacteria in vegetable mix on the degradation of malathion and 
diazinon after 48 h of fermentation process. According to the Table-6, the initial 
concentrations of malathion and diazinon in the vegetable (unprocessed sample) were 3.5 
and 0.6 mg kg-1, respectively. This fact implies more penetration of the first pesticide into the 
plant tissues during the pesticide spraying stage. After 48 h of fermentation, the 
concentration of malathion considerably decreased and reached to 0.5 mg kg-1, whereas, 
diazinon concentration only decreased about 0.1 mg kg-1. The remarkably degradation of the 
malathion during the fermentation could be attributed (Freed et al.,1979) to its instability at 
low pH ranges, regardless of bacterial decomposition. 
 
 
 

 
 
 
 

Table 6. Dagradation of Malation and Diazinon by lactic acid bacteria in 48 h. 

4. Conclusion 
According to the results obtained from this research, indigenous microflora of Iranian 
vegetables which are substantially consisted of different species of lactic acid bacteria, were 
capable of degrading malathion and diazinon, the two common pesticides used in Iran. 
Regardless of enhancing hygienic value of the vegetable products, fermentation led to the 
formation of a novel fermented vegetable with well organoleptic characteristics. Among the 
isolated lactic acid bacteria, L. plantarum was a probiotic bacterium. Because the mix 
microflora was able to grow fast up to about pH 4.2 (Table-1), special attention should be 
made on this point whether mentioned bacterium is tolerant towards low pH ranges. This 
fact would be very important because probiotics are generally sensitive to low pH and high 
acidic media. The lactic acid microflora showed synergistic relationships among the species, 
because single cultures were not able to reduce the medium pH compared with the mix 
cultures, when inoculated to the vegetable, separately (data not shown). Adapted microflora 
after 3 times of transfer in MRS broth containing malathion and diazinon instead of glucose, 
made the tolerant microorganisms which were highly capable of growing and decreasing 
the pH of the media. Therefore, producing such a mix culture in the form of lyophilized 
starter culture for production of fermented vegetable products could be an important 
objective. Determination of optimum fermentation time is also an important issue, because 
along with the increase of fermentation time, the amount of pesticides as well as the viable 
counts of the bacteria decreases. The second fact is not favourable. Because the number of 
viable cells remarkably decreases during the period of 24 to 48 h after the start of 
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fermentation (Table-1), it is recommended that the optimum fermentation time to be 
identified during 24 to 48 h. Complementary research should be done about the degrading 
effects of fermentation on the other consuming chemical pesticides. Moreover, it might  
be interesting to determine the contribution of each species in the degradation of the 
pesticides, during the fermentation period. Finally, the components produced from 
degraded pesticides must be identified and evaluated from safety as well as sensory points 
of view. 
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1. Introduction 
Photodecomposition of several organic contaminants involving distinctive pesticides is a 
topic of high interest for researchers in recent years. Several efforts have recently been made 
aiming at reduction of potential risks attributed to pesticides, however comprehensive 
assessment of potential hazards, including characterisation of photodegradates, has been 
marginally performed (Grover and Cessna, 1991; Burrows et al. 2002). Investigating 
pesticide degradation occurring in the environment is of high interest as both parent 
compounds and decomposition products can be hazardous because of their toxicity. 
Photochemical degradation of pesticides is the breakdown of pesticides by light, particularly 
sunlight. Photochemical degradation of pesticides can be important in the decontamination 
of natural water or contaminated soils (Aaron et al., 2001; Coly et al., 1994). Essence of 
previous studies concerning the examined pesticide is presented as follows. 
Atrazine (2-chloro-4-ethylamine-6-isopropylamino-S-triazine) was one of the most popular 
selective triazine herbicide until it has been classified as a Restricted Use Pesticide (RUP) 
due to its potential for groundwater contamination (Ware, 1986). It is a photosynthetic 
inhibitor and used to control broadleaf and grassy weeds. The degradation pathway of the 
most frequently used triazine pesticide, atrazine, was investigated in aqueous phase by 
sonolysis, ozonation, photolysis at 254 nm and photocatalysis in the presence of TiO2 
(Bianchi et al., 2006). Dealkylation and dechlorination was induced by ozonation and 
photocatalysis, while direct photolysis at 254 nm promoted very efficient dechlorination. 
Determination of products obtained by photolysis of atrazine in soil samples was performed 
by Durand and Barcelo (1990, 1991). Hydroxy, 2-H and 2-methoxy derivatives of the parent 
compound were identified. TiO2 catalysed mineralization of atrazine was also studied along 
with other triazines (Konstantinou et al. 2001; Parra et al. 2004; Lányi and Dinya, 2005; Pérez 
et al. 2006). Products formed by oxidation, ring opening, decarboxylation, isomerization, 
hydroxilation and cyclization were found to be the main degradates. By the loss all of the 
side chains formation of cyanuric acid and 2-amino-4,6-dihydroxy-1,3,5-s-triazine were 
observed. The structure of each photolytic degradates (in the presence of porphyrin and 
phthalocyanine complexes as catalysts) was given by Hequet et al. (2000, 2001). 
Simazine (6-chloro-N2,N4-diethyl-1,3,5-triazine-2,4-diamine), a wide-spread representative of 
s-triazine type pesticide, is a selective herbicide with photosynthetic inhibiting effect. It is used 
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to control broad-leaved weeds and annual grasses. A comparative study between 
fragmentation processes taking place in mass spectrometry using an electron ionisation source 
and photodegradation processes has been carried out for atrazine, simazine and trietazine. The 
same kinds of fragmentations were observed for the three compounds: C–N bond cleavage in 
the lateral chains, C–Cl bond scission and heteroatomic ring cleavage. The photochemical 
degradation and the kinetics of the degradation processes of s-triazine herbicides (atrazine, 
propazine, and prometryne) has been investigated in case of several types of natural waters 
and soils (Konstantinou et al. 2001). The photolytic behaviour of triazine herbicides (atrazine, 
simazine, trietazine, prometon, prometryn) in the presence of TiO2 as a special photocatalyst 
has already been studied (Pelizzetti et al., 1990, Hequet et al., 2001). All the herbicides 
degraded rapidly, full mineralization was not observed. Cyanuric acid was found to be the 
common final photoproduct of all herbicides. Triazine-derivatives are considered to be the 
representatives of pesticides of the most wide-spread practical application; therefore it is of 
crucial importance to evaluate their fate in the environment (Vidal et al. 1999). It was shown 
that some triazine herbicides undergo photodegradation to form deaminated derivatives 
(Mansour et al. 1993). The photodegradation products of some commonly used N-containing 
herbicides were detected however entire mechanisms have not been revealed (Lányi and 
Dinya, 2005). High-pressure mercury vapour lamp (254 nm, 125 W) and GC/MS technique 
were used during the examinations. Decomposition products steming plausibly from loss of 
side-chains and substitution with OH-group were detected. Different metabolites formed 
having mixed side-chains, and the presence of dimer products were also observed.  
Acetochlor (2-chloro-N-(ethoxymethyl)-N-(2-ethyl-6-methylphenyl)acetamide), as a 
member of the chloroacetanilide class of broad leaf herbicides, is one of the most widely 
used herbicide. It is a growth inhibitor and applied as preemergence for control of annual 
grasses.   
Chloracetanilide herbicides have been investigated the terms of revealing stability, water 
solubility and toxicity of degradates (Belfroid et al., 1998). Brekken and Brezonik (1998) 
studied the reaction between acetochlor and HO-, assuming that the primary source of HO 
is nitrate photolysis. According to their experimental data, the direct photolysis would be 
much slower than HO -mediated degradation. In case of acetochlor, serious efforts have 
been made in order to identify biodegradation products of the pesticide, however no 
specific reaction pathways have been mapped (Coleman et al., 2000; Thurman et al., 2002; 
Zheng et al., 2003). 
Chlorpyrifos (O,O-diethyl O-(3,5,6-trichloro-2-pyridyl)phosphorothioate) is an 
organophosphate insecticide, acaricide and miticide used to control foliage and soil-borne 
insect pests on a variety of food and feed crops. The photodegradation of chlorpyrifos by 
simulated sunlight in water/methanol has been studied by Barcelo et al. (1993) and 3,5,6-
trichloro-2-pyridinol was identified as the only degradation product. A method was 
developed to determine the rate of reaction of chlorpyrifos with HO radicals in the gas 
phase at high temperatures during photodecomposition (Hebert et al., 2000). Kamiya and 
Kameyama (1998) studied the effects of humic materials and metal ions on the 
photochemical degradation of various organophosphorus pesticides (including 
chlorpyrifos) (Kamiya et al., 2001). 
Carbendazim (methyl benzimidazol-2-ylcarbamate) is a benzimidazole carbamate fungicide 
with systemic activity and broad effect spectrum. It inhibits fungal mitotic microtubule 
formation. The visible-light-promoted photodegradation of carbendazim was studied in 
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water or water–methanol solution under various conditions (in the presence of air and a 
photosensitizer xanthene dye or pigment riboflavin, at various pH values (Escalada et al., 
2006, Panades et al., 2000, Mazellier et al., 2002). It was established that the rate of 
photodegradation increased with pH and oxygen concentrations. The aqueous 
photodegradation of carbendazim was studied by Panades et al. (2000). The kinetics of the 
photodecomposition was determined using HPLC–DAD and the identification of 
photoproducts was carried out with HPLC–MS by Boudina et al., (2003). Three products 
were detected after the UV irradiation. One of them, 2,4-amino-benzimidazol has already 
been identified in a previous paper (Mallat et al, 1997, Tomlin, 1994). A plausible pathway 
for the photolytic degradation of carbendazim in pure water was proposed as well, however 
our studies pointed out marked differences when comparing the two different mechanisms. 
Diuron (N-(3,4-dichlorophenyl)-N,N-dimethyl urea) is a substituted urea type  non-
selective herbicide with photosynthesis inhibition effect (Wessels and Veen, 1956). Its 
principal breakdown product 3,4-dichloroaniline is more toxic than diuron itself. It is 
persistent and contaminates marine waters, groundwater, sediment and soil (Giacomazzi 
and Cochet, 2004). It is considered as a Priority Hazardous Substance by the European 
Commission (Mehlhorn, 2001). 
EPTC (S-ethyl dipropylthiocarbamate) is a selective, growth inhibitor herbicide of 
thiocarbamate-type. The UV-photodegradation of EPTC in hexane has been studied by 
Marco and Hayes (1979) as well as Abu-Qare et al. (2002). Formation of several 
photoproducts and the cleavage of C-S and C-N bonds were observed but no reaction 
pathway was revealed. The kinetics of photodegradation of EPTC was studied by Dinya and 
Lányi (2005.). 
In summary it might be stated that huge efforts have been made to characterise both the 
chemical and environmental behaviour of pesticides, however the precise reaction 
mechanisms of photodegradation have not been revealed, and in some cases controversial 
results have been obtained. Hence identification of major degradates might be considered as 
a major task in order to gain insight into the photodegradation and environmental 
behaviour of the selected and investigated pesticides. 
The abovementioned information shows that numerous photodegradation studies have 
been performed especially concerning s-triazines. However, with the exception of atrazine, 
detailed reaction mechanisms of the concerned pesticides have not been identified. In some 
cases, specific degradation products were detected without the aim of mapping the entire 
pathway of photodegradation. Thus our work contributes to a more extensive and 
comprehensive knowledge on pesticide photodecomposition with regard to both reaction 
mechanism and chemical characteristics of degradation products. The pathway of photolytic 
degradation of seven pesticides having diverse chemical structure and practical application 
is mapped by GC/MS identification of degradation products.  

2. Specified results 
2.1 Photodegradation of ATRAZINE 
The five-hour-long UV-irradiation of atrazine [2-chloro-4-ethylamine-6-isopropylamino-S-
triazine] resulted in the cleavage of the chloro-group and the hydroxylation of the ring. As a 
consequence [1,3,5-triazin-2-hydroxy-4-(ethylamino)-6-(isopropyl)amino] could be detected. 
[1,3,5-triazin-2-hydroxy-4,6-(diethylamino)] was generated by the scission of a methyl-
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group. [1,3,5-triazin-2-hydroxy-4,6-diamine] might be identified as the end product of the 
photodegradation by consecutive de-ethylation processes. 
Novelty: In contrast to other studies 20-hour-long UV-irradiation did not lead to the 
formation of cyanuric acid as the end-product. Under natural conditions this compound is 
not likely to be formed; it could only be obtained by TiO2/Na2S2O8 catalyzed degradation 
(Lányi and Dinya, 2005, Pérez et al. 2006). In comparison with the results of previous studies 
it might be established that dechlorination, hydroxylation and scission of methyl- and ethyl 
groups are regarded as major steps of the photodegradation of atrazine. Ring opening, 
dimerisation and decarboxylation were not detected during our studies. 

2.2 Photodegradation of SIMAZINE 
The degradation of simazine [2,6-di(ethylamino)-4-chloro-1,3,5-triazine] effected by UV-
photons can take place via two parallel reaction pathways. Major steps of the 
photodecomposition were found to be as follows: cleavage of a chloro-group and its partial 
substitution to OH-group, loss of methyl and ethyl groups, and scissoring of OH-group. The 
most stabile degradation product of simazine is [2,4-di(ethylamino)-1,3,5-triazine]. 
Novelty: In contrast with the finding of Pelizzetti, and identification of cyanuric acid, 
symmetrical [2,4-diamino-1,3,5-triazine] was obtained by us as the end-product of the 
degradation of the triazine-type pesticide. Studies aiming at investigating the photolytic 
degradation of simazine so far have only pointed out the fact of degradation and the factors 
influencing it (Mansour et al. 1993, Hequet et al., 2001, Bianchi et al., 2006). Previously 
efforts were made to propose a reaction pathway for the decomposition (Pelizzetti et al., 
1990), and to detect the loss of side-chains and their substitution with OH-group (Lányi et 
al., 2005), however identification of all the major degradates ([2,4-di(ethylamino)-hydroxy-
1,3,5-triazine], [2-amino-4-chloro-6-methylamino-1,3,5-triazine], [2-ethylamino-4-
methylamino-1,3,5-triazine], [2-amino-4-methylamino-1,3,5-triazine]) and revealing the 
complete decomposition pathway might be regarded as new findings.  

2.3 Photodegradation of ACETOCHLOR 
In case of the photodegradation of acetochlor [2-chloro-N-(ethoxymethyl)-N-(2-ethyl-6-
methylphenyl)acetamide] there are alternative reaction pathways according to our findings. 
Several degradation products could be detected after some hours of irradiation: [2-chloro-N-
hydroximethyl-N-(2-ethyl-6-methylphenyl)acetamide], [N-hydroximethyl-N-(2-ethyl-6-
methylphenyl)acetamide], [N-methyl-N-(2-ethyl-6-methylphenyl)acetamide]. Major steps of 
photodecomposition are as follows: cleavage of ester-bond of N-ethoxy-methyl group, 
breaking off the chloro- and the hydroxyl-groups, resulting in the formation of [2-ethyl-6-
methyl-N-methyl-aniline]. This last degradation product might be formed from the parent 
compound in a direct way as well. Alternatively, the cleavage of chloro-, methyl- and 
ethoxy-groups of the parent compound and the production of a formanilid-derivative [N-
methyl-N-(2-ethyl-6-methylphenyl)formamide] might also be observed. Cleavage of methyl-
, ethyl and amino-groups, through the formation of [2-ethyl-6-methyl-aniline] led to the 
formation of [3-ethyl-toluene] as an end product. 
Novelty: Three main degradation products of acteochlor we detected were also determined 
by other studies aiming at modelling biodegradation of acetochlor, but the total degradation 
pathway of acetochlor has not been revealed so far. The biological degradation of acetochlor 
led to the formation of metabolites being not analogous to intermediers detected during our 
investigations (Coleman et al., 2000; Zheng et al., 2003). The determination of all 9 
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degradation products and mapping the entire degradation pathway by our experiments 
contributes to the entire understanding of acetochlor’s environmental behaviour. 

2.4 Photodegradation of chlorpyrifos 
The photodegradation of chlorpyrifos [O,O-diethyl-O-(3,5,6-trichloro-2-
pyridyl)phosphorothioate] may occur via two reaction patterns. It might be initiated by the 
cleavage of either an ethyl-group or a chloro-group resulting in the formation of [O-ethyl-O-
(3,5,6-trichloro-2-pyridil)-hydrogene- phosphorothioate] and [O,O-diethyl-O-(3,5-dichloro-2-
pyridil)phosphorothioate]. The following step of the decomposition is the scission of chloro 
and ethyl groups ([O-ethyl-O-(3,5-dichloro-2-pyridil)-hydrogene-phosphorothioate]). Breaking 
away of another chloro-group leads to the formation of [O-ethyl-O-(5-chloro-2-pyridil)-
hydrogene- phosphorothioate]. Loss of the other ethyl-group transforms the previous 
compound into the end-product [O-(5-chloro-2-pyridil)-dihydrogene-phosphorothioate], 
whose presence is shown in the GC-chromatogram and the mass spectrums. 
Novelty: Neither the detected and identified UV-induced degradation products of 
chlorpyrifos, nor its degradation pathway has not been described and observed so far. These 
degradates are not analogous with the results of Barcelo (1993) and Xu (2008): only 3,5,6-
trichloro-2-pyridinol was found as the product of the biological degradation of chlorpyrifos 
by a newly isolated Paracoccus sp. strain TRP. 

2.5 Photodegradation of carbendazim 
The first step of the degradation of carbendazim [methyl-benzimidazole-2-ylcarbamate] was 
the loss of the methyl group and the formation of [benzimidazole-2-ylcarbamic-acide], 
which product showed small stability, and subsequent to the cleavage of a hydroxyl- and a 
carbonyl group the origination of [benzimidazole-2-ylcarbamate] was observed. This 
product was transformed into [2-amino-benzimidazole] which was converted to the rather 
stabile benzimidazole by deamination as a result of further UV-treatment. Several hours of 
following UV-irradiation led to opening of the imidazole-ring and to the production of [2-
methyl-amino-aniline]. Subsequently, by the cleavage of the N-methyl bond the end-
product of the photodegradation, [1,2-diaminobenzene] was acquired.  
Novelty: Formation of 2,4-amino-benzimidazole, benzene, phenol or aniline, or any dimmer 
products was not observed in our studies, contrary to the findings of Mallat et al., Mazellier 
et al. and Tomlin. 

2.6 Photodegradation of DIURON 
The photocatalytic degradation of diuron [N-(3,4-dichlorophenyl)-N,N-dimethyl urea] was 
easy to be initiated. The main degradation products could already be detected just after 2 
hours of UV-irradiation. By the scission of the N-dimethyl group [N-4,5-dichloro-phenyl-
isocyanate] was formed. Dechlorination processes were also observed generating [N-
dichloro-phenyl-isocyanate] and [benzene-isocyanate]. An alternative reaction pathway may 
also occur: dechlorination of the parent compound led to the formation of [N,N-dimethyl-
N’-phenylurea]. The loss of N-dimethyl group and the incorporation of a propyl-group 
yielded [N-(4-isopropyl-phenyl)-formamide] as an intermedier of the photolytic 
decomposition. Decarbonylation was induced by further UV-irradiation and [aniline] was 
detected as the end product of the photodegradation of diuron. [2-methyl-propinic acid] 
was produced as a secondary- or by-product of the degradation processes. 
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Novelty: The degradation mechanism of diuron was not thoroughly investigated yet prior 
to our studies. The main steps of phototransformation were found to be the sequential 
cleavage of the chloro-group and the N-dimethyl-group, as well as hydroxylation and 
dehydroxylation processes. 

2.7 Photodegradation of EPTC 
Photochemical decomposition of EPTC [S-ethyl-dipropyl-thiocarbamate] occurs rapidly as 
the appearance of the first degradation product could already be detected subsequent to 
twenty-minute-long UV-irradiation. During the photochemical degradation of EPTC [N,N-
dipropyl-formamide] and [N,N-diethyl-propionamide] are formed at the first stage of the 
transformation via two alternative decomposition routes. Both the cleavage of S-ethyl-group 
and the demethylation of N-propyl groups are possible. In accordance with the given 
reaction pathways it might be established that both the consecutive losses of alkyl-groups 
and the cleavage of the amide bond lead to the degradation end-product: [diethyl-amine]. 
Some other degradates were also identified, such as: [tripropylamine], [dipropylamine], 
[dipropyl-ethyl-amine]. 
Novelty: When comparing findings of our studies with previous research on revealing 
products of biological degradation of EPTC (Abu-Qare and Duncan, 2002) it might be 
established that photodecomposition and biological degradation do not result in the 
formation of analogous products, as nor EPTC-sulfon or EPTC-sulphoxide were detected 
throughout our examinations. Breaking off of S- and N-alkyl groups resulted in the same 
degradates as identified previously, however ketoformyl and ketocarbonyl derivatives 
might only be observed in TiO2 catalytized photodegradation processes (Lányi and Dinya, 
2005). 

3. Summary 
Our study is focused on revealing specific details of photolytic degradation of pesticides 
whose decomposition mechanisms have not been mapped entirely yet. Importance of the 
study is enhanced by the fact that scarce information is available regarding their natural 
degradation processes, as well as the quality, structure and biological impact of the 
decomposition products. 
In order to clarify the photolytic decomposition behaviour of selected pesticides and to be 
capable of right interpretation of the complete mechanisms, our major goal was to isolate 
and identify the degradation products by applying GC-MS and HPLC-MS techniques. 
Subsequently the most plausible degradation pathways were established, and the rate of the 
photodecomposition was also followed. Frequently applied pesticides of distinctive 
chemical structure and physical behaviour have been selected for our studies. Our study 
presents the total mechanisms of the photoinduced degradation of various pesticides in case 
of acetochlor, simazine, chlorpyrifos, carbendazim (Kiss and Virág, 2009/a) and diuron, 
atrazine, and EPTC (Kiss and Virág, 2009/b). 
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1. Introduction 
In Colombia, the use of pesticides has increased vastly during the last two decades 
representing a large problem for the aquatic ecosystems and the water purification (Duarte 
2009, Cáceres 2008 and and Cárdenas, 2006). Colombia possesses a large quantity of hydro 
resources, several of which have been transformed into reservoirs for energy generation and 
for use in drinking water plants. Most of the reservoirs are used for reception from 
agricultural regions, and therefore, the water arrives with large quantities of residual 
pesticides.  
On the other hand, the amount of obsolete pesticides confiscated by the environmental 
authorities in Colombia is increasing year per year (Duarte 2009, Cáceres 2008 and ICA, 
2006), this situation has produced a serious problems because there are not enough suitable 
sites for storage operations. Many stocks of these pesticides are being abandoned, burned, or 
added to water surfaces or stored in places without technical parameters for the collection of 
hazardous substances. For this reasons, technology is required to be able to destroy the 
pesticides and be sure that there are no residual organic compounds or minerals present 
therefore, hydro resources. One of these technologies is The AOP's (Advanced Oxidation 
Processes), and more specific The Photocatalysis, which uses ultraviolet radiation, oxygen 
and in some cases titanium dioxide like catalyst was selected. This presents numerous 
advantages in comparison with the conventional technologies: It achieves the destruction of 
a large number of organic pollutants and it also transforms them into innocuous products. It 
doesn't generate undesirable secondary compounds. It can be used for the treatment of 
water, air and contaminated ground; and it allows the employment of solar radiation as an 
energy source, adding to this process a significant environmental value.  
The greatest amounts of pesticides confiscated by the environmental authorities in 
Colombia and the largest stocks of obsolete pesticides stored throughout the country are 
chlorinated organic substances, whose active ingredient is Endosulfan. (Gonzalez 2009 and 
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Cárdenas 2006), for this reason this substance was selected for this study. The second 
substance selected was Attamix Sb because it is used massively and it is part of the 
phosphorous organic substances and the comparison between these two substances was 
interesting to test the technology.   
This technology can be studied by two most common cases:  
1, Homogeneous Photocatalysis: UV/H2O2 System: As described by Gonzalez and Braun 
(1996), the combination of ultraviolet radiation and hydrogen peroxide causes the breakage 
of the O-O bond by the action of radiation, to form two hydroxyl radicals. As Eq.(1) 

 2 2H O +hv 2HO→  (1) 

Then the OH • radical attacks the hydrogen peroxide, resulting in the following sequence of 
reactions. Eq.(2,3,4). When organic compounds are present in the environment, the 
oxidation reactions start with the different radicals formed. (Fung, 1999) 

 2 2 2 2H O +OH HO H O→ +  (2) 

 2 2 2 2 2H O +HO HO+O +H O→  (3) 

 2 2 2 22HO H O +O→  (4) 

The use of UV/peroxide offers great advantages: it is a very accessible, commercially 
available oxidant; it is thermally stable, and can be stored safely in the work place. Since it 
has an infinite solubility in water, there is no mass transfer problems associated with gases, 
as in the case of O3. The capital investment is minimal and the operation is simple. The 
disadvantage is that it has low absorption at 254 nm, and high concentrations of H2O2 are 
required to maintain this process. 
Heterogeneous Photocatalysis: This process is based on direct or indirect absorption of 
radiant energy (visible or UV) from a solid. This solid is known as photocatalyst, and 
usually a broadband semiconductor. In this process, the destruction or removal reactions of 
contaminants occur in the interfacial region between the solid and the solution, without the 
catalyst undergoes chemical changes.  
In this research Dioxide of Titanium (TiO2) was used as a catalyst, because, it has a high 
chemical stability and it works in a wide range of pH, being capable to produce electronic 
transitions by absorption of light in the near ultraviolet (UV-A) ((PSA-CIEMAT, 2001) 

2. Materials and methods 
2.1 Pesticides 
2.1.1 Attamix S.B. 
It has as active ingredient Chlorpyrifos, also known as Dursban 23, which belongs to the 
family of pesticides, insecticides and in turn to organophosphates. Chlorpyrifos is a crystal 
white solid with strong aroma, not very soluble in water, so it is usually mixed with oily 
liquids before being applied to crops or animals. In the United States, Chlorpyrifos was used 
for residential use until 2000 when it was restricted by the United States Environmental 
Protection Agency U.S. EPA. In 1999 in Colombia were sold around 2.1 million liters and 1.6 
tons of Chlorpyrifos, which is the organophosphate with the biggest percentage of the total 
sales of this group of insecticides.  
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The following shows the structural form of chlorpyrifos as well as physical and chemical 
characteristics of the pesticide Attamix. The next figure shows the Structural form of 
chlorpyrifos: 
 

 
Fig. 1. Structural form of Chlorpyrifos. Organophosphorus pesticides (I): general aspects 
and toxicokinetics (Obiols, 2000) 

Chlorpyrifos is used to control insect pests because inhibits acetylcholinesterase, is 
moderately toxic and its chronic exposure has been linked to neurological effects, 
developmental disorders, and autoimmune disorders. (Muller, 2000) 

2.1.2 Endosulfan 
The pesticide used in this study was obtained at ICA (Agriculture Colombian Institute) in 
Villavicencio City Branch, because in that place there were many containers confiscated by 
this institute, because they are the environmental authority in this zone of the country. The 
pesticide selected was Thiodan 35EC (I.A. Endosulfan). In the next pictures there are the 
containers used. 
 

  
Copyright Forero,2008 Copyright Cardenas,2006 

Fig. 2. Thiodan 35EC used in the trials and Thiodan Confiscated by the authorities.  

Endosulfan is an organochlorine compound that is used as an insecticide and acaricide. This 
colourless solid has emerged as a highly controversial agrochemical (ABC, 2009) due to its 
acute toxicity, potential for bioaccumulation, and role as an endocrine disruptor. Banned in 
more than 62 countries, including the European Union, several Asian and West African 
nations (Weekly Times, 2009) and soon in the United States, (Cone, 2010 and EPA 2010) it is 
still used extensively in many other countries including India, Brazil and Australia. Because 
of its threats to the environment, a global ban on the use and manufacture of Endosulfan is 
being considered under the Stockholm Convention (Earth Negotiations Bulletin, 2008).  
Endosulfan is acutely neurotoxic to insects and mammals, including humans. The US EPA 
classifies it as Category I: "Highly Acutely Toxic" based on a LD50  value of 30 mg/kg for 
female rats (EPA, 2002) while the World Health Organization (1984) classifies it as Class II 
"Moderately Hazardous" based on a rat LD50 of 80 mg/kg. It is involved in the transfer of 
nerve impulses; symptoms of acute poisoning include hyperactivity, tremors, convulsions, 
lack of coordination, staggering, difficulty breathing, nausea and vomiting, diarrhea, and in 
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severe cases, unconsciousness (EPA, 2000), Doses as low as 35 mg/kg have been 
documented to cause death in humans, (International Programme on Chemical Safety, 2000) 
and many cases of sub-lethal poisoning have resulted in permanent brain damage (EPA, 
2000). Farm workers with chronic Endosulfan exposure are at risk of rashes and skin 
irritation (EPA 2002). EPA's acute reference dose for dietary exposure to Endosulfan is 
0.015 mg/kg for adults and 0.0015 mg/kg for children. For chronic dietary exposure, the 
EPA references doses are 0.006 mg/(kg.day) and 0.0006 mg/(kg.day) for adults and 
children, respectively (EPA, 2002). 
 

 
Fig. 3. Structural form of Endosulfan 

2.2 Photochemical system 
2.2.1 Reactor 
The system used in the experiments was an annular type photochemical reactor (See Figures 
4, 5 and 6). It consists of a cylindrical chamber, closed at each end, equipped with an inlet 
and an outlet for water, and a glass tube running through it from end to end by a central 
axis.  
This tube protects the low pressure mercury ultraviolet lamp, connected to its 
corresponding electrical system. 
 

 
Fig. 4. Diagram of the Photocatalytic treatment units used at the laboratory 
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Fig. 5. Annular Photochemical Reactor 
 

  
Copyright Forero,2008 Copyright Forero,2008 

Fig. 6. Photocatalytic System 

 

  
Copyright  Caceres, 2008 Copyright Forero,2008 

  
Copyright  Forero, 2008 Copyright  Forero, 2008 

Fig. 7. UV Lamp 
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2.2.2 UV Lamp 
The lamp used was a germicide UV lamp of mercury at low pressure. To protect the lamp 
from the water was used an isolation of DuranTM glass completely close in one side, the 
other side had a movable piece to do the maintenance. The wavelength used was 254 nm. 
The figure 7 shows the lamp.  

2.2.3 Batch tank 
To carry out the recirculation and homogenization of the chemicals, one glass container was 
used, because glass material is less reactive to chemicals than other materials. It was 25.8 cm 
of length and 50 cm of diameter. 
The next figure shows the batch tank: 
 

  
Copyright Forero,2008 Copyright Forero,2008 

Fig. 8. Batch Tank 

2.2.4 Recirculation system 
The water recirculation was done by a submergible pump of 250L/h, with an input of 60Hz 
3 Watts and Voltage of AC 110V -120V 

2.2.5 Homogenization system 
To obtain the homogeneity of the Photocatalytic system it was used a magnetic stir.  

2.3 Chemicals 
2.3.1 Catalyst 
It was used Titanium Oxide TiO2 Anatase type, because it has good photo adsorption 
properties. The concentrations used were between 100 and 500 mg/L and how this chemical 
is used in a solid form it was design a package to prevent the increment in the turbidity and 
the decrement of efficiency of the system. This package was elaborated with filter paper 
with 100 mm of pore diameter and 65 g/m2 of surface area.   
 

 
Copyright  Forero, 2008 

Fig. 9. Catalyst Package  
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2.3.2 Hydrogen Peroxide 
In this kind of studies is common the used of Hydrogen Peroxide as strong oxidant. It was 
used 30% v/v and the concentrations in the system were from 1 to 10mL/L. 

2.4 Other characteristics 
2.4.1 Residence time 
Is the time in which the pesticide will expose to radiation in its way inside the reactor, it was 
determined 120 min per trial because previous studies (Barrios 2005) suggested that.  

2.4.2 Temperature 
This process is not sensible to the temperature because the activation energy (kT= 0.026 eV), 
is very low compared with the activation energy of TiO2 (3.2eV) and its contribution to 
generation e-h+ is very low. For this reason heat was not added to the system. The 
temperature of the system was 22oC. (Herrmann 1991) 

2.5 Test performed 
2.5.1 Chlorpyrifos 
In the next table there are the concentration of Hydrogen Peroxide and Titanium Dioxide 
used in the degradation of Chlorpyrifos. The trials had an irradiation time of 120 min and 
22oC, the 15th trial was divided in three parts 40, 80 and 120 min to check the influence of the 
irradiation time in the efficiency.  
 

Concentrations 
Trial 

Hydrogen Peroxide 
(H2O2) (mL/L) 

Titanium Dioxide 
(TiO2) (mg/L) 

1 2.5 250 
2 1 100 
3 1.5 100 
4 2 100 
5 2.5 200 
6 1 200 
7 1.5 200 
8 2 200 
9 2.5 200 

10 1 250 
11 2 250 
12 3 100 
13 5 100 
14 7 100 

15A 10 100 
15B 10 100 
15C 10 100 

Table 1. Concentration of Hydrogen Peroxide and Titanium Dioxide used in the degradation 
of Chlorpyrifos 

In each trial was used 20 g of Attamix and 3L of the solution was added to the batch tank. 
The catalyst was adhered to the reactor and the Hydrogen Peroxide volume was added 
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then. Was used and homogenization time of 10 min and the lamp was turned on. After 120 
min an aliquot was extracted from the batch tank and analyzed by gas chromatography.  
2.5.1.1 Sample Extraction   

Each sample obtained from the reactor was extracted by the EPA 3510 Method using 
Dichloromethane (CH2Cl2). The solution pesticide–solvent was concentrated in Randall 
equipment to a 3 mL volume. 
 

 
Fig. 10. Randall equipment 

2.5.1.2 Gas chromatography  
It was used a Thermo Finnigan model Trace GC Ultra Chromatograph, with a column RTX5 
30m long and internal diameter 0.32mm and 0.5µm of phase, detector FID and an auto 
injector. The makeup gas was Nitrogen at 35 mL/min and the carrier gas Hydrogen at 30 
mL/min. The injection volume was 2 µL and splitless mode. The standard was a Restek 
18000235 and the temperature program was: 
 

 FlowºC/min Temperature ºC Heat Time min 
Initial  60 1 

Ramp 1 7 210 10 
Ramp 2 5 250 0 

Table 2. Temperature Program 

2.5.2 Ensosulfan 
To perform the degradation of Endosulfan, the tests were different than Chlorpyrifos tests, 
because this compound is totally prohibited in Colombia and the authorities find this 
chemical in different presentations and with different level of contamination. Below there 
are the trials done:  
Hydrogen Peroxide concentrations: 1ml/L, 2ml/L 
Titanium Dioxide concentrations: 250mg/L, 500mg/L 
Reaction Time: 30, 60, 120 min 
Pesticide concentrations: 1000, 750, 500, 250 y 100 mg/L 
The system - reactor conditions were the same as with Chlorpyrifos, but the differences are 
that also for Endosulfan was used Homogeneous Photocatalysis, it means without catalyst 
and the extraction was done using Hexane. 
The same trials were done by Homogeneous to compare with heterogeneous. 
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3. Results 
3.1 Chlorpyrifos 
The results were expressed by the Elimination Percent and it is 100 minus the relationship 
between the difference of the initial and final concentration over the initial concentration. In 
the next table are the concentrations and elimination percent of each trial. How it was used 
20gr of pesticide, the initial concentration was 416 mg/L of Chlorpyrifos (the active 
ingredient). 
 

TiO2  
Concentration 

(mg/L) 

Hydrogen 
Peroxide 
(mL/L) 

 
Trial 

Pesticide 
Concentration 

(mg/L) 

Elimination 
Percent (%) 

100 1 2 0.646 84.5 
100 1.5 3 0.633 84.81 
100 2 4 0.612 85.31 
100 2.5 5 0.569 86.35 
200 1 6 0.751 81.98 
200 1.5 7 0.702 83.15 
200 2 8 0.644 84.55 
200 2.5 9 0.638 84.69 
250 1 10 0.765 81.64 
250 2 11 0.731 82.46 
100 3 12 0.562 86.51 
100 5 13 0.553 86.73 
100 7 14 0.523 87.45 
100 10 15A 0.5 88 
100 10 15B 0.497 88.08 
100 10 15C 0.456 89.06 

Table 3. Elimination percent for each trial performed 

The table before shows the elimination percent increases if the volume of Hydrogen 
Peroxide increases. For 100 and 200 mg/L of Titanium Dioxide The figure 11 shows the 
elimination percent. 
 

 
Fig. 11. Elimination Percent of Chlorpyrifos for 100 and 200 mg/L of TiO2 

The trials with 250 mg/L of Titanium Dioxide showed the lowest elimination percent, 
because the turbidity presented by the catalyst. The best elimination percent was 89.06% in 
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the 15th trial with a concentration of Titanium Dioxide of 100 mg/L using Hydrogen 
Peroxide of 10mL/L with 120 min of irradiation UV at 254 nm. At 120 min of reaction time 
all the experiments showed more than 80% of elimination percent when the pesticide 
Attamix is degradated with the Heterogeneous Photocatalysis. With the better trial (15) 
were performed two additional test at 40 and 80 min and the best elimination was at 120 
min, but the difference between them are so low (88 – 89%). 
This part of the investigation concluded that the pesticide (Attamix SB) can be degraded 
efficiently using Heterogeneous photocatalysis.  

3.2 Endosulfan 
The results showed that two species were presented in the pesticide α and β endosulfan. 

3.2.1 Homogeneous photocatalysis 
The next figure shows the trials performed and the next table presents the elimination 
percents obtained: 
 
 
 
 

 
 
 
 
Fig. 12. Homogeneous Photocatalysis Trials  
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Pesticide Concentration Trial Elimination % α - 
Endosulfan 

Elimination % 
β - Endosulfan 

1000ppm 1 8,87 8,10 
 2 12,76 11,48 
 3 13,15 12,33 
 4 8,88 8,59 
 5 12,37 11,66 
 6 13,58 12,50 

750ppm 7 10,78 8,80 
 8 11,12 10,93 
 9 11,55 12,22 
 10 10,90 7,75 
 11 13,43 10,58 
 12 13,66 13,05 

500ppm 13 10,12 9,35 
 14 12,32 10,87 
 15 13,92 13,48 
 16 10,94 11,65 
 17 12,42 12,82 
 18 13,72 13,36 

250ppm 19 12,72 12,43 
 20 16,08 14,93 
 21 17,42 17,31 
 22 12,80 12,66 
 23 16,22 15,41 
 24 17,44 17,87 

100ppm 25 17,79 17,59 
 26 18,37 18,65 
 27 19,71 19,69 
 28 18,07 17,61 
 29 19,08 18,82 
 30 19,80 19,70 

Table 4. Elimination Percent of α and β Endosulfan using Homogeneous Photocatalysis 

 
 
 
 

For the homogeneous photocatalysis system UV/H2O2, it was obtained the higher 
elimination percent for α y β Endosulfan of 19.7%  y 19.8%, with the lowest concentration of 
pesticide 100 mg/L, with the highest reaction time 120 min and the highest volume of 
Hydrogen Peroxide 2 ml/L . 
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3.2.2 Heterogeneous photocatalysis 
 

 
 

 
Fig. 13. Heterogeneous Photocatalysis Trials  
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Pesticide Concentration Trial Elimination % 
α - Endosulfan 

Elimination % 
β - Endosulfan 

1000ppm 31 62,49 64,72 

 32 63,29 64,44 

 33 63,28 65,28 

 34 63,05 65,54 

 35 63,08 66,09 

 36 63,71 66,84 

 37 61,72 61,00 

 38 62,13 60,99 

 39 61,92 61,35 

 40 62,11 64,68 

 41 62,32 64,89 

 42 62,12 65,32 

750ppm 43 62,68 67,93 

 44 62,70 67,93 

 45 62,81 67,98 

 46 62,95 69,92 

 47 63,19 69,89 

 48 63,41 69,87 

 49 62,14 66,22 

 50 61,56 65,54 

 51 62,36 64,87 

 52 61,39 67,20 

 53 61,15 67,58 

 54 62,30 67,38 

500ppm 55 72,66 66,22 

 56 72,39 65,54 

 57 75,31 64,87 

 58 73,26 70,79 

 59 73,89 70,82 

 60 75,86 70,61 

 61 71,13 59,22 
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Pesticide Concentration Trial Elimination % 
α - Endosulfan 

Elimination % 
β - Endosulfan 

 62 71,96 59,27 

 63 73,30 61,32 

 64 72,64 65,50 

 65 73,89 66,19 

 66 73,53 66,17 

250ppm 67 81,54 88,45 

 68 82,08 89,10 

 69 82,30 88,62 

 70 81,72 90,06 

 71 83,17 90,63 

 72 85,02 92,08 

 73 81,56 87,64 

 74 81,32 87,60 

 75 83,02 88,48 

 76 81,51 91,05 

 77 83,02 91,26 

 78 83,28 91,47 

100ppm 79 87,26 92,11 

 80 88,10 92,60 

 81 89,25 93,10 

 82 91,25 93,59 

 83 92,36 94,09 

 84 93,46 94,58 

 85 85,00 90,23 

 86 85,01 90,49 

 87 85,00 90,29 

 88 85,56 92,69 

 89 85,03 93,21 

 90 85,02 93,55 

 
 
Table 5. Elimination Percent of α and β Endosulfan using Hetrogeneous Photocatalysis  
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For the heterogeneous photocatalyst system UV/TiO2, it was obtained the higher 
elimination percent for α y β Endosulfan  of  93.5%  y 94.6% , with the lowest concentration 
of pesticide 100 mg/L, with the highest reaction time 120 min and the highest volume of 
Hydrogen Peroxide 2 ml/L  and the concentration of TiO2 of 250 mg/L. 
This part of the investigation concluded that to obtain an optimum degradation for the 
pesticide Endosulfan is necessary the presence of a catalyst in this case of TiO2 Anatase type.  
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1. Introduction 
Advanced oxidation processes (AOPs) are technologies with significant importance in 
environmental restoration applications (Anipsitakis and Dionysiou, 2003; Bandala et al., 
2007). The AOPs concept was established by Glaze et al., (Huang et al., 1993, Glaze, 1987; 
Glaze et al., 1987) who defined AOPs as processes involving the generation of highly 
reactive oxidizing species able to attack and degrade organic substances (Bolton, 2001). 
Nowaday AOPs are considered high efficiency physical-chemical processes due to their 
thermodynamic viability and capable to produce deep changes in the chemical structure of 
the contaminants (Domenech et al., 2004) via the participation of free radicals (Domenech et 
al., 2004). These species, mainly hydroxyl radicals (HO•), are of particular interest because 
their high oxidation capability (Andreozzi et al., 1999; Goswami and Blake, 1996; Huston 
and Pignatello, 1999; Legrini et al., 1993; Rajeshwar, 1996). However, other studies have 
suggested that, besides hydroxyl radicals, AOPs can also generate other oxidizing species 
(Anipsitakis and Dionysiou, 2003; 2004). Generated radicals are able to oxidize organic 
pollutants mainly by hydrogen abstraction (eq. 1) or by electrophylic addition to double 
bonds to generate organic free radicals (R•) which can react with oxygen molecules forming 
peroxyradicals and initiate oxidative degradation chain reactions that may lead to the 
complete mineralization of the organics, as proposed in eq. (1) (Blanco, 2003).  

 ( )4 2 RH HO or SO HR H O• •− •+ → +  (1) 

Free radicals in AOPs, may be produced by photochemical and non-photochemicals 
procedures. Table 1 list some of the most frequently reported AOPs for application in water 
restoration. 
Among the different approaches for pollutants removal from water, some of them are 
recognized as mainly efficient for pesticide degradation. Ozonation and ozone related 
processes (O3/H2O2, UV/O3), heterogeneous photocatalysis (TiO2/UV), homogeneous 
photocatalysis (Fenton and Fenton-like processes) and electrochemical oxidation are 
considered as the most efficient for pesticide degradation in water (Somich et al., 1990; Scott 
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 Non-photochemical AOPs Photochemical AOPs 
Alkaline media ozonation Fenton and Fenton-like reactions 
O3/H2O2 Heterogeneous photocatalysis 
Fenton reaction UV/H2O2 
Electrochemical oxidation UV/O3 
Hydrodynamic/ultrasonic cavitation  
Sub/super critical water  

Table 1. Frequently reported AOPs 
and Ollis, 1995; Zepp et al., 1994; Legrini et al. 1993, Bandala et al., 2002a; Arancibia et al., 
2002; Masten and Davies, 1994; Chiron et al., 2000; Ikehata and El-Din, 2005; Ikehata and El-
Din, 2006, Bandala and Estrada, 2007, Martínez-Huitle et al., 2008). Several different 
successful laboratory scale applications have been reported for many of these methodologies 
(Malato et al., 2004; Blanco et al.,2007), however only few full scale development are 
currently reported, pendent task mostly depending on deep knowledge and analysis of 
current results and the generation of new approaches to the engineering of the processes 
(Malato et al., 1999; 2000).  

2. Pesticide degradation using photocatalysis 
2.1 Heterogeneous photocatalysis (HP) 
Photocatalysis have been defined by Kisch (1989) as the acceleration of a photoreaction by a 
catalyzer. To take place, homogeneous photocatalysis require that the catalyzer (usually a 
semiconductor) absorbs an energy quantum. After energy absorption, the absorber specie 
(C) generates energy carriers (e- and h+) and excited electrons are transferred to the oxidant 
(Ox1). At the same time, the catalyzer accepts electrons from the reducer (Red2) which fill the 
holes generated in valence band of the semiconductor. Electron flux in both directions is null 
and the catalyzer remains unaltered as proposed in reaction sequence (2) (Malato, 1999): 

 

( )hν - +

+
2 2

-
1 1

C C e +h

h +Red Ox

e +Ox Red

⎯⎯→

→

→

 (2) 

The heterogeneous photocatalytic degradation concept involves the use of a solid 
semiconductor (i.e. TiO2, ZnO, others) to generate a colloidal suspension stable under 
radiation for stimulate a reaction in the solid/liquid (or solid/gas) interface. When the 
semiconductor is in contact with a solution containing a redox pair, charge transference 
occurs along the interface to balance chemical potentials between the two faces. Metallic 
oxides and sulfurs are among the most used semiconductor materials available for 
photocatalytic purposes. Norwadays, titanium dioxide (TiO2) is the most frequently used 
semiconductors for heterogeneous photocatalytic processes anytime it has demonstrated to 
be the most active (Blake, 2000; Blanco et al., 2007). Table 2 depicts some of the 
semiconductor materials used in photocatalytic reactions along with their band gap energy 
required for catalyzer activation and the maximal wavelength required for activation. 
Degradation of organic pollutants by HP is among the most successful applications of the 
AOPs as suggested by the wide variety of research groups, installations, references and 
patents for use of this technology for removing toxic substances in water (Ajona and Vidal, 
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Material Band gap energy (eV) Activation wavelength (nm) 
BaTiO3 3.3 375 

CdO 2.1 590 
CdS 2.5 497 
CdSe 1.7 730 
Fe2O3 2.2 565 
GaAs 1.4 887 
GaP 2.3 540 
SnO2 3.9 318 

SrTiO3 3.4 365 
TiO2 3.2 387 
WO3 2.8 443 
ZnO 3.2 390 
ZnS 3.7 336 

Table 2. Band gap energy and activation wavelength for some semiconductors (Malato, 
1999). 

2000; Blake, 2000; Bandala and Estrada, 2007). But, the use of heterogeneous photocatalysis 
for restoration of water contaminated with pesticides has been shown as one of the best 
fields for application of this technology. It is proposed as an ideal methodology because it 
can be used for low concentration effluents or complex multicomponent commercial 
suspensions. Its success application has being recognized by GEF as a promising innovative 
technology for the destruction and decontamination of Persistent Organic Pollutants (POPs) 
in developing countries (McDowall et al., 2004). The number of tested pesticides for 
heterogeneous photocatalytic degradations is wide. Among them, chlorinated, 
phosphorated, carbamic, thiocarbamic and triazine type pesticides are the most frequently 
reported. Table 3 shows an actualized reference collection of works published for pesticide 
degradation using TiO2 mediated photocatalytic degradation in recent years. This Table 
shows the importance on the treatment of this type of pollutans, due to the extensive use. 
   

Pesticide References Pesticide References Pesticide References 
Aldrin Bandala et al., 2002; 

Ormad et al., 2010 
 

DMMP O´Shea,1997. Permethrin Chiaranzelli et 
al., 1995 

Acrinatrin 
 

Malato et al., 2000a; 
Malato et al., 2004 

3,4-DPA Pathirana,1997 Phorate Chen et al., 
1996: Hisanaga 
et al., 1990 

Alachlor Chiron et al., 1997; 
Moza et 
al.,1992;Muszkat et 
al., 1992, 1995; Wong 
and Chu, 2003a,b; 
Hincapié et al., 2005; 
Ormad et al., 2010; 
Farre et al., 2005 

Endosulfan and 
derivatives 

Ormad et al., 2010 Pyrimethanil Oller et al., 
2006 

Aldicarb 
 

Parreño et al., 1994. 
 

Endrin Ormad et al., 2010 Pirimiphos-methyl Herrmann et 
al., 1999 

Ametryn Ormad et al., 2010 EPTC 
 

Mogyoródi et al., 1993. 
Vidal et al., 1991 
 

Procimidona Hustert and 
Moza, 1997 
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Pesticide References Pesticide References Pesticide References 
Asulam Tanaka et al., 1992. Fenitrothion Chiron et al., 1997, 

Tanaka et al., 1992; 
Herrmann,1999, 
Hasegawa,1998; 
Tapalov et al., 2003; 
Mahmoodi et al., 2008

Prometon Borio et al., 
1998;Herrman
n, 
1999c;Pelizzetti
, 1990b, 1993; 
Ormad et al., 
2010 
 

Atrazine Parra et al., 2004; 
Clestur et al., 1993; 
Lackhoff and 
Niessner, 2002; 
McMurray et al., 
2006; Campanella 
and Vitalliano, 2006; 
Zhang et al., 2006; 
Bellobono,1995 
Chiron et al., 2000; 
Herrmann,1999; 
Minero et al., 
1996b;Muszkat 
etal.,1992,1995; 
Pelizzetti, 
1987,1990a,1990b,199
1,1992,1993. Sullivan 
et al., 1994; 
Texier,1999a, 1999b; 
Parra et al., 2004; 
Ormad et al., 2010; 
Farre et al., 2005 

Fenobucarb Hasegawa, 1998. Prometryn 
 

Muszkat et al., 
1992, 1995; 
Pelizzetti, 
1990b, 1993; 
Borio et al., 
1998; 
Evgenidou et 
al., 2007; 
Ormad et al., 
2010 

Azinfphos-methyl Domínguez,1998; 
Calza et al., 2008 
 

Fenuron Richard and Bengana, 
1996. 

Propachlor Muszkat et al., 
1995; 
Konstantinou 
et al., 2002; 
Muneer et al., 
2005 

Bendiocarb 
 

Hasegawa, 1998. Imidachloprid Chiron et al., 1997; 
Texier et al., 1999a; 
1999b; Agüera et al., 
1998; Fernández et al., 
1999; Sharma et al., 
2009 

Propanil Sturini at al., 
1997; 
Konstantinou 
et al., 2001 

Carbaryl Arancibia et al., 2002; 
Gelover et al., 2004 

HCH and 
derivatives 

Ormad et al., 2010 Propazine Muszkat et al., 
1992, 1995; 
Pelizzetti, 1992; 
Ormad et al., 
2010 

Carbetamid Brun, 1995; 
Percherancier et al., 
1995. 

Heptachlor Ormad et al., 2010 Propetryne Herrmann, 
1999 
 

Chlorfenvinfos Farre et al., 2005; 
Ormad et al., 2010 

Iprobenfos Hasegawa, 1998. Propoxur Lu et al., 1995, 
1999 

Chlorpyrifos Ormad et al., 2010 Isoprothiolane 
 

Hasegawa et al., 1998. Propyzamide Chiarenzelli et 
al., 1995; 
Hasegawa, 
1998;  
Torimoto et al., 
1996. 
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Pesticide References Pesticide References Pesticide References 
Carbofuran 
 

Kuo and Lin, 2000; 
Mahalakshmi et al., 
2006; Mansour, 1997; 
Tennakone, 1997 

Isoproturon Amorisco et al., 2005. 
Mansour, 1997; Farre 
et al., 2005; Sharma et 
al., 2008a,b,c,d; 2009; 
Ormad et al., 2010; 
Haque and Muneer, 
2003 

Simazine Hasegawa, 
1998.;Pelizzetti 
et al., 
1990b;1992;199
3; Ormad et al., 
2010 

Cyanobenzoate Muszkat et al., 1995 
 

Lindane Chiron et al., 1997; 
Herrmann, 1999c; 
Sabin , 1992; Guillard 
et al., 1995; Vidal, 
1998; Zaleska et al., 
2000. 
 

2,4,5-T Barbeni et al., 
1987; Chiron et 
al., 1997; Ollis 
et al., 1991a; 
Pelizzetti, 1993; 
Kamble et al., 
2006 

Cycloate Vidal et al., 1999; 
Mogyoródi et al., 
1993; Vidal, 1991 
 

Malathion Muszkat et al., 1995; 
Mak and Huang, 1992; 
1993; Doong and 
Chang 1997 

2,3,6-TBA Bianco-Prevot 
et al., 1999 

Chloroxynil Muszkat et al., 1992 Manuron Herrmann et al., 1999 Terbutylazina Mansour et al., 
1997 

Chlorpyriphos Picaht et al., 
2007;Chiarenzelli et 
al., 1995. 
 

MCC 
 

Tanaka et al., 1999 Terbutryn Muszkat et al., 
1992; Ormad et 
al., 2010 

Chlorsulfuron Fresno et al., 2005; 
Maurino et al., 1999 

Metamidophos Doong and Chang, 
1997; Hisanaga et al., 
1990; Malato et al., 
1999 

Tetrachlorophenol Pelizzetti, 1985 

2,4-D 
 

Terashima et al., 
2006: Sanjay et al., 
2004; Singh and 
Muneer, 2004; 
Chiron et al., 1997; 
2000; 
D´Oliveira,1993a; 
Herrmann et al., 
1998;1999; Lu et al., 
1995,1997; Martin et 
al., 1995; Müller, 
1998;Pichat et 
al.,1993a;1993b; 
Trillas et al., 
1995;Sun and 
Pignatello, 1995; 
Kamble et al., 2006 

Metamitron Mansour ,1997. Tetrachlorvinphos Herrmann,199
9; Kerzhentsev 
et al., 1996 

DBS Domínguez et al., 
1998; 

Metolachlor 
 

Sakkas et al., 2004; 
Chiron et al., 1997; 
Ormad et al., 2010 

Tetradifon Chiron et al., 
1997; Ormad et 
al., 2010 

DCB 
 

Muszkat et al., 1992. 
 

Metobromuron
 

Amine et al., 2005; 
Muszkat et al., 1992. 
 

Thiram Hasegawa, 
1998. 

DDT and DDT 
derivatives 
 

Borello et al., 1989; 
Chiron et al., 1997; 
Herrmann,1999c; 
Pelizzetti, 1985; 
1993;Sabin, 1992; 
Zaleska et al., 2000; 
Ormad et al., 2010 

Methoxychlor Ormad et al., 2010 Tifensulfuron-methyl 
 

Maurino et al., 
1999. 
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Pesticide References Pesticide References Pesticide References 
DEMP 
 

O´Shea, 1997a MIPC 
 

Tanaka et al., 1999 Thiobencarb Nishida and 
Ohgaki, 1994. 
 

DEP 
 

Tanaka et al., 1992; 
Hisanaga et al., 1990; 
Muneer et al., 1998. 

MMPU 
 

Muszkat et al., 1992. 
 

Thiocarbaryl Nishida and 
Ohgaki, 1994. 
 

Diazinon Sakkai et al., 2005; 
Mahmoodi et al., 
2007;Doong and 
Chang, 
1997;Hasegawa, 
1998.; Mak,1992; 
Mansour,1997; 
Kouloumbos et al., 
2003; 

Molinate Mogyoródi et al, 1993; 
Konstantinou et al., 
2001; Ormad et al., 
2010;  
 

Triadimefon 
 

Chiarenzelli et 
al., 1995. 

Dichloran Chiarenzelli et al., 
1995. 

Monocrotophos Shankar et al., 
2004;Chen et al., 1996 

Trifluralin Ormad et al., 
2010 

Dichloroaniline Muszkat et al., 1995. Monuron Augliaro, 1993; 
Pramauro et al., 1993 
 

Trichlorophenol Barbeni et al., 
1986;D´Oliveir
a et al., 1993; 
Jardim et al., 
1997; Ollis et 
al., 1991a; 
Pelizzetti, 1985; 
1993; Tseng  
and Huang, 
1991; 
Tanaka et al., 
1992 

Dichlorophenol 
 

Bhatkhade et al., 
2004; Kim and Choi, 
2005; Boyarri et al., 
2005; Texier et al., 
1999a,b;Jardim et al., 
1997; Manilal, 1992 

MPMC Tanaka et al., 1999. Trichlopyr 
 

Poulius, 1998; 
Qamar et al., 
2006 

Dichloropyridine Kyriacou et al., 1997 MTMC Tanaka , 1999. Trietazine Muszkat et al., 
1992, 1995 

Dichlorvos Hasegawa et al., 
1998; Chen et al., 
1996; Chen, 1997; Lu, 
1993, 1995; Mak et 
al., 1992, Mak and 
Hung, 1993; 
Hisanaga et al., 1990; 
Evgenidou et al., 
2005;2006; Oancea 
and Oncescu, 2008 

Oxamil 
 

Texier  1999a.; Malato 
et al., 2000b; Oller et 
al., 2006 
 

Vernolate Mogyoródi et 
al., 1993; Vidal, 
1991. 

Dicofol Chiron et al., 1997; 
Ormad et al., 2010 

Paraquat Florencio et al., 
2004;Moctezuma, 
1999. 

Vinclozoline Hustert and 
Moza, 1997. 

Dieldrin Ormad et al., 2010 Parathion 
 

Zoh et al., 2005, 
2006;Chen et al., 1996; 
Chiron et al.,1997; 
Herrmann, 1999; 
Sakkas et al., 2002 

Pendimetalin Mansour, 1997; 
Moza et al., 
1992 

Diquat Florencio et al., 2004; 
Kinkennon et al., 
1995. 

Paration-metil Sakellarides et al., 
2004; Zoh et al., 
2005,2006;Chiron et 

XMC Tanaka et al. , 
1999 
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Pesticide References Pesticide References Pesticide References 
al., 1997, 2000; 
Evgenidou et al., 
2007b; Ormad et al., 
2010 

Dimethoate Oller et al., 
2006;Domínguez et 
al., 1998;Evgenidou 
et al., 2006; Oller et 
al., 2006; Ormad et 
al., 2010 

PCDD Barbeni et al., 1986; 
Pelizzetti, 1985 

  

Diuron Canle et al., 2005; 
Kinkennon et 
al.,1995;Muneer et 
al., 1998; Farre et al., 
2005;Katsumata et 
al., 2009;Macounova 
et al., 2003;Ormad et 
al., 2010 

PCDF Barbeni et al., 1986; 
Pelizzetti, 1985. 

  

Table 3. References on heterogeneous photocatalytic degradation of pesticides in water 
using TiO2. 

2.2 Kinetics and reaction mechanisms 
For an extended period of time different works analyzing heterogeneous photocatalysis 
mechanisms have proposed hypotheses on the generation of photoproduced holes (h+) and 
surface trapped hydroxyl radicals (HO•) (Romero et al., 1999). Initial steps involved in band-
gap irradiation of TiO2 particles (or any other semiconductor) have been studied in detail by 
lasser-flash photolysis measurements (Bahnemann et al., 1997; Serpone, 1996). It is well 
stablished that TiO2 illumination with radiation of the proper wavelength (≥ Eg) generates 
electron/hole pair which can recombine or dissociate (both reactions are in competition) to 
produce, in the latter case, a conduction band electron and a valence band hole which are 
able to migrate to the particle surface. Once in the surface, both charge carriers will be able 
to interacting with adsorbed electron acceptors and oxidize electron donors. In the 
heterogenous process in aqueous face, oxygen is often present as electron acceptor and HO- 
and H2O are available as electron donors to yield hydroxyl radicals. It is well documented 
that these trapping reactions occurs in less than 30 ps (Colombo et al., 1995; Skinner et al., 
1995; Serpone et al., 1995).  
Considering the importance of mass transference in the process, initial practical approaches 
to quantitative description of HP kinetics has been commonly carried out using a Langmuir- 
Hinshelwood (L-H) kinetics model (Al-Ekabi et al., 1988, 1989). This mathematical model 
assumes that the reaction occurs on the catalyst surface. According to L-H model, the 
reaction rate (r) is proportional to the fraction of particle surface covered by the pollutant 
(θx). Mathematically, 

 r
r x

s s

dC k KCr=- =k θ =
dt 1+KC+K C

 (3) 

where kr is the reaction rate constant, K is the pollutant adsorption constant, C is the 
pollutant concentration at any time, Ks is the solvent adsorption constant and Cs is its 
concentration. During eighties, many authors presented their data using L-H kinetic 
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approach (Chen et al., 1983; Herrmann et al., 1983; Matthews, 1988; Nguyen and Ollis, 1984; 
Ollis, 1984; Pruden and Ollis, 1983). Nevertheless, despite L-H approach fits properly 
experimental data, it does not consider the interaction of the radiation field (Bandala et al., 
2004; Arancibia et al., 2002).  

Other kinetic studies on heterogeneous photocatalysis suggest that reaction rate increases 
with catalyst concentration to get a maximum value for catalyst concentration between 0.2 
and 1 g/L, depending on the compound and the reactor used. Over these concentrations, 
reaction rate remains unaffected or decreases when catalyst concentration increases 
(Jimenez et al., 2000; Arancibia et al., 2002; Curco et al., 1996; Gimenez et al., 1999). An 
interesting problem is the relation between catalyst concentration, reaction rate, radiation 
absorption and process improvement, because, several studies have suggested important 
associations depending on the catalyst radiation absorbed (Schiavello et al., 1999; Brandi et 
al., 1999, Arancibia et al., 2002; Bandala et al., 2004). From these results, several models, most 
of them based on complex mathematical or static computational approaches, have been 
developed and proposed in order to predict radiation absorption and scattering as function 
of catalyst concentration, optical path and catalyst type and its relation to pseudokinetic 
constants experimentally obtained (Bandala et al., 2004; Arancibia et al., 2002; Curco et al., 
2002). Based on the radiation absorbed by the catalyst, some authors, as Cassano’s group 
considered the most representative in the field, have considered that the vital point in this 
process resides on the a priori design of photochemical reactors, that improve of HP 
reactions and the generation of intrinsic reaction kinetic that may lead to process scaling-up 
(Alfano et al., 2000; Cassano and Alfano, 2000; Romero et al., 1999; Brandi et al., 2000). 
Besides reactor design, heterogeneous photocatalytic degradation reaction can be enhanced 
by the use of higher active catalyst or inorganic oxidizing species. In the first case, activation 
of TiO2 under visible light is a desirable technological approach. In order to utilize visible 
light for TiO2 excitation, several dye-synthesized and ion-doped TiO2 have been developed 
achieving higher performances in their use for photocatalyzed degradation of different 
organic substrates (Bae and Choi, 2003; Lin et al., 2006; Xu et al., 2002; Iwasaki et al., 2000; 
Asah et al., 2001; Irie et al., 2003; Burda et al., 2003) using the band gap narrowing effect 
produced. However, only few recent reports deals with application of visible light activated 
TiO2 to photoassisted pesticide degradation (Senthilnathan and Philip, 2010; Sojicetal, 2010). 

2.3 Effect of oxidizing species on the reaction rate 
According to reaction sequence 2, production of charge carriers is a fundamental step in 
degradation processes using HP. Once generated, these species may lead to hydroxyl 
radicals generation (and the subsequent organic matter degradation) or can recombine to 
generate the initial state and energy emission. This latter reaction, known as recombination, 
is a practical problem when using TiO2 catalyst and it is extremely efficient (reaction rate = 
10-9 s) when no proper electron acceptor is present in the reaction media (Malato et al., 1998; 
Hoffman et al., 1995). This side process is energy-wasting and limiting to get high quantum 
yield (i.e. number of primary chemical reactions per photon absorbed). In most of the cases, 
dissolved oxygen is used as electron scavenger in these processes and several works have 
dealed on its efficiency as oxidant agent to complete organic matter mineralization (Li Puma 
et al., 1993; Martin et al., 1995; Mills et al., 1993; Ollis et al., 1991; Pelizzetti and Minero, 
1993). Nevertheless, it has been demonstrated that only low mineralization is reached when 
dissolved oxygen is used as oxidant agent in, for example, the photoassisted degradation of 
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pesticides (Mills and Morris, 1993; Serra et al., 1994; Minero et al., 1996). Several previous 
studies have investigated the role of alternative electron acceptors such as peroxide 
compounds (Wang and Hong., 1999; Wong and Chu, 2003; Dionysiou et al., 2004). Among 
them, hydrogen peroxide has been identified as widely used to improve photocatalytic 
processes. This simple peroxide is considered as environmentally friendly and of great 
interest for “green” chemistry and engineering applications (Ghosh et al., 2001). Hydrogen 
peroxide has been applied to enhance the rates of TiO2 photocatalytic reactions (Madden et 
al., 1997; Pacheco et al., 1993; Malato et al., 1998; Wang and Hong, 1999; Doong and Chang, 
1997; Wong and Chu, 2003) using UV radiation (Mengyue et al., 1995; Haarstrick et al., 1996; 
Pacheco et al., 1993; Malato et al., 1998). The improvement of photocatalytic rates using 
H2O2 has been attributed to many factors, mainly: hydrogen peroxide is better electro 
acceptor than oxygen (Ollis et al., 1991; Madden et al., 1997; Malato et al., 1998; Peterson et 
al., 1991; Cornish et al., 2000; Ohno et al., 2001), its potential for reduction is 0.72 V while this 
value for oxygen reduction is – 0.13 V (Cornish et al., 2000), it is considered able to favor 
photocatalytic mechanisms by the removal of photogenerated electrons in the conduction 
band (Dionysios et al., 2004). Nevertheless it has been well documented that, at high 
concentrations of H2O2, it can compete for adsorption with organic matter (Dionysios et al., 
2004; Bandala et al., 2002; Sauer et al., 2002; Cornish et al., 2000). Besides hydrogen peroxide, 
other oxidant agents have been tested for improve photocatalytic reactions (Martin et al., 
1995; Pelizzetti et al., 1991; Al-Ekabi et al., 1992; Kenneke et al., 1993). For example, 
peroxidisulphate ( 2-

2 8S O ) has been indicated as an important oxidant, allowing drastical 
improvements in the TiO2 photocatalyzed mineralization of pesticides and pesticide 
mixtures by Malato et al. (1998; 1999; 2000) and they think its use is justified when pesticide 
mineralization is the major concern. 

2.4 Material science implications: slurries or immobilized photocatalyst 
Generation of catalyst sludges is among main disadvantages for HP processes in water 
treatment. This kind of treatment, currently available at pilot-plant level, uses suspended 
TiO2 in photoreactors where the semiconductor is recovered after the treatment (Malato et 
al., 2000; 2002).  According to various lab scale research reports (Bideau et al., 1995; 
Matthews and McEvoy, 1992; Sabate et al., 1992; Chester et al., 1993), the use of TiO2 in 
suspensions is more efficient than on its immobilized form. Nevertheless, this latter form 
posses specific advantages, such as cost reductions, material losses decrease and skipping 
recovery steps in the process, which make desirable the generation of immobilized titania 
photocatalyst with higher efficiency as compared with those reported to date 
(Balasubramanian et al., 2004; Gelover et al., 2004).  
Several supporting materials, from sand to quartz optical fiber, have been reported so far for 
TiO2 immobilization. In the same way, a wide number of methods for catalyst fixation as 
reviewed by Pozzo et al., (1997). In last years, the use of in situ catalyst generation method 
seems to be the most promising technology for catalyst immobilization (Rachel et al., 20002; 
Guillard et al., 2002; Gelover et al., 2004). Other authors (Guillard et al., 2003; Gelover et al., 
2004) has demonstrated that, by the use of these in situ catalyst generation method, fixed 
form of titanium dioxide generated present equal efficiency as Degussa P-25 (considered as 
the most efficient form of titanium dioxide) suspended catalyst for pesticide degradation. 
However, more scientific research is necessary about the development of this promising 
idea before it can be considered for future design of efficient photocatalytic plants.  
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2.5 Homogeneous photocatalysis  
Homogeneous photocatalysis refers to those photocatalytic processes in which the catalyst is 
dissolved in water during the redox process. In general, homogeneous processes can be 
represented as depicted in reaction sequence (4) (Domenech et al., 2004): 

 
C hν⎯ → ⎯ C∗

C∗ + R → R∗ + C

R∗ → P

 (4) 

Similarly to heterogeneous photocatalysis, homogeneous processes are based in the 
generation of hydroxyl radicals but, in difference, some other highly oxidant species can be 
generated and be responsible of organic contaminant degradation (Anipsitakis and 
Dionysiou, 2004; Yamazaki and Piette, 1991; Sawyer et al., 1996). Since the well known 
Fenton’s experiments in the latest XIX century, it is documented that hydrogen 
peroxide/ferrous salts solutions are capable to oxidize organic compounds (Fenton, 1894). 
Fenton reagent has been reported of high efficiency degrading aliphatic hydrocarbons, 
halogenated aromatics, polychlorinated byphenils, nitroaromatics, azo-dyes and pesticides 
(Bigda, 1995) as shown in Table 4. 

3. Fenton-like reactions 
Besides Fenton reaction, several Fenton-based procedures have been developed, being these 
reactions, inspired on the Fenton reaction chemistry (so-called Fenton-like processes). It has 
been demonstrated that, in many of the cases, Fenton-like processes are more efficient than 
Fenton reaction to water treatment and will, probably, be the next step in the scaling-up of 
AOPs application to pesticide treatment in water. 
When Fenton reaction involves ultraviolet radiation, visible light or both, the reaction is 
known as the photo-Fenton process. Compared with dark Fenton reaction, photo-Fenton 
process has numerous advantages such as the increase of degradation rate, minimize in 
sludge generation and the use of solar energy, among others (Malato et al., 2002; De Laat  
and Le Troung, 2006; Chacón et al., 2006, Orozco et al., 2008). Photo-Fenton process is 
among the most efficient methods to generate hydroxyl radicals (Bauer et al., 1999). Even 
higher than other very well studied and widely applied AOPs such as TiO2/UV and 
H2O2/UV as shown in comparative studies using 4-chlorophenol as model wastewater 
contaminant (Krutzler and Bauer, 1999). Many parameters, such as initial concentration of 
ferric salt and hydrogen peroxide, the ratio of [H2O2]0/[Fe(II)]0, pH, light intensity and 
temperature influence on the efficiency of photo-Fenton process (Bandala et al., 2007; Lee 
and Yoon, 2004) are determinants in the efficiency. 
Except for Fenton reagent, the potential of generating highly reactive radical species using 
transition metals coupled with electron acceptors have not been explored completely for 
water treatment (Anipsitakis and Dionysiou, 2004). Recently, Anipsitakis and Dionysiou 
(2004) have carried out experiments in order to identify radical generation by the interaction 
of transition metals with common oxidants. They tested 14 different combinations of metals 
and oxidant and found that cobalt (II)/potassium peroximonosulfate (Co/PMS) system 
posses very attractive characteristics for water decontamination (Anipsitakis and Dionysiou, 
2004). This homogeneous system have been shown to be able for generate sulfate radicals 
and demonstrate greater efficiencies when compared with Fenton reagent for the treatment 
of water containing organic pollutants (Anipsitakis and Dionysiou, 2004). 
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Pesticide References Pesticide References Pesticide References 
Abamectin  Fallaman et al., 

1999 
  Metoxichlor 

 
Houston and 
Pignatello, 
1999; 
Pignatello and 
Sun, 1995 

Acephate Yu, 2002 Dichlorophenol
 

Wadley and Waite, 
2002; Aaron and 
Oturan, 2001; 
Detomaso et al., 2003; 
Momani et al., 2006; 
Momani, 2006; 
Bayarri et al., 2007 

Metolachlor Malato et al., 
2002, 2003 

Acrinatrin 
 

Fallaman et al., 
1999 

Dimethoate Nikolaki et al., 2005; 
Oller et al., 2005 
 

Metomyl 
 

Wang et al., 
2004; Scherer 
et al., 2004; 
Muszkat et al., 
2002 

Alachlor Houston and 
Pignatello, 1999; 
Laperlot et al., 2006; 
Farre et al., 
2007,2005; Wang 
and Lemley, 2001; 
Hincapie et al., 2005; 
Perez et al., 2006 

Diuron Malato et al., 2002; 
Lapertot et al., 2006; 
Farre et al., 2007; 
Hincapié et al., 2005; 
Perez et al., 2006; 
Farre et al., 2005; 
Malato et al., 2003; 
Edelahi et al., 2004 

Metribuzin 
 

Yu, 2002 

Aldicarb 
 

Houston and 
Pignatello, 1999  
 

DMDT Barbusinski and 
Filipek, 2001 

Metamidophos Fallaman et 
al., 1999 
 

Atrazine Bandala et al., 2007; 
Houston and 
Pignatello, 1999; 
Sun and Pignatello, 
1993; Laperlot et al., 
2006; Wang et al., 
2003; Farre et al., 
2007; Ostra et al., 
2007; Pignatello, 
1993; Arnold et al., 
1995; Adams et al., 
1990; Ijpelaar et al., 
2000; Hincapie et 
al., 2005; Perez et 
al., 2006; Farre et 
al., 2005  

3,4-DPA 
 

Saltmiras and 
Lemley, 2000 

Parathion-ethyl Oturan, 2003 

Azinphos-methyl Houston and 
Pignatello, 1999 
 

Ethylene 
thiourea 

Fallaman et al., 1999 Paration-methyl Pignatello and 
Sun, 1995; Roe 
and Lemley, 
1997; 
Gutierrez et 
al., 2007 

Bromacil 
 

Muszkat et al., 2002 Endosulfan Yu, 2002 Pentachlorophenol Farre et al., 
2007 

Carbaryl Kong and Lemley, 
2006; Wang et al., 
2003  

Edifenphos Barbusinski and 
Filipek, 2001; Yu, 
2002; Badaway et al., 
2006 

Pyrimethanil Fallaman et 
al., 1999 



 Pesticides - Formulations, Effects, Fate 

 

696 

Carptan Houston and 
Pignatello, 1999 

Fenitrothion Fallaman et al., 1999; 
Malato et al., 2002; 
Malato et al., 2003 

Pichloram Houston and 
Pignatello, 
1999 

Carbofuran 
 

Houston and 
Pignatello, 1999; 
Wang et al., 2003 

Formetanate Houston and 
Pignatello, 1999 

Profenophos Badawy et al., 
2006 

Chlorfenvinphos Farre et al., 2005; 
Hincapié et al., 
2005; Lapertot et al., 
2006; Barbusinski 
and Filipec, 2001 

Glyphosate Barbusinski and 
Filipek, 2001 

Propamocarb Fallaman et 
al., 1999 

Chlorophenol Krutzler et al., 1999; 
Detomaso et al., 
2003 

HCH 
 

Yu, 2002 Simazine Houston and 
Pignatello, 
1999; Adams 
et al., 1990 

Chlorotalonil Gutierrez et al., 
2007 

Fenthion Fallaman et al., 1999; 
Malato et al., 2002; 
Malato et al., 2003 

2,4,5-T Pignatello, 
1993; Aarón 
and Oturan, 
2001; 
Pignatello, 
1992; Sun and 
Pignatello, 
1993 

Chlorpyriphos Yu, 2002 Imidachloprid Lapertot et al., 2006; 
Farre et al., 2007; 
Hincapie et al., 2005; 
Farre et al., 2005 

Tebuconazole Faxeira et al., 
2005 

4-chloro-
phenoxia-cetic 
acid 

Sedlak et al., 1992 Isoproturon Fallman et al., 1999 Tamaron Faxeira et al., 
2005 

2,4-D 
 

Oturan et al., 1999; 
Pignatello, 1992; 
Sun and Pignatello, 
1993; Bandala et al., 
2007; Sun and 
Pignatello, 1992; 
Sun and Pignatello 
1993a,b; Wang et 
al., 2003;  Wang and 
Lemley, 2001; 
Aaron and Oturan, 
2001; Kong and 
Lemley, 2006 

Luteron Roe and Lemley, 
1997; Oturan, 2003; 
Houston and 
Pignatello, 1999 

Treflan MTF Saltmiras and 
Lemley, 2001 

Dicamba Houston and 
Pignatello, 1999 

Malathion Houston and 
Pignatello, 1999 

Terbutryn Adams et al., 
1990 

Disulfoton 
 

Houston and 
Pignatello, 1999 

MCPP Aaron and Oturan, 
2001 

Tetraethyl 
pyrophosphate 

Oturan, 2003 

DDT 
 

Barbusinsky and 
Filipek, 2001; 
Bousahel et al., 2007

Metamidophos Gutierrez et al., 2007; 
Yu, 2002; Fallaman et 
al., 1999; Faxeira et 
al., 2005 

Trichlorophenol Aaron and 
Oturan, 2001 

Diazinon Wang et al., 2003;  
Badaway et al., 
2006; Yu, 2002 

  Trifluralin Wang et al., 
2003 

 

Table 4. References on homogeneous photocatalytic degradation of pesticides in water 
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3.1 Effect of metal counterion  
An interesting effect that should be take account when applying homogeneous 
photocatalysis is salt counterion. Inorganic anions ( -Cl , 2-

4SO , 2-
4HPO  )in wastewater or 

added as reagents have a significant effect on the reaction rate in the case of Fenton process. 
These effects are a) complexation with Fe(II) or Fe(III), affecting iron species reactivity and 
distribution; b) Precipitation reactions leading to a decrease of the active dissolved Fe(III); c) 
Scavenging of hydroxyl radicals and d) oxidation reactions involving these inorganic 
radicals. It have been well documented that cloride ions shows inhibitory effect for 
oxidation reactions, using both Fe(II) and Fe(III), of phenols (Tang and Huang, 1996), 
dichlorvos (Lu et al., 1997), atrazine (De Laat et al., 2004) and azo-dyes (Orozco et al., 2008). 
On the other hand, the effect of inorganic salt counterion in cobalt-mediated Fenton-like 
processes is not completely clear. It has been shown that precence of chloride ions produce 
highly chlorinated intermediates during oxidation process probably due to chloride radicals 
generation (Anipsitakis et al., 2006). The presence of sulfate or nitrate ions did not show any 
effect on reaction rate. The effect of organic counterion for cobalt salts can be related with 
the availability to cobalt (II) re-generation during oxidation processes and enhancing of 
reaction rate by radiation. Currently, we are testing the effect of several organic cobalt salts 
in the degradation rate of the herbidice 2,4-D and observed that the counterion effect is very 
important on the global reaction rate. 

4. Radiation source 
In homogeneous and heterogeneous photocatalysis, radiation is identified as a very important 
supply to the overall process. Two main radiation sources have been used to promote these 
processes: artificial radiation and solar radiation. The use of artificial radiation (generally a 
high pressure mercury or xenon arc lamp) sources has been widely applied for pesticide 
degradation by mean of different photochemical processes, among them homogeneous or 
heterogeneous photocatalysis (Chiron et al., 2000). In recent years, application of 
photocatalytic processes using solar radiation has increased as a cost-effective alternative for 
these technologies. It is interesting note that, actual industrial/commercial applications 
developed recently are related to solar enhanced processes (Blanco and Malato, 2003). 
Different to solar thermal processes, where large amounts of radiation of any wavelength is 
collected, in solar photocatalytic processes only high-energy radiation is able to be used to 
promote photochemical reactions (i.e. λ<600 nm). This selective wavelength range produce 
that only very specific solar collection geometries can be useful to be applied for solar driven 
photocatalytic reactions. Several different solar collector geometries have been tested for 
application to solar photocatalytic processes (both, homogeneous and heterogeneous) and a 
wide number of works dealing with the comparison between all these experimental results 
have been reported (Bandala and Estrada, 2007). From all these information, the actual 
consense is that low concentration collectors seems to be the best technological option 
instead of earlier high concentration designs (Blanco et al., 2007; Bandala and Estrada, 2007). 
In particular, compound parabolic concentrators (CPCs) have been identified as very 
promising technological approach to industrial application of solar photocatalysis. CPCs 
combine the characteristics and advantages of high range concentrators and static flat 
systems. Among their main advantages are use of global solar radiation, absence of tracking 
systems, low evaporation of volatile compounds, low cost and high optical and quantum 
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efficiencies conditions. Some authors have reported the comparison some solar collection 
geometries and found that V trough concentator is able to perform solar photocatalytic 
processes in practically equivalent conditions than widely reported CPCs (Bandala and 
Estrada, 2007). This solar collection geometry have not being tested enough for solar 
chemistry applications but, as far as we can see, could be an interesting alternative anytime 
the actual solar collection geometry design is simpler than CPCs, optical and quantum 
yields are similar and cost could be considerably lower. 

5. Coupled advanced technologies for pesticide degradation 
Despite AOPs are cost effective processes for water and mainly wastewater treatment, one 
of their main problems is their cost when compared with other conventional treatment 
processes such as biological treatment (Sarria et al., 2003). The treatment of water containing 
non-biodegradable toxic organic compounds is an environmentally complex issue in several 
industries such as pulp and paper, textile and petroleum industries. Considering the toxic 
nature of pesticides, it is clear that these kinds of xenobiotics are, in many cases, low 
biodegradable and, in most cases, highly refractory organic compounds. Due to this reasons, 
coupling AOPs and biological processes should be a good alternative to minimize the costs of 
treatment of water or wastewater containing this kind of pollutants. The strategy of combining 
chemical and biological processes to degrade contaminants in water has been proposed since 
middle of 90’s (Scott and Ollis, 1995; 1997). Since then several works on the biological 
treatment of wastewater deal with the combined operation of chemical and biological 
oxidations (Scott and Ollis; 1995; Beltran et al; 1997; Benitez et al., 2001). Felsot et al. (2003), 
among other authors, have suggested that the combination of physical or chemical methods 
with biological treatment is likely a feasible option for the treatment of pesticide wastewater. 
In all these works is demonstrated the beneficial use of chemical oxidation process as a 
pretreatment or post-treatment of a biological process (Beltran, 2004, Lapertot et al., 2007). 
Usually, when coupling chemical and biological processes the aim of the chemical oxidation 
is not to mineralize the organic contaminants but produce the conversion of high toxic, 
refractory parent components into biodegradable intermediates capable to be completely 
removed by biological processes (Esplugas et al., 2004). The possibility of minimal use of the 
oxidant agent, usually the most expensive component of the chemical process, followed by a 
low cost biological process (i.e. activated sludge, biofilm reactors) can help to improve the 
cost efficiency of a high effective process. 
The effectivity of the coupled process is usually recorded using time evolution of coarse 
concentration variables such as total organic carbon (TOC), chemical oxygen demand 
(COD), biochemical oxygen demand (BOD) or some of their relationships (Esplugas et al., 
2004; Sarria 2003; Pulgarin et al., 1999). 
Relatively few works on the application of this kind of coupled methodologies are available 
in literature. Most of them corresponds to ozonation processes (Marco et al., 1997; Helble et 
al., 1999; Yeber et al., 1999; Beltran et al., 1999; Benitez et al., 2001; Ledakowicz et al., 2001), 
H2O2/UV (Adams and Kuzhikanni, 2000;  Ledakowicz et al., 2001), TiO2/UV oxidation (Li 
and Zhang, 1996; Li and Zhao, 1997; Chum and Yizgohon, 1999; Hess et al., 1998; Parra et 
al., 2002), Fenton and Fenton-like (Pulgarin et al., 1999; Chamarro et al., 2001; Sarria et al., 
2003; Rodriguez et al., 2002; Sarria et al., 2001; Sarria et al., 2002) and wet oxidation 
(Donlagic and Levec, 1998). Table 5 shows some examples of physical-chemical/biological 
processes, including the treated pesticide, both process and the correspondent reference. 
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Pesticide(s) Biological process Physical-chemical 
process 

References 

EPTC, molinate, propazine, 
atrazine, simazine, prometryn, 
ametryn, simetryn, pyrazon, 

tris MEA, 

Attached biomass 
(biofilter) 

ozonation Mezzanote et al. 
(2005) 

Tetraconazole, metribuzin suspended cells anodic Fenton Scherer et al. 
(2004) 

Atrazine biomineralization ozonation Scherer et al. 
(2004). 

Atrazine/sotriazine microorganisms chemical Scherer et al. 
(2004). 

Atrazine Klebsiella terragena 
DRS-1 

ozone Ikehata and El-
Din, 2005. 

Eyanazine, atrazine, metachlor 
and paraquat 

microorganisms ozone Ikehata and El-
Din, (2005) 

Simazine various 
microorganisms 

oxzone, UV, 
photolisis or 

O3/UV 

Ikehata and El-
Din, (2005) 

Eyanuric acid, amino-S-
triazines, chloro-amino-
strazines, chloroethyl-S-

triazines 

microbial culture ozone Ikehata and El-
Din, (2005). 

Table 5. Some examples of coupled biological-physical-chemical process reported in 
literature 

It is clear that pesticide removal from water should be one of the main applications of this 
coupled methodology. Nevertheless few reports are available in literature dealing with the 
use of this approach to pesticide remotion (Parra et al., 2000; 2002; Sarria et al., 2002; 
Lapertot et al., 2007; Al-Momani et al., 2006; Contreras et al., 2003). They had found that 
most of the tested pesticide effluents, readily determined as non-biodegradable by the Zahn-
Wellens test, increased in their biodegradability once the photoassisted process was applied. 
The actual behavior of toxicity of isoproturon effluent, for example, showed an increase in 
this parameter during the first reaction minutes followed of sharp decrease. Authors suggest 
(Parra et al., 2000) that this behavior could be due to formation of intermediate compounds 
with higher toxicity than the parent pesticide and its further oxidation. For some other cases, 
effluent biodegradability was not completely reached after photoassisted process. For 
example, in the case of metobromuron the BOD/COD ratio went from 0.0 (stated as 
completely non-biodegradable) to 0.1, too low if compared with the BOD/COD ratio 
considered for municipal biodegradable wastewater, 0.4 (Parra et al., 2000). 
As another example, Table 5 shows the partial contribution of the pre- and post treatment 
using ozone, over the entire coupled ozonation-biological process applied to in streams 
containing different pesticides, at different concentrations. As observed, preozonation of the 
stream can be very advantageous for the coupled process, contributing with a 56-98% of the 
overall pesticide removal. Biological process can contribute (in this specific case) with 1.8-
41% of the removal, and finally, post-ozonation process can polish the stream, with 
additional removals of 0-3%. 
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6. Pesticide degradation by advanced electrochemical oxidation processes 
6.1 General aspects 
In the last years, there has been great interest in the development of effective methods of 
pollutans removal from aqueous solutions based on direct and indirect electrochemical 
techniques. The most useful direct electrochemical method is anodic oxidation (Kaba et al., 
1990; Kotz et al., 1991; Stucki et al., 1991; Comninellis and Pulgarin, 1991, 1993; Murphy et 
al., 1992; Comninellis and Nerini, 1995; Feng et al., 1995; Johnson et al., 1999; Gandini et al., 
2000; Rodrigo et al., 2001; Rodgers and Bunce, 2001; Wu and Zhou, 2001) where organic 
compounds are essentially degraded by reaction with adsorbed hydroxyl radicals at the 
anode surface, which are generated from water oxidation: 

 + -
2 adsH O   OH +H +e→ i  (5) 

Since the participation of ads OHi  radicals in the reaction is the key factor to degrade the 
pollutan, then the generation efficiency of them should be tightly related to the nature of the 
anodic material. Thus, although the traditional Pt anodes has been used for this purpose 
(Kaba et al., 1990; Kotz et al., 1991; Stucki et al., 1991; Comninellis and Pulgarin, 1991, 1993; 
Murphy et al., 1992; Comninellis and Nerini, 1995), it are less efficient that the oxide-base 
electrodes such as PbO2 (Kaba et al., 1990; Feng et al., 1995; Wu and Zhou, 2001), doped 
PbO2 (Feng et al., 1995), doped SnO2 (Kotz et al., 1991; Stucki et al., 1991; Comninellis and 
Pulgarin, 1991, 1993; Johnson et al., 1999), IrO2 (Comninellis and Nerini, 1995; Rodgers and 
Bunce, 2001) or more recently to the boron-doped diamond thin-layer anode, BDD (Gandini 
et al., 2000; Rodrigo et al., 2001). 
On the other hand, the indirect electrochemical methods involves the previous formation of 
oxidizing agents such as H2O2 (Hsiao and Nobe, 1993; Do 1993, 1994; Ponce de Leon and 
Pletcher, 1995; Brilla et al., 1996; Brillas et al., 1998; Alvarez-Gallegos and Pletcher, 1999; 
Harrington and Pletcher, 1999; Oturan et al., 1999; Brillas et al., 2000; Oturan et al., 2000, 
Oturan, 2000; Oturan et al., 2001): 

 O2  +  2H+  +  2e−  →  H2O2 (6) 

or the well known Fenton’s reagent (H2O2/Fe2+) (Hsiao and Nobe, 1993; Do 1993, 1994; 
Ponce de Leon and Pletcher, 1995; Alvarez-Gallegos and Pletcher, 1999; Oturan et al., 1999; 
Oturan et al., 2000, Oturan, 2000; Oturan et al., 2001): 

 Fe2+  +  H2O2  →  Fe(OH)2+  +  ·OH (7) 

The combination of chemical and electrochemical procedures has also been reported as a 
good alternative to water treatment. The electro-Fenton  and photoelectro-Fenton methods 
can be considered as advanced electrochemical oxidation processes, AEOPs (Brilla et al., 
1996; Brillas et al., 1998; Brillas et al., 2000; Boye, et al., 2002). 

6.2 Mechanism of the electrochemical pollutan oxidation 
Principal advantages of the electrooxidation method are the case of operations, a wide range 
of treatment conditions and eliminations of the need to generate, dispense and store 
treatment reagents, but more important is their capability to induce a very deep oxidation 
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that can result in a virtually complete mineralization of the pollutan (Comninellis C. 1994; 
Houk et al., 1998; Feng and Li, 2003). It has been shown that the electrode material plays a 
key role on the evolution of the oxidation process (Martínez-Huitle and Ferro, 2006; 
Martínez-Huitle et al, 2004; Belhadj and Savall, 1998)  and consequently on the by-products 
of oxidation. According to the mechanism involved in the pollutant oxidation (Martínez-
Huitle and Ferro, 2006), the electrode materials have been classified in two main groups: 
active and non-active electrode material (Martínez-Huitle and Ferro, 2006; Martínez-Huitle et 
al, 2004). 
The proposed model assumes that the initial reaction in both kind of anodes (generically 
denoted as M) corresponds to the oxidation of water molecules leading to the formation of 
physisorbed hydroxyl radical (M(•OH)): M  +  H2O  →  M(•OH)  +  H+  +  e-. Both the 
electrochemical and chemical reactivity of heterogeneous M(•OH) are dependent on the 
nature of the electrode material. The surface of active anodes interacts strongly with •OH 
radicals and then (Martínez-Huitle and Ferro, 2006; Martínez-Huitle et al, 2004; Quiroz et al., 
2005; Quiroz et al., 2006), a so-called higher oxide or superoxide (MO) may be formed. This 
may occur when higher oxidation states are available for a metal oxide anode, above the 
standard potential for oxygen evolution (Eº = 1.23 V vs. SHE): M(•OH)  →  MO  +  H+  +  e− . 
The redox couple MO/M acts as a mediator in the oxidation of organics by MO  +  R  →  M  
+ RO; which competes with the side reaction of oxygen evolution via chemical 
decomposition of the higher oxide species: MO  →  M  +  ½ O2 . 
In contrast, the surface of a non-active anode interacts so weakly with •OH radicals that 
allows the direct reaction of organics with M(•OH) to give fully oxidized reaction products 
such as CO2 and H2O (M(•OH)  +  R → M + m CO2 + n H2O +   H+  +  e− ) where R is an 
organic compound with m carbon atoms and 2n hydrogen atoms, without any heteroatom, 
which needs (2m + n) oxygen atoms to be totally mineralized to CO2 and H2O. This reaction 
also competes with the side reaction of M(•OH) like direct oxidation to O2 (M(•OH)  →  M  +  
½ O2  +  H+  +  e−) or indirect consumption through dimerization to hydrogen peroxide by 2 
M(•OH) → 2 M  +  H2O2. A non-active electrode does not participate in the direct anodic 
reaction of organics and does not provide any catalytic active site for their adsorption from 
the aqueous medium (Martínez-Huitle and Ferro, 2006; Quiroz et al., 2006). It only acts as an 
inert substrate and as a sink for the removal of electrons. In principle, only outer-sphere 
reactions and water oxidation are possible with this kind of anode. Hydroxyl radical 
produced from water discharge is subsequently involved in the oxidation process of 
organics. The model presupposes that the electrochemical activity (related to the 
overvoltage for O2 evolution) and chemical reactivity (related to the rate of organics 
oxidation) of physisorbed M(•OH) are strongly linked to the strength of the M-•OH 
interaction. As a general rule, the weaker the interaction, the lower the anode reactivity for 
organics oxidation with faster chemical reaction with M(•OH). The BDD anode is the best 
non-active electrode verifying this behavior (Martínez-Huitle and Ferro 2006; Belhadj and 
Savall 1998; Quiroz et al., 2006; Marcelli et al., 2003), then being proposed as the preferable 
anode for treating organics by electrochemical oxidation. 
On the basis of this model, metal oxides such as IrO2 and RuO2 (Martínez-Huitle and Ferro 
2006; Da Pozzo et al, 2005) known as active electrodes, achieving an incomplete oxidation of 
organic pollutants; whereas non-active oxides, such as Ti/SnO2 and Pb/PbO2 and their 
doped analogues are capable to oxidized organics to CO2 (Martínez-Huitle and Ferro 2006; 
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Quiroz et al., 2005; Panizza et al., 2001). Within this last group of electrode materials, boron 
doped diamond (Si/BDD) electrodes have received great attention due to the wide range of 
their electrochemical properties (Quiroz et al., 2006; Marcelli et al., 2003). 

6.3 Application of the direct electrochemical oxidation to removal pesticides from 
aqueous media 
There is a scarce range of studies concerned with direct electrochemical oxidation for 
removal pesticides from aqueous media. Several reasons can be wielded to explain this little 
attention given to the study of their degradation, but all seems to indicated that this lack of 
attention is the risk to form degradation products of pesticides even more toxic than the 
parent compound that forms the pesticide. This assumption it is addmited if we takes into 
account the experimental conditions by which various electrooxidation pesticides processes 
quoted in literature has been performed. However, other important factor of pesticides to be 
condidered is their unique chemical structure which can associate functional groups with 
diferent susceptibility to the oxidation. This last characteristic make difficult to determine 
the degree of pesticide degradation and their corresponding oxidation pathway.  
In spite of to be a known fact that the best anode materials to degrade pollutan organic 
compounds are those based in metallic oxides, the use of Pt electrodes has still been the 
preferable choise as anode material to degrade pesticides by direct electrochemical 
oxidation. 

6.4 Organophosphates 
This is the type of pesticides more reported being the more commonly quoted in literature 
methidathion, methylparathion, monochrotophos, phosphamidon, demeton-S-methyl, 
methamidophos, fenthion, and diazinon. 
(a) Methylparathion (C10H14NO5PS) 
Methylparathion is a sintetic insecticide widely used in farm crops but with a strict control 
by the Environmental Protection Agency (EPA). The EPA allows 0.002 mg of 
methylparathion per liter of drinking water, which made justifiable the application of AOPs 
methods for their destruction from residual waters of agricultural nature. Arapoglou et al. 
(2003) reported by the first time the application of a direct electrochemical oxidation for the 
treatment of organophosphoric pesticides. Their electrochemical system was a Ti/Pt anode 
and a stainless steel 304 as cathode in a brine solution (H2O + NaCl) under an applied 
currect of 36 A. After 2h of electrolysis a high reduction of COD and BOD5 of the oxidized 
methylparathion as well as a low kWh/CODr ration were reported. No degradation by-
products of this organophosphoric pesticide were identified in any of these experiments. 
Vlyssides et al. (2004) reported the electrochemical degradation of methylparathion by using 
Ti/Pt as anode in an aqueous medium of sodium chloride as electrolyte at 45ºC and an 
applied current density of 560 mA/cm2. It was shown that an 8% w/w aqueous suspension 
of methylparathion and 20 g/L of sodium chloride can be electrolyzed in 2 h of reaction 
time. Methylparathion is quickly degraded, but a complete mineralization was not 
observed. Several degradation by-products and intermediates of methylparathion produced 
by electrochemical oxidation were reported. Formation of paraoxon, p-nitrophenol, 
benzoquinone, and hydroquinone were identified as primary intermediates of 
methylparathion degradation. The formation of these type of intermediates originates the 
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formation of carboxylic acids such as oxalic, formic, and acetic acids as final products of the 
degradation process. Inorganic species were also identified between them nitrate, sulfate, 
phosphate, as well some oxides such as nitrogen oxides, sulfur dioxide and carbon dioxide. 
The full chemical analysis of liquid phase as well as of gas phase allows to the author to 
propose a degradation pathways for methylparathion electrochemical oxidation. 
(b) Methidathion (C6H11N2O4PS3) 
Hachami et al. (2008) investigated the degradation of 1.4 mM of methidathion in in aqueous 
solution by anodic oxidation using a boron-doped diamond (BDD) anode. They observed an 
important reduction of chemical oxygen demand (COD) in the presence of 2-3 % of NaCl, as 
well as in the pH of electrolyzed solution. From these results the authors has suggested a 
pseudo first-order kinetics for the COD reduction of methidathion with a rate constant 
dependent on the applied current and on the electrolysis temperature: k = 0.0073 s-1 at 20 
mA and 0.0146 s-1 at 60 mA, while k = 0.0131 s-1 at 298 K and 0.0077 at 363 K. It was 
concluded that applied current increases the rate of electrochemical oxidation but decreases 
it with the increases in temperature. The obtained activation energy (- 10.75 kJ) is in agree 
with the stablished conclusions. No attempt was made to identify the degradation products 
of methidathion although was suggested that mechanism of electrochemical mineralization 
can involve some mediators like chlorinated species or other radicals. 
(c) Monochrotophos (C7H14NO5P) 
Yatmaz and Uzman (2009) investigated the direct electrochemical oxidation for removal of 
monochrotophos on Ti electrodes in aqueous solution of sodium salts (chloride or sulphate) 
as a function of applied current density and initial concentrations of pesticide. At 50 A/m2 
the monochrotophos degradation efficiencies were increased from 40 to 62% with the 
increase of initial concentration from 50 to 300 mg/L in the first five minutes of electrolysis 
after which the degradation reaction was stopped The increase in current density from 50 to 
100 A/m2 has a negligible effect on the degradation parameters owing to a poor generation 
of ·OH radicals on this type of anodes. The use of high concentration of NaCl electrolyte 
solution increases the electrochemical oxidation efficiency but increases also the risk to 
formation of chlorined compounds as residuals of degradation. In general, this 
electrochemical arrangement based on use of Ti as anodes for direct oxidation of 
monochrotophos was not an efficient method for removal this organophosphorous pesticide 
from aqueous media. 
(d) Phosphamidon (C10H19ClNO5P) 
Phosphamidon is also an organophosphate insecticide, considered as an obsolete pesticide 
but whose disposal provokes serious environmental problems. It is soluble in water and 
stable in neutral and acid media and for this reason easy to find in aquatic media. This 
organophosphoric pesticide has been treated by direct electrochemical oxidation using Ti/Pt 
as anodes. Vlyssides et al. (2005) has reported experimental results from a laboratory scale 
pilot plant  where the achieved reduction was nearly 26%. 
Vlyssides et al. (2005) has also reported the electrochemical oxidation of the 
phosphorothioate pesticides Demeton-S-methyl (C6H15O3PS2), Methamidophos 
(C2H8NO2PS), Fenthion (C10H15O3PS2), and Diazinon (C12H21N2O3PS). These pesticides were 
treated by an electrolysis system using Ti/Pt anode and a stainless steel 304 as cathode and 
also in a laboratory scale pilot plant. They reported that for Fenthion the achieved reduction 
was over 60%, while for Demeton-S-methyl, Methamidophos and Diazinon was more than 
50%. 
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(e) Methamidophos (C2H8NO2PS) 
The anodic oxidation of methamidophos was studied by Martínez-Huitle at al. (2008) in a 
sodium sulphate aqueous solution on Pb/PbO2, Ti/SnO2, and Si/BDD (boron doped 
diamond) electrodes at 30°C. Under galvanostatic conditions, it was observed that the 
performance of the electrode material is influenced by pH and current density as it was 
shown by HPLC and ATR-FTIR analyses of methamidophos and its oxidation products 
along the electrolysis. It was found that methamidophos degradation using Pb/PbO2 in acid 
media (pH 2.0 and 5.6) generates formaldehyde as the main product of reaction giving 
evidence of an indirect mineralization mechanism. Under the same conditions, Ti/SnO2 
showed poor formaldehyde production compared to the Pb/PbO2 electrode. On Si/BDD 
electrodes formaldehyde production was not observed, instead the ATR-FTIR results 
showed the formation of phosphate as the reaction progressed suggesting a complete 
methamidophos mineralization on this electrode. In addition, HPLC results showed that the 
electrode efficiency is also dependant on the applied current density. This current density 
influence is remarkably clear on the Si/BDD electrodes where was evident that the most 
efficient current density towards a complete methamidophos mineralization was reached 
with the application of 50 mA/cm2. 
(f) Other pesticides 
Until now, electrochemical methods of direct oxidation have seldom been applied to the 
degradation of other pesticides different to the organophosphorus. However, the 
electrochemical oxidation of some thiocarbamate (R1,R2,NCOSR3, where R’s are alkyl, 
cicloalkyl or aryl groups) herbicides in aqueous NaCl solutions has been investigated 
(Mogyoródy 2006), as well the oxidation of thiram (C6H12N2S4) (Priyantha and 
Weliwegamage 2008), an organo-sulfur fungicide, and also of the atrazine (C8H14ClN5) 
herbicide (Malpass et al. 2006; Mamián et al. 2009). In addition, the electrochemical 
combustion of mecoprop (C10H11ClO3) (Flox et al. 2006), carbaryl (C12H11NO2) (Miwa et al. 
2006, Malpass et al. 2009), and propham (C10H13NO2) (Ozcan et al. 2008) herbicides has also 
been reported recently. 
(g) In conclusion, the application of electrochemical methods by direct oxidation in pesticide 
removal has scarcely been explored. The complex nature of the molecular structure of 
pesticides, highly heteroatomic, is a restritive factor to stablish the chemical composition 
characteristics of solution due to the solubility problems and/or generation of dangerous 
intermediates. Thus, for instance, pesticides containing N atoms can to form chloramines if 
the aqueous solution has NaCl as electrolyte (Mogyoródy 2006a, 2006b). However, it is 
important to point out that presence of NaCl in solution can also confer to the electrodes an 
enhanced activity. In this case the Cl- species at the electrode surface act as intermediates in 
the electron transfer between the pesticide molecule and the electrode (Miwa et al. 2006). 
The anode material is other important restrictive factor which determinates reaction 
parameters such as current efficiency, selectivity and product composition. Several works 
have reported the use of Ti or Pt electrodes (Mamián et al. 2009; Yatmaz and Uzman 2009; 
Mogyoródy 2006a, 2006b; Vlyssides et al. 2005a, 2005b, 2004; Arapoglou et al. 2003; Pulgarin 
and Kiwi 1996) with results little adequated for consider its as anodic material for removal 
of pesticides from aquatic media. The formation of complex mixture of oxidation by-
products in solution, no detoxification of solution, or desactivation phenomena of anodes 
are some of limitations of these type of electrodes for their use in the electrochemical 
method of direct oxidation. Better results has beeb achieved by using metallic oxides such as 
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SnO2, PbO2, or RuO2 (Martínez-Huitle et al. 2008; Mogyoródy 2006a, 2006b; Pulgarin and 
Kiwi 1996), dimensionally stable anodes (Miwa et al. 2006; Malpass G.R.P. et al. 2006, 2009), 
and more recently boron-doped diamond surfaces (Gao et al. 2009; Ozcan et al. 2008; Flox et 
al. 2006; Hachami et al. 2008; Martínez-Huitle et al. 2008). 
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1. Introduction  
Pesticides are toxic chemicals for fighting against various diseases and pests. These 
compounds are carcinogenic, teratogenic, embryotoxic, and mutagenic. Expired or not used, 
they become very dangerous wastes, that when improperly stored, penetrate in 
uncontrolled way to the natural environment making the threat for all living forms. 
Therefore, the Sophia Declaration was created to underline the negative influences of 
durable organic pollutants, useless plant protection means, and other substances unsafe for 
human, environment, animals, and natural resources conditions such as ground waters or 
soil, and to emphasize the economic results related. The Declaration stresses the accelerating 
activities to remove above mentioned pollutants and appeals to governments and local 
organizations that removal of useless dangerous substances was a priority. It also turns to 
European Union and other sponsors to support domestic initiatives that introduce strategies 
of removal the durable organic pollutants, useless plant protection means, and other 
dangerous substances.  
The past years remained dozens of thousands of tons of pesticide wastes that have been 
stored since 50’s of the 20th century. There is also possibility to worsen the construction 
condition along with the occurrence of corroding the concrete bunkers and wells, the 
outdated pesticides are deposited, and in consequence, a toxic leakage. The leakage can be 
transported by underground water and then in a form of so-called underground inflow, it is 
caught by a network of surface waters. Therefore, there is a necessity to search for the 
solutions to reduce the pesticide migration in an environment as well as to introduce new 
concepts. Thus, it seems to be purposeful to undertake studies upon application of sorption 
process using selected adsorbents as a screen for pesticides in order to reduce their 
migration from other graveyards, stores and contaminated soils and concrete. The 
manuscript  presented the study upon the possibility to removal of pesticide from aqueous 
solutions by using low-cost sorbent. 

2. Material and methods 
2.1 Sorbates and sorbent 
On a basis of literature data and own studies, chloroorganic pesticides that most often 
occurred near the graveyards at the highest concentrations were selected as representative 
sorbats. (Ignatowicz, 2008; 2009)  Individual pure active substances (DDT, DDE, DDD) were 
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applied. Technical grade DDT of 99,8±0,1% purity, DDE 99,8±0,2% purity and DDD of 
98,5±0,3% purity obtained from Institute of Industrial Organic Chemistry Analytical 
Department in Poland were used as an adsorbates. A sample solution of pesticide has been 
prepared by dissolving 1 g of pesticide in 10 ml of methanol and then diluted to 1 L with 
doubly distilled deionised water. The concentrations of prepared solutions were applied: 5 
mg pesticide per litre. 
 

 
Fig. 1. Compost prisms. 

 
Properties of compost 
Manurial (mg/kgdm) 

Ca Mg Nog N-NH4+ Pog C K 
20.2 4.2 8.1 0.2 6.1 265.8 2.2 

Metal (mg/kgdm) 
Pb Cu Cd Cr Ni Zn Hg 
5.4 25.1 0.3 4.3 3.5 123 0.2 

Permissible standard 
500 800 10 500 100 2500 5 

Other (%) 
pH Hydration Dry mass Organic matter 
5.88 73.7 26.3 70.3 

Table 1. The characteristic of compost. 

Sewage sludge achieved directly from dairy treatment plant “Mlekovita” in Wysokie 
Mazowieckie (Dąbrowski, 2006) with sawdust addition composted under natural conditions 
in Rudka Forest Inspectorate was used as natural adsorbents. (Dąbrowski, 2005) 
„Mlekovita” is the largest dairy plant in Podlasie region, and one of the largest in Poland. 
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Individual biological sewage treatment station generates almost 1 100 tons of dry sludge 
that can be re-used. The characteristics of the compost are given in Table 1. The used waste 
products comply with the requirements of the ordinance of the Minister of the Environment 
concerning agricultural usage of municipal sewage sludge (Dz.U. z 2002 r., nr 134, poz. 
1140). 

2.2 Sorption procedure 
Studies under static conditions were performed in accordance to methodology applied in 
Belgium, Germany, France, Italy, England, USA, Poland and other. (Spadotto, 2003; 
Ignatowicz, 2009; Hamadi, 2004; Kumar, 2003; Witbowo, 2007; Yuh-Shan, 2006; Mashayekhi, 
2006; Tsui, 2007) They were aimed at plotting the adsorption isotherms due to which it is 
possible to compare the sorption capacities of different adsorbats on different adsorbents. 
Selected adsorbent, previously degassed, washed with distilled water and dried, was 
ground in spherical mortar and dried in electric drier at 150 °C for 3 hours till constant 
weight. Such prepared sorbent served for weighing following samples: 0.001, 0.002; 0.005; 
0.01; 0.025 g per 100 ml solution. Representative samples of adsorbent were added into the 
conical flasks with glass stopper and containing working solution of the pesticide (5 mg L-1). 
Flasks were shaken in electric oven at constant oscillation amplitude (9) for 24 hours, and 
then remained for 48 hrs to reach a complete adsorption equilibrium. After that, samples 
were subjected to double filtration on soft filter paper. Then, pesticide concentration in a 
filtrate according to obligatory methods was determined using gas chromatograph 
AGILENT6890. (Balinova, 1996; Siepak, 2001, 2009; Hussen, 2007; Munoz, 2009) 
Freundlich’s, Langmuir’s, Temkin, Jovanovic, BET’s and Huttig’s isotherms (Atkins, 2006) 
were plotted on a base of achieved results applying Statistica software in order to analyze 
the processes. 

2.3 Analytical procedure 
Pesticide concentrations were determined in collected samples in accordance to obligatory 
methodology using gas chromatograph AGILENT6890 equipped with ECD and NPD 
detector. The injector temperature was 210 °C and the flow rate of helium was 1.0 mL min-1 . 
The column DB (35m length 0.32 mm i.d. 0.5 μm film thickness) temperature was set at 120 
°C for 2 min and increased at a rate of 13 °C min-1 to 190 °C. The temperature  was finally 
increased to 295 °C and maintained isothermally for 20 min.  
Moreover, after sample digestion according to EPA 3015 procedure using microwave 
digester Mars 5, also metals concentrations were determined by means of ICP-AES 
technique, except of mercury determined by means of CV-AAS technique. (Balinova, 1996; 
Siepak, 2001, 2009; Hussen, 2007; Munoz, 2009) Chromatogram of chloroorganics pesticide 
present Figure 2. 

3. Sorption isotherms 
Among the several existing isotherms, the sorption datas were subjected to four commonly 
used isotherms models (Tab. 2), namely Langmuir (1918), Freundlich (1894), BET (1938), 
Huttig (1948), Jovanovic (1969) and Temkin (1963), to evaluate the maximum saturation 
capacity of  adsorbent.(Atkins, 2006) 
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Fig. 2. The chromatogram of chloroorganic pesticide. 
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3.1 Freundlich model 
The first mathematical fit to an isotherm was published by Freundlich and is a purely 
empirical formula for microporous and heterogeneous adsorbates: 

 qe = KF c 1/n (1) 

where qe  (mg.g-1) is the amount of chloro - pesticide adsorbed on the adsorbent surface at 
equilibrium), c (mg.L-1) the pesticide concentration in aqueous solutions at equilibrium, KF 
(mg.g-1) – constant - is the maximum multilayer adsorption capacity and 1/n is a 
characteristic constant which measures the adsorption intensity (k and n are empirical 
constants for each adsorbent-adsorbate pair at a given temperature).  As the temperature 
increases, the constants k and n change to reflect the empirical observation that the quantity 
adsorbed rises more slowly and higher pressures are required to saturate the surface. The 
linear form of the Freundlich isotherm is shown in Table 2.  

3.2 Langmuir model 
Langmuir isotherm is a semi-empirical isotherm derived from a proposed kinetic 
mechanism. Langmuir isotherm is a model for monolayer localized physical adsorption on 
homogeneous surface; may be extended with heterogeneity effects, lateral interactions and 
multilayer effects.  It is based on four assumptions:  
- The surface of the adsorbent is uniform, that is, all the adsorption sites are equivalent, 
- Adsorbed molecules do not interact, 
- All adsorption occurs through the same mechanism, 
- At the maximum adsorption, only a monolayer is formed: molecules of adsorbate do 

not deposit on other, already adsorbed, molecules of adsorbate, only on the free surface 
of the adsorbent. 

The Langmuir equation may be written as: 

 qe = qm K Ce / 1 + K Ce (2) 

where qe  (mg.g-1) is the amount of pesticide adsorbed on the adsorbent surface at 
equilibrium, Ce  (mg.L-1) the pesticide concentration in aqueous solutions at equilibrium, 
qm (mg.g-1) is the maximum monolayer adsorption capacity, K (L mg-1) is the constant 
related to the free energy of adsorption. Eq. (1) can be linearized to five different linear 
forms as shown in Table 2. 

3.3 BET model 
Often molecules do form multilayer, that is, some are adsorbed on already adsorbed 
molecules and the Langmuir isotherm is not valid. In 1938 Stephan Brunauer, Paul 
Emmett, and Edward Teller developed a model isotherm that takes that possibility into 
account. The Langmuir isotherm is usually better for chemisorption and the BET isotherm 
works better for physisorption for non-microporous surfaces. The BET equation may be 
written as: 

 A=ac / (1+c)(1+Kc) (3) 

where A (mg.g-1) is the amount of pesticide adsorbed on the adsorbent surface at 
equilibrium, c (mg.L-1) the pesticide concentration in aqueous solutions at equilibrium, 



 Pesticides - Formulations, Effects, Fate 

 

736 

a (mg.g-1) is the maximum multilayer adsorption capacity, K (L mg-1) is the constant related 
to the free energy of adsorption. 

3.4 Jovanovic model 
The Jovanovic model keeps the same assumptions contained in the Langmuir model, only 
considering, in addition the possibility of some mechanical contacts between the adsorbing 
and desorbing molecules. Moreover, a different extension of Jovanovic model for 
heterogeneous surface, the Jovanovic-Freundlich model, has been applied as a 
semiempirical model to the adsorption data of imprinted polymers. The Jovanovic-
Freundlich model for single component adsorption was derived from a different 
relationship relating the surface coverage and the bulk concentration of the adsorbate. The 
model reduces to the Jovanovic model when the surface is homogeneous. It reduces to the 
monolayer isotherm at high concentration but does not obey the Henry’s law 
concentrations. The energy distribution corresponding to this model for Jovanovic local 
behavior is a quasi-Gaussian function skewed in the direction of high adsorption energies. 
The Jovanovic equation may be written as: 

 qe=q (1-exp(-Kc)) (4) 

where qe (mg.g-1) is the amount of pesticide adsorbed on the adsorbent surface at 
equilibrium, c (mg.L-1) the pesticide concentration in aqueous solutions at equilibrium, 
q (mg.g-1) is the maximum multilayer adsorption capacity, K (L mg-1) is the constant related 
to the free energy of adsorption. 

3.5 Temkin model 
The Temkin [22] isotherm equation assumes that the heat of adsorption of all the molecules 
in the layer decreases linearly with coverage due to adsorbent – adsorbate interactions, and 
that the adsorption is characterized by a uniform distribution of the binding energies, up to 
some maximum binding energy. Temkin model is given by: 

 θ = R T/ ΔQ lnK0Ce (5) 

where θ is the fractional coverage, R the universal gas constant (kJ mol−1 K−1), T the 
temperature (K), ΔQ = (−ΔH) the variation of adsorption energy (kJ mol−1), and K0 is the 
Temkin equilibrium constant (L mg−1). If the adsorption obeys Temkin equation, the 
variation of adsorption energy and the Temkin equilibrium constant can be calculated from 
the slope and the intercept of the plot θ versus lnCe (Table 2). 

3.6 Huttig model  
Huttig’s isother is a model for adsorption on homogeneous surface with multilayer effects. 
The Huttig equation may be written as: 

 A= ac (1+c) / 1-Kc (6) 

where A (mg.g-1) is the amount of pesticide adsorbed on the adsorbent surface at 
equilibrium, c (mg.L-1) the pesticide concentration in aqueous solutions at equilibrium, 
a (mg.g-1) is the maximum multilayer adsorption capacity, K (L mg-1) is the constant related 
to the free energy of adsorption. 
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Isotherm 
Type of relation of 
physicochemical 

quantities 
Formula Linear 

formula 
Formula 
constant 

Method of 
estimation 

Monolayer 

Freundlich 

Adsorption on 
heterogeneous 

surface with 
monolayer effect; 

micro-porous solids

1
e F eq K c n=  

ln qe = ln KF 

+ 1
n

 ln ce 

A=kc1/n 
n, k 

Gauss-
Newton 

Langmuir 

Adsorption on 
homogeneous 
surface with 

monolayer effect 
(lateral inter-actions 
and multilayer effect 

may be easily 
incorporated) 

eq
1
qbc

bc
=

+
 e

1q qq
b c

= − + A=ac/1+kc 
a, k 

Gauss-
Newton 

Temkin 
 

Adsorption on 
heterogeneous 

surface with 
monolayer effect 

Θ = RT
QΔ

 ln k ce 

qe=qm+K lgc 

Θ = RT
QΔ

 ln k 

+ RT
QΔ

 ln ce 

A = a + k 
lgc 
a, k 

Gauss-
Newton 

Jovanovic 

Adsorption of 
organic sub-stance 

from di-lute 
solutions on 

heterogeneous 
surface with 

monolayer effect 
(vertical inter-actions 
and multilayer effect 

may be easily 
incorporated) 

 
Θ=1-exp(-kc)  

 
A= 

a(1-exp(-kc) 
a,k 

Gauss-
Newton 

Multilayer 

Huttig 

Adsorption on 
homogeneous 
surface with 

multilayer effect 

Θ=(1+c) 

1
Kc

Kc+
  

A=(1+c)ca/ 
(1-kc) 
a, k 

Gauss-
Newton 

BET 

Adsorption on 
homogeneous 
surface with 

multilayer effect 

1 ( )
1 1 ( 1)

Kc
c k c

Θ =

− + −

 

(1 )
1 1
e

m m

c
q c

k C
q k q k

=
−

−
+

A=ac/(1+c) 
(1+kc) 

a, k 

Gauss-
Newton 

Table 2. The model sorption isotherm characteristic. 
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3. Results and discussion 
Achieved study results are presented in Figures 3-7 and Table 3. Characteristics of applied 
adsorbent (Table 1) indicate that meet requirements of compost for natural applications. The 
parameters calculated according to the isotherm models studied are listed in Table 3. The 
adsorption process is described using Freundlich’s, Langmuir’s, Huttig’s, Tiemkin, 
Jovanovic and BET’s formulae: 
 

Freundlich A=kc1/n 

Langmuir A=amkc/1+kc 

BET A=ac/(1+c)(1+kc) 

Huttig A=(1+c)ca/(1-kc) 

Temkin A=a+k lgc 

Jovanovic A=a(1-exp(-kc)) 

 
Following curves were achieved AF = 417.28 c 0.273 for compost at correlation coefficient of 
R=0.91 (Fig. 3); AL = 3149.6 c/1-1056.4 c at correlation coefficient of R=0.55 (Fig. 4); and  ABET 
= 5298.18 c/(1+c)(1-4.836c) at correlation coefficient of R=0.76 (Fig. 5); and AH 

=(1+c)c51159.3/(1-249.86c) at R=0.86 (Fig. 6), and AT = 285.97 + 71.6 lgc at R=0.88 (Fig.7), and 
AJ = 226.07 (1-exp(-63.98c)) at R=0.82 (Fig.8). 
Constants k and 1/n for Freundlich model were estimated by means of the least squares by 
Gauss-Newton method applying Statistica software, and then the errors for these constants 
were evaluated (Fig. 3). The other isotherms were calculated applying Statistica software by   
 
 

Izoterm a b R 

Freundlich 417.283 0.273 0.91 

Langmuir 3149.6 -1056.4 0.55 

Temkin 285.967 71.603 0.88 

Huttig 51159.3 -249.86 0.86 

BET 5298.18 -4.8358 0.76 

Jovanovic 226.07 63.988 0.82 
 

Table 3. The coefficients of the adsorption isotherms (level of confidence 95%, α=0,05). 



Low-Cost Sorbent for Removing Pesticides during Water   

 

739 

means of the least squares by Gauss-Newton method and achieved constants a and k are 
presented in Figure 3-9. Figures 3-9 present adsorption isotherms for studied pesticides on 
applied low-cost natural adsorbents as a function of adsorbate amount adsorbed by 
adsorbent weight unit (x/m) vs. concentration of the pesticide at the equilibrium (c0). 
The correlation coefficients (R) were employed to ascertain the fit of all isotherms with the 
experimental data. From Table 3, the coefficients R values were found higher for the 
Freundlich, Temkin, Huttig and Jovanovic models than for the Langmuir and BET models. 
This indicates that the Freundlich, Temkin, Huttig and Jovanovic isotherm are clearly the 
best fitting isotherm model for experimental data. According to the two used models (BET 
and Langmuir), important gaps in the adsorption capacities of the low-cost adsorbents have 
been noted. Based on the values fit a BET line to experimental data the parameters q and k 
are set. In general, the parameter of monolayer capacity adsorption q is consistent with 
other methods (the differences rarely exceed 20%). Adsorption equilibrium constant k 
determined by this method can be even negative, which is physically meaningless and can 
be regarded as an artifact of the method of matching. In fact, such differences may arise in 
the case of highly heterogeneous adsorbents or microporous. This confirms the theory of 
heterogeneous surfaces of compost (Atkins, 2006). 
 
   
 

Model: v2=a*v1^k
y=(417,283)*x^(,273692)
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Fig. 3. Freundlich isotherm obtained using the nonlinear method for the sorption of 
pesticide on compost. 
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Model: v2=a*v1/1+k*v1
y=(3149,6)*x/1+(-1056,4)*x
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Fig. 4. Langmuir isotherm obtained using the nonlinear method for the sorption of pesticide 
on compost. 

 
Model: v 2=a*v 1/(1+v 1)*(1+k*v 1)

y =(5298,18)*x/(1+x)*(1+(-4,8358)*x)
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Fig. 5. BET isotherm obtained using the nonlinear method for the sorption of pesticide on 
compost. 
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Model: v 2=((1+v 1)*v 1*a)/(1-k*v 1)

y =((1+x)*x*(51159,3))/(1-(-249,86)*x)
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Fig. 6. Huttig isotherm obtained using the nonlinear method for the sorption of pesticide on 
compost. 

 
Model: v 2=a+k*log10(v 1)

y =(285,967)+(71,6032)*log10(x)
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Fig. 7. Temkin isotherm obtained using the nonlinear method for the sorption of pesticide 
on compost. 
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Model: v2=a*(1-exp(-k*v1))
y=(226,071)*(1-exp(-(63,9884)*x))
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Fig. 8. Jovanovic isotherm obtained using the nonlinear method for the sorption of pesticide 
on compost. 

 
Jovanovic = y=(226,071)*(1-exp(-(63,9884)*x))

Tiemkin = (285,967)+(71,6032)*log10(x)
Freundlich y = (417,283)*x̂ (0,2736)

Langmuir y = (3149,6)*x/1+(-1056,4)*x
Huttig y = ((1+x)*x*(51159,3))/(1-(-249,86)*x)
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 Fig. 9. The comparison of model’s isotherms of  pesticide on compost. 
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The nature of the studied pesticides (a chlorinated and hydrophobic molecule) suggests that 
its adsorption is of the hydrophobic type directly bound to the specific surface of the 
adsorbent particles. The isotherms study was performed according to the protocol described 
in the experimental chapter. The obtained results lead, firstly, to plot a, the amount of 
pesticide adsorbed on the adsorbent surface at equilibrium (mg.g-1) against ce, the pesticide 
concentration in the aqueous solution at equilibrium in order to classify the isotherms 
according to the classification of Giles et al., 1960 (Atkins, 2006). This one includes four main 
groups: L, H, S and C. The experimental adsorption isotherms of pesticides in aqueous 
solutions on the studied materials are presented in Fig. 3-9. The same group of isotherms 
according to Giles’ classification (L) was achieved for all pesticides.(Atkins, 2006) The L 
shape of the adsorption isotherms means that there is no strong competition between 
solvent and the adsorbate to occupy the adsorbent surface sites. In this case, the longitudinal 
axes of the adsorbed molecules are parallel to the adsorbent surface (molecules adsorbed flat 
on the surface). From Fig. 3, the values of experimental maximum adsorption capacity 
(qm experimental) for the three chloroorganic compounds on compost is about 260  mg g−1.  
According to Hamdaoui and Nafrechoux (2007) the pesticide molecules bind to the 
adsorbent through only one grouping and the adsorption becomes progressively easier as 
the absorbed quantity increases. Thus, the first fixed molecules facilitate the adsorption of 
the following molecules because of the lateral attraction. In the shape of these isotherms 
indicates that the chloroorganic pesticide is adsorbed as a monolayer and that there is no 
strong competition between the pesticide molecules and water to occupy the adsorption 
surface sites. In this case, the longitudinal axes of the adsorbed molecules are parallel to the 
adsorbent surface. This type of isotherm is relative to microporous adsorbents with a 
diameter lower than 25 Å, the adsorbent being saturated at the moment of the monolayer 
replenishment. (Atkins, 2006; Ignatowicz, 2009) There would be weak interactions therefore 
on these adsorbent surfaces because the number of layers cannot increase freely. 
The equilibrium data were further analyzed using the Freundlich equation using the same 
set experimental data, by plotting ln qe versus Ce. The calculated Freundlich isotherm 
constants and the corresponding coefficient of correlation values were shown in Table 3. The 
coefficients of correlation  are high (R≥0.91) showing a good linearity. The magnitude of the 
exponent n (n=3.66) gives an indication on the favorability of adsorption. It is generally 
stated that values of n in the range 2–10 represent good, 1–2 moderately difficult, and less 
than 1 poor adsorption characteristics (Hamdaoui, 2007).  
Knowledge on 1/n parameter value in Freundlich’s formula allows for assessing the 
adsorption intensity of a given substance from water phase on adsorbent; value of k 
constant determines the sorption capacity of an adsorbent at balance concentration in a 
solution. Higher k value corresponds to higher sorption capacity. In own studies, higher 
value of k coefficient was achieved for compost, which proves its usefulness in application 
as sorption screen around the pesticide graveyard. Constants 1/n in Freundlich’s formula is 
directional coefficients of isotherms equal to the tangent of line inclination angle in 
logarithmic coordinates. Therefore, the higher 1/n value, the more intensive adsorption 
process. (Ignatowicz, 2009; Pagnanelli, 2009; Akhtar, 2009) 
The parameters of Temkin model as well as the correlation coefficients are given in Table 3. 
The very higher values of the coefficient of correlation show a good linearity whatever the 
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maximum adsorption capacity used for the calculation of surface coverage. The variation of 
adsorption energy, ΔQ= (−ΔH), is positive for all the studied compounds, which indicates 
that the adsorption reaction is exothermic. In order to seek a systematic for the observed 
changes between the variations of adsorption energy of the tested chloroorganic 
compounds, it seems that the chloro group has a negative increment (exothermic effect).  

4. Conclusions 
The present study indicates the suitability of the low-cost adsorbent - compost for removal 
of graveyard’s chloroorganic pesticides from aqueous solutions. The adsorption process is 
described using Freundlich, Temkin, Huttig and Jovanovic formulae. The Freundlich and 
Temkin models were fitting better the experimental datas. According to the two used 
models, important gaps in the adsorption capacities of the low-cost adsorbents have been 
noted.  
The same group of isotherms according to Giles’ classification (L) was achieved for 
chloroorganic pesticide. The pesticide molecules bind to the adsorbent through only one 
grouping and the adsorption becomes progressively easier as the absorbed quantity 
increases. Thus, the first fixed molecules facilitate the adsorption of the following molecules 
because of the lateral attraction. The shape of these isotherms indicates that the 
chloroorganic pesticide is adsorbed as a monolayer and that there is no strong competition 
between the pesticide molecules and water to occupy the adsorption surface sites. In this 
case, the longitudinal axes of the adsorbed molecules are parallel to the adsorbent surface. 
This type of isotherm is relative to microporous adsorbents with a diameter lower than 25 Å, 
the adsorbent being saturated at the moment of the monolayer replenishment. 
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1. Introduction 
Water flowing through surface and/or subsoil acquires a chemical composition due to its 
dissolution effect on soluble minerals of rocks and organic compounds deriving from the 
degradation of organic matter. This natural composition of water is basically altered by four 
pollution sources: domestic wastewaters, industrial wastewaters, uncontrolled wastewaters 
and run-off pollution in agricultural areas. The latter can result in the presence of pesticides 
in natural waters, because these compounds can pass through the soil and subsoil and 
pollute surface and groundwaters which are supplies sources for water intended for human 
consumption. 
Pesticides are a group of artificially synthesized substances used to fight pests and improve 
agricultural production. However, they are generally toxic for living organisms and are very 
difficult to degrade, being toxic agents with persistent and bioaccumulative effects. In spite 
of their benefits in the agriculture, they have undesirable effects due to its toxicity, 
carcinogenesis and mutagenesis (Becker & Wilson, 1980; Kouras et al., 1998). 
In Europe, pesticides are considered Hazardous Pollutants in accordance with current 
legislation relating to water (Directive 2000/60/CE; Directive 2006/11/CE). In the Ebro 
River Basin (Spain), these substances are controlled via a Pesticides Control Network, which 
systematically analyzes 44 organic pesticides in surface waters. These pesticides were 
selected in accordance with their appearance in lists of hazardous substances and/or their 
high level of use in Spanish agriculture (Claver et al., 2006). Among these substances, there 
are a big variety of pesticides, such as triazines, urea derivates, drins, etc. 
Although the concentration of these substances detected in natural waters is generally very 
low, the maximum permissible concentration in human drinking waters in Spain is often 
exceeded (ROYAL DECREE 140/2003), which establishes a limit of 0.5 μg L-1 as the total 
amount of pesticides and 0.1 μg L-1 for any single pesticide.  Consequently, the treatment 
used to produce drinking water must guarantee the removal of these types of substances or 
at least reduce their concentration below the limits established in current legislation. 
Systems of drinking water production consist of different stages depending on the initial 
water quality. Actually, a lot of drinking water plants use an adsorption stage onto activated 



 Pesticides - Formulations, Effects, Fate 

 

748 

carbon in their treatments systems (Ormad et al., 2008). The aim of this stage is the removal 
of organic compounds, micropollutants such as volatile organic compounds, pesticides, 
PCBs and phenolic compounds, and some heavy metals with trace concentrations in water. 
In general, any organic compound with a molecular weight greater than 45 can be adsorbed 
onto activated carbon (Kenneth et al., 1992). For this purpose, the activated carbon can be 
used with two shapes: granular activated carbon (GAC) or powered activated carbon (PAC). 
The adsorption is a superficial phenomenon which is influenced by a lot of factors. These 
factors are related both the activated carbon (specific surface, particle and pore size, pore 
distribution, etc.), both the environmental conditions (pH, temperature, chemical 
composition of the solution, etc.) (Smith & Weber, 1985; Kilduff et al., 1998; Matsui et al., 
2003; Gun’ko et al., 2008). The activated carbon is produced from different carbonic 
substances, of vegetal or mineral origin, by an activation process by which particles with 
specific surfaces about 103 m2 g-1 are achieved. The final properties of activated carbon 
depend on both the used raw, both the activation method applied (Gun’ko et al., 2008). 
The aim of this work is to study the effectiveness of the adsorption process with activated 
carbon in order to remove the 44 organic pesticides detected systematically in the Ebro river. 
Moreover, the influence of the activated carbon nature and the aqueous matrix in the 
treatment is studied. For this, two types of PAC are used: one of mineral origin and other of 
vegetal one; and the treatment is carried out with two types of solutions, in distilled and 
natural water. Finally, the influence of the contact time in the removal of the studied 
pesticides is studied. 

2. Materials and methods 

2.1 Samples 
The adsorption treatment onto PAC is applied on solutions of pesticides dissolved in 
distilled water (pH = 5.5, dissolved organic carbon (DOC) = 0 mg C L-1) and in natural water 
coming from Ebro river (Spain) (pH = 8, DOC = 3 mg C L-1). Each sample is fortified with 
500 ng L-1 of each studied pesticide in order to ensure their presence and to study their 
possible removal (Miguel et al., 2008). The studied pesticides and their classification 
according their biological activity, chemical nature and toxicity are shown in table 1. 
 

PESTICIDE BIOLOGICAL 
ACTIVITY CHEMICAL NATURE TOXICITY 

Alachlor Herbicide Organic-chlorinated Moderately toxic 
Aldrin Insecticide Organic-chlorinated Very toxic 

Ametryn Herbicide Heterociclic compound Moderately toxic 
Atrazine Herbicide Heterociclic compound Moderately toxic 

Chlorpiryfos Insecticide Organic-phosphorated Very toxic 
Chlorfenvinfos Insecticide Organic-phosphorated Extremely toxic 

pp’-DDD Insecticide Organic-chlorinated Moderately toxic 
pp’-DDE Insecticide Organic-chlorinated Moderately toxic 
op’-DDT Insecticide Organic-chlorinated Very toxic 
pp’-DDT Insecticide Organic-chlorinated Very toxic 

Desethylatrazine Herbicide Heterociclic compound Moderately toxic 
3,4-Dichloroaniline Herbicide Organic-chlorinated Moderately toxic 

Table 1. Studied pesticides and their characteristics 
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PESTICIDE BIOLOGICAL 
ACTIVITY CHEMICAL NATURE TOXICITY 

4,4’-
Dichlorobenzophenone Acaricide Organic-chlorinated Moderately toxic 

Dicofol Acaricide Organic-chlorinated Moderately toxic 
Dieldrin Insecticide Organic-chlorinated Extremely toxic 

Dimethoate Insecticide Organic-chlorinated Very toxic 
Diuron Herbicide Urea derivate Moderately toxic 

α-Endosulphan Insecticide Organic-chlorinated Very toxic 
Endosulphan-

sulphate Insecticide Organic-chlorinated Very toxic 

Endrin Insecticide Organic-chlorinated Extremely toxic 
α-HCH Insecticide Organic-chlorinated Very toxic 
β-HCH Insecticide Organic-chlorinated Moderately toxic 
χ-HCH Insecticide Organic-chlorinated Very toxic 
δ-HCH Insecticide Organic-chlorinated Moderately toxic 

Heptachlor Insecticide Organic-chlorinated Very toxic 
Heptachlor epoxide A Insecticide Organic-chlorinated Very toxic 
Heptachlor epoxide B Insecticide Organic-chlorinated Very toxic 
Hexachlorobenzene Fungicide Organic-chlorinated Very toxic 

Isodrin Insecticide Organic-chlorinated Extremely toxic 
4-Isopropylaniline Herbicide Heterociclic compound Moderately toxic 

Isoproturon Herbicide Urea derivate Moderately toxic 
Metholachlor Herbicide Organic-chlorinated Moderately toxic 
Methoxychlor Insecticide Organic-chlorinated Slightly toxic 

Molinate Herbicide Carbamate Very toxic 

Parathion methyl Acaricide/ 
Insecticide Organic-phosphorated Extremely toxic 

Parathion ethyl Acaricide/ 
Insecticide Organic-phosphorated Extremely toxic 

Prometon Herbicide Heterociclic compound Moderately toxic 
Prometryn Herbicide Heterociclic compound Slightly toxic 
Propazine Herbicide Heterociclic compound Slightly toxic 
Simazine Herbicide Heterociclic compound Moderately toxic 

Terbuthylazine Herbicide Heterociclic compound Moderately toxic 
Terbutryn Herbicide Heterociclic compound Moderately toxic 

Tetradiphon Insecticide/ 
Acaricide Organic-chlorinated Slightly toxic 

Trifluralyn Herbicide Heterociclic compound Slightly toxic 

Table 1. Studied pesticides and their characteristics (continuation) 

2.2 Analytical methodology 
The EPA Method 525.2 is used in order to determine the pesticides in samples (EPA Method 
525.2). This methods is based on the analysis by gas chromatography together with mass 
spectrometry (GC/MS), with a previous solid-liquid extraction. An Autotrace Workstation 
(Zymark) automatic extractor was used for the extraction. The chromatographic conditions 
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and equipment used are shown in table 2 and results of the methodology validation in table 3. 
The results were obtained using the Xcalibur POLARIS 1.2 version program (ThermoQuest). 
 

Gas Chromatographer TRACE GC 2000 (TermoFinnigan) 
Column DB5-MS (J&W, 30 m, 0,25 mm, 0,25 μm) 

Temperature program 90 ºC (1 min) – 20 ºC min-1 – 180 ºC (1 min) – 2 ºC min-1 – 
240 ºC (1 min) – 20 ºC min-1 – 310 ºC (10 min) 

Injector temperature 250ºC 
Injection volume 1 μL, splitless 0.8 min 
Carrier gas He (N55), 1mL min-1 

Mass Spectrometer POLARIS (ThermoFinnigan) 
Ionization energy 70 eV 
Acquisition mode Full scan 
Mass array 50-450 amu 
Screener speed 1 scan s-1 
Acquisition time 32.5 min 

Table 2. Pesticides analysis conditions 
 

Quantification limit 
(μgL-1) 

Recovery interval 
(%) 

 
Pesticide 

Instrumental 
step 

Full 
method 

Calibration 
interval 
(μgL-1) 

Validity 
interval
(μgL-1) Instrument

al step 
Full 

method 
Isoproturon 20 0.030 20-500 0.030-300 75-130 63-110 

Diuron 20 0.030 20-500 0.030-300 82-128 70-123 
3.4-Dichloroaniline 20 0.030 20-500 0.030-300 88-130 47-106 
4-Isopropylaniline 20 0.030 20-500 0.030-300 80-130 60-125 
Desethylatrazine 20 0.030 20-500 0.030-300 76-130 80-129 

Trifluralyn 20 0.015 20-500 0.030-300 70-130 70-127 
Dimethoate 20 0.030 50-500 0.030-300 66-124 54-137 

Simazine 50 0.030 20-500 0.030-600 75-135 64-127 
Prometon 20 0.030 20-500 0.030-300 76-124 0-125 
Atrazine 200 0.100 200-5000 0.100-300 78-130 75-127 

Propazine 20 0.015 20-500 0.015-300 86-130 73-127 
Terbuthylazine 20 0.015 20-500 0.015-300 79-130 83-128 

Parathion methyl 50 0.030 50-500 0.030-300 78-139 72-130 
Parathion ethyl 20 0.030 20-500 0.030-300 74-122 64-128 

Alachlor 20 0.015 20-500 0.015-300 75-125 70-124 
Ametryn 20 0.030 20-500 0.030-300 78-130 0-116 

Prometryn 20 0.030 20-500 0.030-300 80-120 17-116 
Terbutryn 20 0.030 20-500 0.030-300 80-120 13-114 

Chlorpyrifos 20 0.015 20-500 0.015-300 75-120 73-116 
Chlorfenvinfos 20 0.015 20-500 0.015-300 76-130 70-126 

HCHs 20 0.015 20-500 0.015-300 84-124 70-120 
Hexachlorobenzene 20 0.030 20-500 0.030-300 70-130 74-136 

Heptachlor 20 0.015 20-500 0.015-300 75-130 58-113 

Table 3. Results of the validation of the pesticides analysis methodology 
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Quantification limit 
(μgL-1) 

Recovery interval 
(%) 

Pesticide 
Instrumental 

step 
Full 

method 

Calibration 
interval 
(μgL-1) 

Validity 
interval
(μgL-1) Instrument

al step 
Full 

method 
Heptachlor epoxide 

A 20 0.015 20-500 0.015-300 85-125 62-112 

Heptachlor epoxide 
B 20 0.015 20-500 0.015-300 84-130 58-113 

Aldrin 20 0.015 20-500 0.015-300 85-125 64-126 
4,4’-

Dichlorobenzophen
one 

20 0.015 20-500 0.015-300 75-120 68-126 

Isodrin 20 0.015 20-500 0.015-300 85-125 66-120 
α-Endosulphan 20 0.015 20-500 0.015-300 70-125 70-93 

pp’-DDE 20 0.015 20-500 0.015-300 89-122 64-107 
Dieldrin 20 0.015 20-500 0.015-300 70-125 62-120 
Endrin 20 0.015 20-500 0.015-300 80-125 74-122 

pp’-DDD + op’-
DDT 40 0.030 40-1000 0.030-600 79-125 66-139 

Endosulphan-
sulphate 20 0.015 20-500 0.015-300 83-125 73-126 

pp’-DDT 20 0.030 20-500 0.030-300 76-130 50-120 
Dicofol 50 0.030 50-500 0.030-300 80-148 63-136 

Methoxychlor 20 0.015 20-500 0.015-300 77-126 75-130 
Metholachlor 20 0.015 20-500 0.015–300 76-115 73-128 

Molinate 20 0.015 20-500 0.015–300 91-130 75-113 
Tetradifon 20 0.015 20-500 0.015-300 85-130 70-116 

Table 3. Results of the validation of the pesticides analysis methodology (continuation) 

2.3 Activated carbon characterization 
The characterization of used PACs is carried out with analysis by screener electronic 
microscopy (SEM) and by the method Brunauer-Emmet-Teller (BET). This characterization 
is carried out before and after each applied treatment. 
The BET method is used in order to determine the specific surface by the measurement of 
the gas adsorption at low termperature. The equipment used is a Micromeritic Instruments 
Co., Pulse Chemisorb 2700.  
The SEM analysis is carried out with a screener electronic microscope (JEOL JSM 6400) 
which can generates images of secondary and retrodispersed electrons accelerated with 
tensions between 0.2 and 40 KV. This microscope allow observations up to 3.5 nm of 
resolution and has coupled a computerized system of dispersed X rays energy (INCA 300 X-
Sight, Oxford Instruments) with a resolution of 133 eV to 5.9 KeV. Moreover, it has coupled 
a computerized system to register and analizar difraction diagrams of retrodispersed 
electrons (Electron Back Scatter Diffraction). 
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2.4 Experimental procedure 
The treatment of PAC adsorption is applied with distilled and natural water fortified with 
studied pesticides and the PAC concentration used is 10 mg L-1 (in a similar way than in 
drinking water plants in Spain). The PAC is put into de sample and it is softly stirred during 
10 min. in a Jar-Test (SBS).  
Two types of PAC are used: BM8 (CHIEMIVALL), of mineral origin and coming from 
bitominous mineral; and VPlus (CHIEMIVALL), of vegetal origin and coming from wood. 
Two PACs are activated with vapour and obey with the norm EN-12903 to their application 
in drinking water. Their characteristics are shown in the table 4. 
 

Specifications BM8 VPlus 
Iodine number (mg g-1) 800 950 

Ashes content (%) < 10 3 
pH of the aqueous extract 9.0 - 10.0 9.0 - 10.0 

Humidity (%) < 8 5 
Particle size < 0.044 mm (90%) < 0.044 mm (90%) 

Origin Mineral Vegetal 

Table 4. Characteristics of PAC BM8 and VPlus (CHIEMIVALL) 

The concentrations of each pesticide before and after applying the treatment are analysed by 
GC/MS and the removal yields are calculated according to the equation 1: 
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where ŋremoval i is the removal yield of each pesticide, Ciinitial-solution is the concentration of each 
pesticide in the sample before the treatment, Cifinal-solution is the concentration of each pesticide 
in the sample after the treatment, and i each studied pesticide. 
Moreover, the average removal yield of all pesticides is calculated according to the equation 2: 

 
iremoval
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where ŋaverage-removal is the average removal yield of all studied pesticides, ŋremoval i is the 
removal yield of each pesticide and n is the number of pesticides (n=44). 
The study of the influence of the treatment time is carried out by experiments at different 
contact times: 10 min., 30 min., 1 h., 2 h. and 4 h.. 

3. Results 
3.1 Pesticides removal 
Pesticides removal percentages achieved after the application of the PAC adsorption 
treatment, with two types of used PACs and in two studied aqueous matrix, are shown in 
the table 5. 
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Average removal percentages achieved in the solution of distilled water are: 34% with 
mineral PAC and 46% with vegetal PAC. All pesticides in distilled water are better remove 
by vegetal PAC adsorption, except for the endosulphan-sulphate which is lightly better 
removed with mineral PAC. It is due to the fact that, in general, the adsorption equilibrium 
is reached faster with vegetal PAC tan with mineral (Matsui et al., 2003). 
With respect to the pesticides solution in natural water, the average removal percentages 
achieved are: 33% with mineral PAC and 26% with vegetal PAC. In this case, all pesticides 
are better removed with mineral PAC, with the exception of triazines (simazine, atrazine, 
propazine, terbuthylazine, prometon, ametryn, prometryn, terbutryn and desethylatrazine) 
which are removed equal or lightly better with vegetal PAC. It is due to the influence of the 
organic matter contained in natural water and pore size of the used PACs. Although a priori 
the adsorption onto vegetal PAC is faster, this PAC has a higher pore size, therefore the 
competition for its occupation between the organic matter of natural water and pesticides 
increases, decreasing in this way the adsorption (Matsui et al., 2003). 
In general, it can be observed that the aqueous matrix doesn’t influence in the adsorption 
treatment with mineral PAC for the group of studied pesticides since the average removal 
percentages achieved are similar to solutions in distilled and natural water. It is due to the 
fact that the pore size of the mineral PAC is smaller than the particle size of the organic 
matter and then their interaction and influence is prevented. However, the adsorption 
treatment with vegetal PAC is influenced by the used aqueous matrix since to the pesticides 
solution in distilled water the removal percentages achieved are higher than to the 
pesticides solution in natural water. This is because the pore size of vegetal PAC is greater 
and the presence of organic matter in natural water competes with pesticides for the 
occupation of PAC pores or blocks them getting worse the adsorption capacity (Gillogly et 
al., 1998; Knappe et al., 1999; Pelekani et al., 1999; Newcombe et al., 2002; Matsui et al., 2003). 
Moerover, the quantity of pollutants that can be adsorbed in a PAC is lower as the pH of the 
solution is greater. For this, the adsorption is more effective in distilled water than in natural 
water (Hu et al., 1998). 
Therefore, according to achieved results, the adsorption with vegetal PAC is more effective 
in order to remove the studied pesticides when they are in distilled water and the 
adsorption with mineral PAC is more effective, when pesticides are in natural water. 
Triazines (simazine, atrazine, propazine, terbuthylazine, prometon, ametryn, prometryn, 
terbutryn and desethylatrazine) are heterociclic compounds used as herbicides. The 
adsorption of these substances is more effective with mineral PAC both in natural and 
distilled water. In distilled water the removal is about 40% and about 20% in natural water.  
With respect to organic-phosphorated insecticides (parathion methyl, parathion ethyl, 
chlorpiryfos, chlorfenvinfos and dimethoate), they are removed in a similar way in distilled 
and natural water, although their removal in distilled water is more effective using vegetal 
PAC (45%) and in natural water using mineral PAC (45%). 
Hexachlorocilohexanes pesticides (HCHs), which are organic-chlorinated insecticides, are 
removed in a similar way with mineral PAC both in distilled and natural water. However, 
the removal of theses pesticides is greater in distilled water with vegetal PAC (40-45%) than 
with mineral PAC in natural water (30%). 
Hexachlorobezene, organic-chlorinated compound used as insecticide, is removed in a 
similar way with two PACs in distilled water, about 65%. However, it is removed 60% with 
mineral PAC and 50% with vegetal PAC in natural water. 
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η removal (%) 
DISTILLED WARTER 

η removal (%) 
NATURAL WATER 

PESTICIDE MINERAL 
PAC 

VEGETAL 
PAC 

MINERAL 
PAC 

VEGETAL 
PAC 

Simazine 30 40 15 25 
Atrazine 30 50 15 15 

Propazine 30 50 15 20 
Terbuthylazine 30 50 25 25 

Prometon 20 40 10 10 
Ametryn 30 50 25 30 

Prometryn 35 50 20 20 
Terbutryn 30 45 25 25 

Desethylatrazine 25 25 25 25 
Parathion methyl 35 55 45 40 
Parathion ethyl 40 55 55 45 

Chlorpiryfos 35 45 45 30 
Chlorfenvinfos 25 30 45 35 

Dimethoate 30 40 45 35 
α-HCH 30 45 30 30 
β-HCH 25 40 30 20 
χ-HCH 25 40 30 20 
δ-HCH 30 45 30 20 

Hexachlorobenzene 65 65 60 50 
Heptachlor 20 30 30 15 

Heptachlor epoxide A 25 40 25 15 
Heptachlor epoxide B 30 40 25 15 

α-endosulphan 30 20 20 10 
Endosulphan sulphate 40 30 20 10 

Endrin 20 35 25 15 
Dieldrin 40 50 25 10 
Isodrin 30 45 30 15 
Aldrin 20 35 25 10 

pp´-DDE 20 30 15 10 
pp´-DDD+op´-DDT 20 35 30 20 

pp´-DDT 20 35 20 10 
Isoproturon 15 40 10 15 

4-isopropylaniline 90 100 60 60 
Diuron 100 100 100 100 

3,4-dichloroaniline 80 85 70 65 
Molinate 30 50 15 10 

Trifluralyn 20 30 35 20 
Alachlor 30 45 35 25 

Metholachlor 30 45 35 30 
Table 5. Removal yields of studied pesticides 
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η removal (%) 
DISTILLED WARTER 

η removal (%) 
NATURAL WATER 

PESTICIDE MINERAL 
PAC 

VEGETAL 
PAC 

MINERAL 
PAC 

VEGETAL 
PAC 

Methoxychlor 20 40 35 20 
Tetradiphon 40 50 35 25 

Dicofol 25 50 40 35 
4,4´-dichlorobenzophenone 65 75 55 50 

η average-removal (%) 34 46 33 26 

Table 5. Removal yields of studied pesticides (continuation) 
Heptachlor, organic-chlorinated insecticides, are removed equal in distilled and natural 
water with mineral PAC, about 30%. Their removal increases when these pesticides are in 
distilled water with vegetal PAC achieving removal percentages about 40%. 
With respect to drins (aldrin, isodrin, dieldrin and endrin), all of them organic-chlorinated 
compounds used as insecticides, the vegetal PAC is more effective when they are in distilled 
water (40%) and the mineral PAC is more effective in order to remove them in natural water 
(25%). 
Regarding to endosulphans, organic-chlorinated insecticides too, they are better removed 
with mineral PAC both in distilled and natural water.  
With respect to DDTs, organic-chlorinated insecticides, the mineral PAC is more effective in 
order to remove them in natural water achieving removal percentages about 20%, and the 
vegetal PAC is more effective in distilled water, increasing their removal up to 35%. 
Finally, for the rest of studied pesticides, they are better removed with vegetal PAC in 
distilled water and with mineral PAC in natural water. It’s worth noting that diuron, urea 
derivate pesticide, which is complete removed with two PACs and in both solutions, and 
anilines (4-isopropylaniline and 3,4-dichloroaniline) for which the removal percentages 
achieved are very high in all cases. 
Since in natural water the more effective PAC is the mineral PAC in order to adsorb the 
studied pesticides, the study of the influence of the contact time is carried out with mineral 
PAC and solutions of pesticides in natural water at different contact times (10 min., 30 min., 
1 h., 2 h. and 4 h.). Average removal yields of the group studied pesticides at different 
treatment times are shown in figure 1. 
 

 
Fig. 1. Average yields of pesticides adsorption with mineral PAC in natural water 
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Average yields of the pesticides adsorption at different contact times are: 32% in 10 min., 
67% in 30 min., 71% in 1 h., 74% in 2 h. and 85% in 4 h. In accordance with these results, it 
can be observed that the adsorption of pesticides is produced mainly in the first 30 minutes. 
Since this moment and up to 2 hours of treatment the adsorption continues but lesser. 
Finally, between 2 and 4 hours of treatment the adsorption lightly increases and the group 
of studied pesticides is adsorbed 85%. 
The evolution of the pesticides adsorption in the time is the typically observed in multi-
component mixtures: the main adsorption happens in the first minutes of the treatment, 
after the adsorption is lower, and finally the adsorption lightly increases (Noll et al., 1992). 
In the concrete case of the studied pesticides, the main adsorption occurs in the first 30 
minutes of treatment, time which coincides with the recommendations given by the WEF-
ASCE (WEF-ASCE, 1998) regarding to the contact time in the activated carbon adsorption. 
Results about the adsorption of different groups of studied pesticides in natural water with 
mineral PAC at different contact times are shown in figures 2 to 12.  
Triazines adsorption is shown in figure 2. 
 

 
Fig. 2. Triazines adsorption 
In accordance with achieved results, and as it is showed in the figure 2, at 10 minutes of 
contact time the triazines adsorption is between 10 and 25%. This percentage considerably 
increases up to 35-55% in 30 minutes of treatment. Next, until 2 hours of treatment 
adsorption isn’t observed, and it increases up to 60-85% at 4 hours of treatment for all 
triazines, with the exception of atrazine which is adsorbed 40% in 4 hours. 
With respect to organic-phosphorated pesticides, in the figure 3 it can be observed that the 
removal at 10 minutes of treatment is about 50%. The adsorption is complete at 30 minutes 
for all of these pesticides except to chlorpiryfos which is adsorbed 80% in 30 minutes and it 
requires 4 hours of treatment to remove it completely. 
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Fig. 3. Organic-phosphorated pesticides adsorption 

 
 

 

 
Fig. 4. HCHs and HCB adsorption 
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Regarding to HCHs (figure 4), it can be observed the same behavior. The adsorption yield at 
10 minutes is 30%. This percentage notably increases up to 65% in 30 minutes of treatment 
and next, practically there isn’t adsorption until 2 hours. The adsorption increases up to the 
complete removal of HCHs at 4 hours of treatment. 
The adsorption of hexachlorobenzene (HCB, figure 4) is faster since at 10 minutes of 
treatment the adsorption is 60% and it is complete removed at 30 minutes. 
With respect to heptachlors (figure 5) it can be observed that three heptachlor are adsorbed 
about 25% in 10 minutes. The adsorption increases, mainly for heptachlor, until 30 minutes. 
At this time the removal of heptachlor is 90% and of heptachlors epoxide is 60%. Until 2 
hours the adsorption doesn’t increase and it lightly increases at 4 hours. The complete 
removal of heptachlor is achieved at 2 hours and after 4 hours of treatment the removal of 
heptachlors epoxide is about 70%.  
 

 
Fig. 5. Heptachlors adsorption 
The behavior of two studied endosulphans is completely different, as can be observed in figure 
6. Two of them are adsorbed 20% at 10 minutes, but α-endosulphan is complete removed at 30 
minutes meanwhile endosulphan sulphate is adsorbed 70% after 4 hours of treatment. 
With respect to drins (figure 7), all of them are removed about 30% in 10 minutes of 
treatment. At this time, the aldrin and isodrin (isomers between them) adsorption increases 
with the time, achieving adsorption yields about 85-100% in 4 hours. In the case of endrin 
and dieldrin (isomers between them), the adsorption is lower and after 4 hours their 
removal yields are about 60%. 
In accordance with results obtained for DDTs (figure 8), their adsorptions are similar until 1 
hour of treatment (50-60%). After and until 4 hours, the adsorption of pp’-DDE and pp’-
DDD+op’-DDT lightly increases up to 65-85%. On the contrary, the adsorption of pp’-DDT 
notably increases at 2 hours or treatment achieving its complete removal. 
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Fig. 6. Endosulphans adsorption 

 
 

 
Fig. 7. Drins adsorption 
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Fig. 8. DDTs adsorption 

 
 
 

 
Fig. 9. Anilines adsorption 
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With respect to anilines (figure 9), it can be observed their different behavior to the 
adsorption versus the time. Two anilines are removed about 70% at 10 minutes of treatment. 
However, 4-isopropylaniline is complete adsorbed at 30 minutes meanwhile 3,4-
dichloroaniline requires 4 hours of treatment for its total adsorption. 
Regarding urea derivates pesticides (figure 10), their behavior is complete different too. At 
10 minutes the diuron removal is very high, 65%. Its removal increases up to 95% after 4 
hours of treatment. On the contrary, isoproturon is adsorbed 10% in 10 minutes although 
after 4 hours the same adsorption than diuron is achieved (95%). 
 

 
Fig. 10. Urea derivates adsorption 

In accordance with the results obtained to anilides (figure 11), it can be observed the same 
behavior for alachlor and metholaclor, and different one for methoxychlor. The three 
pesticides are adsorbed 35% in 10 minutes. However, alachlor and metholachlor increase 
their adsorption gradually with the time, achieving a removal about 70% in 4 hours of 
treatment, while the methoxychlor adsorption is 90% in 30 minutes and total in 4 hours.  
With respect to the rest of studied pesticides (figure 12), dicofol and 4,4’-
dichlorobenzophenone are quickly adsorbed achieving their complete adsorption in 30 
minutes of treatment. Molinate and trifluralyn are mainly adsorbed in the first 30 minutes of 
treatment and after 4 hours, the adsorption is total, like a lot of studied pesticides. Finally, 
the tetradiphon adsorption is progressive in the time and its complete adsorption is 
achieved in 2 hours of treatment.  
As it has been mentioned before, the adsorption of studied pesticides shows the typical 
tendency of a multicomponent mixture. Moreover, the main adsorption of the group of 
pesticides happens in the first 30 minutes of treatment. In this time, the removal of each 
individual studied pesticide presents a pseudo-first order kinetic, that is corresponded with 
the next equation: 
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Fig. 11. Anilides adsorption 

 
 

 
Fig. 12. Rest of studied pesticides adsorption 
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0

log C k t
C

= ∗  (3) 

Where C is the pesticide adsorbed concentration, C0 is the pesticide initial concentration, t is 
the time of treatment and k is a constant which represents the adsorption rate of each pesticide. 
Rate constants, k, of each studied pesticide and regression coefficients, R2, obtained for each 
lineal equation are shown in table 6.  
As it can be observed, with a contact time of 30 minutes, the most of studied pesticides 
follows a kinetic of pseudo-first order, just like in studies carried out by other authors 
(Ayranci and Hoda, 2005; Salman and Hameed, 2010). Moreover, rate constants obtained 
haven’t any direct relation neither solubility nor molecular weight of studied pesticides 
(Ayranci and Hoda, 2005).  
With respect to individual pesticides, parathion methyl and ethyl, chlorfenvinfos, 
dimethoate, hexachlorobenzene, α-endosulphan, 4-isopropylaniline, dicofol and 4,4’-
dichlorobenzophenone are the pesticides that are adsorbed faster.  
Three times slower than these pesticides, are adsorbed heptaclor and methoxyclor, and 
about a half of these, chlorpiryfos, molinate, HCHs, diuron and isoproturon are adsorbed. 
 
PESTICIDE k (h-1) R2 PESTICIDE k (h-1) R2 
Simazine 0,712 0,985 Heptachlor epoxide B 0,687 0,998 
Atrazine 0,369 0,996 α-endosulphan 5,703 0,920 
Propazine 0,525 0,997 Endosulphan sulphate 0,517 0,997 
Terbuthylazine 0,589 0,989 Endrin 0,687 0,998 
Prometon 0,462 0,984 Dieldrin 0,687 0,998 
Ametryn 0,589 0,989 Isodrin 0,908 1,000 
Prometryn 0,432 0,983 Aldrin 0,797 1,000 
Terbutryn 0,496 0,965 pp´-DDE 0,822 0,977 
Desethylatrazine 0,595 0,989 pp´-DDD+op´-DDT 0,575 0,952 
Parathion methyl 5,649 0,960 pp´-DDT 0,810 0,993 
Parathion ethyl 5,691 0,947 Isoproturon 1,102 0,944 
Chlorpiryfos 1,381 0,997 4-isopropylaniline 5,634 0,967 
Chlorfenvinfos 5,661 0,948 Diuron* 1,075 0,771 
Dimethoate 5,858 0,946 3,4-dichloroaniline* 0,769 0,557 
α-HCH 0,908 1,000 Molinate 0,947 0,970 
β-HCH 0,908 1,000 Trifluralyn 1,037 0,998 
χ-HCH 0,908 1,000 Alachlor* 0,471* 0,807 
δ-HCH 1,052 0,999 Metholachlor* 0,479* 0,815 
Hexachlorobenzene 5,618 0,967 Methoxychlor 2,061 0,980 
Heptachlor 2,076 0,970 Tetradiphon 0,659 0,939 
Heptachlor epoxide A 0,797 1,000 Dicofol 5,812 0,941 

   4,4´-dichlorobenzophenone 5,671 0,960 
*In the case of diuron, 3,4-dichloroaniline, alachlor and metholachlor, the regression coefficiente 
obtained are lower than for the rest of pesticides. It is due to the fact that the main adsorption of these 
pesticides happens in the first 10 minutes of treatment 
Table 6. Rate constants and regression coefficients of studied pesticides 
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Finally, pesticides wich are adsorbed slowest onto activated carbon are triazines, 
heptachlors epoxide, endosulphan-sulphate, drins, DDTs, 3,4-dichloroaniline, alachlor, 
metholachlor and tetradiphon.  

3.2 Results of activated carbon characterization 
Results corresponding to the chemical analysis by SEM of used PACs (vegetal and mineral), 
before and after applying treatments in distilled and natural water, are shown in table 7. 
In accordance with the comparison of the SEM analysis before and after the treatments, the 
main variations produced are the following:  
- Oxygen percentage lightly increases after the treatment in natural water for both PACs, 

vegetal and mineral. 
- A little quantity of calcium appears after the treament in natural water for both PACs. 
- For the rest of elements, the variations produced after applying treatments aren’t 

significants.  
Results corresponding to the characterization of vegetal and mineral PAC after the 
treatment in distilled and natural water by the BET method are shown in table 8. 
In accordance with the results obtained about BET surfaces, it can be said that: 
- The treatment in distilled water doesn’t cause the reduction of the surface are in both 

used PACs. 
- The treatment in natural water causes a reduction of the surface are in both PACs, about 

10%. This decrease is due to the adsorption of organic matter contained in natural water 
onto activated carbon. 

 
VEGETAL PAC 

ELEMENT 
% WEIGHT 

BEFORE THE 
TREATMENT 

% WEIGHT AFTER 
TREATMENT IN 

DISTILLED WATER 

% WEIGHT AFTER 
TREATMENT IN 

NATURAL WATER 
O 1.41 1.57 4.44 
Si - 0.30 0.49 
Ca - - 0.41 
Al - - - 
S - - - 

Fe - - - 
MINERAL PAC 

ELEMENT 
% WEIGHT 

BEFORE THE 
TREATMENT 

% WEIGHT AFTER 
TREATMENT IN 

DISTILLED WATER 

% WEIGHT AFTER 
TREATMENT IN 

NATURAL WATER 
O 2.93 3.01 3.47 
Si 0.69 1.03 1.03 
Ca - - 0.26 
Al 0.35 0.33 0.38 
S 0.24 0.37 0.16 

Fe 0.24 0.32 0.37 

Table 7. Results about the chemical analysis by SEM of used PACs 
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BET SURFACE (m2 g-1) 
PAC Before the 

treatments 
After the treatments in 

distilled water 
After the treatment in 

natural water 

VEGETAL 555.2±10.9 563.2±12.0 497.6±9.9 

MINERAL 745.4±14.5 746.7±14.3 676.9±13.0 

Table 8. BET surfaces of used PACs 

4. Conclusions 
In accordance with the study of the activated carbon nature and aqueous matrix influence it 
can be said that:  
• Removal percentages of studied pesticides achieved in a contact time of 10 minutes are: 

34% with mineral PAC and 46% with vegetal PAC to the solution in distilled water; 
33% with mineral PAC and 26% with vegetal PAC to the solution in natural water. 

• In general, the adsorption with vegetal PAC is more effective in order to remove the 
studied pesticides in distilled water, and the adsorption with mineral PAC is more 
effective in order to remove the studied pesticides in natural water. 

• In the solution of distilled water, all pesticides are better removed by the treatment with 
vegetal PAC, with the exception of endosulphan-sulphate which is lightly better 
removed with mineral PAC. 

• With respect to the solution in natural water, all studied pesticides have greater 
removal percentages by the adsorption with mineral PAC, with the exception of some 
triazines which are lightly better removed with vegetal PAC. 

• In general, the adsorption treatment with mineral PAC isn’t influenced by the aqueous 
matrix since the average removal percentages obtained are similar both distilled and 
natural water. However, the use of vegetal PAC is influenced by the aqueous matrix 
since the average removal percentages achieved in natural water are considerably lower 
that the percentages achieved in distilled water.  

• The treatment of activated carbon adsorption in distilled water doesn’t cause the 
surface are reduction in any used PAC. However, the treatment in natural water causes 
a reduction about 10% of two PACs. This reduction is due to the adsorption of organic 
matter of the natural water onto the activated carbon. 

According to the study of the influence of the contact time it can be said that: 
• The adsorption with mineral PAC in natural water achieves a partial removal of the 

studied pesticides.  
• Average adsorption percentages of studied pesticides in natural water in different 

contact times using mineral PAC are: 32% in 10 minutes, 67% in 30 minutes, 71% in 1 
hour, 74% in 2 hours and 85% in 4 hours.  

• The main adsorption of studied pesticides is achieved in the first 30 minutes of 
treatmen with mineral PAC. This time coincides with the recommendations given by 
the WEF-ASCE (WEF-ASCE, 1998) regarding to the contact time in the activated carbon 
adsorption. 
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• The most of studied pesticides have a pseudo-first order kinetic in the first 30 minutes 
of contact time. 

• Organic-phosphorated pesticides, hexachlorobenzene, heptachlor, α-endosulphan, 4-
isopropylaniline, methoxychlor and 4,4’-dichlorobenzophenone are the pesticides 
which are fastest adsorbed. Triazines, heptachlors epoxide, drins, DDTs, endosulphan-
sulphate, 3,4-dichloroaniline, alachlor, metholachlor and tetradiphon are the pesticides 
which are slowest adsorbed. 

Therefore, the treatment of adsorption with PAC is an effective technique in order to remove 
pesticides in water. 
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1. Introduction     
Use of pesticides is necessary in the recent agricultural production for removal of weeds and 
pests which interfere growth of crops. Though use amount and use methods are determined 
by standards for the each pesticide, residual pesticides in environments and foods are paid 
attentions much from the view point of food safety. Therefore, analytical methods to 
evaluate pesticide residue contained in foods are investigated well (Okihashi et al. 2005). On 
the other hand, pesticides spread in agricultural fields and golf links are not only taken by 
plants but also drawn to environment as waste water with rain water and supplied waters, 
and it is issued that the pesticides pass through sediments to reach to ground waters (Sudo 
et al., 2002). Japanese Ministry of Environment determined pesticide control law and 
standard indexes for golf link pesticides to monitor and control the pesticides emitted to 
environment (Ministry of Environment, Government of Japan, 2001). Determination 
methods for the pesticides contained in several kinds of samples are usually complicated 
and difficult to determine accurately without sophisticated skill (Ormad et al., 1996; Zhou et 
al., 2009). In addition, the determination methods are different with different target analyte 
and samples, and it takes long time to determine several kinds of pesticides. In 2005, the 
positive list for residual pesticides was presented and multiple analysis methods were 
shown such as gas chromatography (GC) analysis after supercritical fluid extraction (SFE) 
(Okihashi et al., 2005; Tobino et al., 2007). For each pesticide, on the other hand, liquid-liquid 
extraction (LLE) (Ormad et al., 1996) and solid phase extraction (SPE) (Zhou et al., 2009) are 
popular for the determination. However, they are time consuming and require good 
experimental skill and also consume much organic solvent not to be good for environmental 
charging. Accordingly, we tried to apply SFE method to environmental analysis which is 
already used for food analysis as Tobino et al. presented before (2007). The SFE is effective 
extraction utilizing supercritical fluid characteristics such as high permeability of the fluid 
and high solubility of organic solutes to the fluid. Such SFE has been applied to 
determination of dioxines contained in sediments (Miyawaki et al., 2003). Glazkov et al. 
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(1999) reported extraction of organic compounds from water samples. In that report, sample 
water was set in the extraction cell with glass wool. The method was very simple but water 
existing in the supercritical fluid behaves as catalyst to decompose the organic compounds 
(Janda et al., 1996). Therefore we investigated another SFE method; appropriate adsorbent 
was added into the sample water to collect the analyte targets and then the pesticides were 
extracted from the adsorbent by SFE (Chikushi et al., 2009). In this method, use of organic 
solvent was dramatically minimized and unstable pesticides could be measured even with 
SFE. In the first half of this report, we describe method development based on particle solid 
adsorption of pesticides in water followed by SFE and GC-MS, and in the second half we 
discuss pesticide adsorption properties of several sediments which were also analyzed with 
SFE-GC-MS. 
As described in above, drawn of pesticides into environmental natural waters and 
sediments is a big issue worldwide. However, some of sediments might have characteristics 
to hold the pesticides and not to let the pesticides going downstream. Most of pesticides 
recently used are relatively decomposable and most of adsorbed pesticides will be gone in 
the sediments. Accordingly, knowledge about pesticide adsorption ability of the sediments 
is important to consider the moving of pesticides in the farms and golf links. Here we 
demonstrate the adsorption ability of sediment to the pesticides. In order to do this 
investigation, simple measurement method for pesticides contained in water and sediments 
was established. Especially water analysis is said to be difficult. We have established simple 
method for water pesticide analysis using SFE. Sediment pesticides were also measured by 
direct SFE and GC-MS analysis. We obtained useful information about adsorption 
properties of sediments utilizing the established methods. 

2. Experimental 
2.1 Chemicals  
Pesticides used in this investigation was golf link pesticide mixture (26 kinds of pesticides) 
obtained from Kanto Kagaku. These pesticides were measurable by GC and the each 
standard concentration was 10 mg/L. Adsorbents tested for water extraction were following 
6 kinds of adsorbents: octadecylsilane (ODS) Bondesil-C18 40 μm obtained from Varian, 
Tenax GR from GL Science, active carbon from Nacalai Teschue, silica gel from Nacalai 
Teschue, stylene-divinlbenzene copolymer XAD-4 (750 mm2/g in dry, pore 12 nm) obtained 
from Sigma-Aldrich, and active almina obtained from Nacalai Teschue. ODS and Tenax GR 
were washed with 5 mL of acetonitril and acetone subsequently and dried for 15 min at 
room temperature just before use, active carbon and silica gel were dried at 200oC for 2 h 
and cooled in a descicator. The XAD was treated with acetone with ultrasonic just before 
use. Active carbon was used as obtained. For SFE, 99.99% carbon dioxide cylinder was used 
as the supercritical fluid source. 

2.2 Sediment samples  
We collected several kinds of sediments around Kumamoto to investigate their pesticide 
adsorption characteristics. They were sedimentary Sandstone, Mudstone, silty mud sampled 
from a Tidal flat of Ariake Sea, Japan, Kuroboku soil which was from agricultural area 
around Mt. Aso volcano, Japan, Akahoya ash accumulated volcanic eruptions, and Limonite 
which was also from Aso area but mainly composed of ferric oxide. Characteristics of these 
sedeiments were measured as follows. Sediment pH and acidic capacity were measured 



Adsorption Properties of Sediments for Pesticides: Investigation by 
Supercritical Fluid Extraction and Gas Chromatography Mass Spectrometry 

 

771 

with treating with 1 N KCl solutioin as literature by Daikuhara and Sakamoto (1911). 
Humus (organic matter) was determined by Tyurin’s methods (Kononova, 1966). Cation 
exchange capacity was measured by semimicro Schollengerger method (Schollenger and 
Simon, 1945) with 1 M ammonium acetate at pH 7.0. 

2.3 Adsorption examination of the sediments  
Dried each sediment 2 g was placed in a glass column which inner diameter was 0.9 cm and 
the height of sediment would be 5 cm in the column. The sediments were conditioned with 
deionized distilled water and then 25 mL of 40 μg/L pesticide mixture was introduced into 
the column. After that, the column sediment was washed with 25 mL of water and all eluent 
was collected to 100-mL conical flask. The sediments were taken from the column and dried 
in a descicator overnight to be ready for SFE. The eluted waters were treated with XAD 
resin as described bofore (Chikushi et al., 2009). Namely 2 g of washed XAD was added to 
the water and stirred for 15 min. Then all resins were collected on a filter and dried 
overnight.  
 

 
Fig. 1. Adsoption of aqueous pesticides onto the solid particle adsorbents. Appropriate 
adsorbent was added into 50-mL water sample and stirrered for 15 or 30 min in a 100-mL 
beaker. 

2.4 SFE extraction of pesticides from water and sediment samples  
The XAD all resins after water extraction or the sediment all sample treated with the 
pestcides were taken in each small beaker (50 mL) amd mixed with 2.0 g of wet support 
(dimatomite) well. The mixed sample was placed in a SFE cartridge and acetone or 
methanol was added as a modifier. The cartridge was set in a SFE instrument, model SE-30 
purchased from Isco. Typical SFE condistion was temperature 50oC, pressure 3000 psi, 
residence time 15 min, flow time 15 min and ristrictor temeperature was set at 60 oC. The out 
going vapor from the SFE was captured with 5 mL of acetone which was concentrated with 
nitrogen flow to be 1 mL afterward. The extracts were analyzed by gas chromatography-
mass spectrometry (GC-MS) utlizing 6890N/5973 from Agilent or GC ultra DSQ from 
Thermo Electron. Injected sample volume was 2 μL in splitless mode and carrier gas was 
helium flowing at 1 mL/min. Separation column used was InertCap 5MS/sil which was 
0.25 mm in inner diameter, 30 m in length and 0.25 μm in the film thickness. Oven 
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temperature was initially 50oC for 2 min, ramped to be 120oC at the rate of 20oC/min and 
upto 270oC at 5oC/min. The each pestcide was analyzed at the indicated M/z number in 
single ion monitoring (SIM) mode. 
 

 
Fig. 2. Supercritical fluid extraction instrument used in this invesitigation 

3. Results and discussion 
3.1 Water analysis with SFE 
Firstly we investigated how to analyze pesticides contained in water. This is important 
because conventional water analysis is complicated. We use SFE for sediment analysis, so if 
the same SFE method can be applied to water analysis, a series of measurement would be 
quite convenient. Therefore, our strategy for water pesticide analysis was adsorption of 
solid adsorbent and extraction from adsorbent by SFE. This running cost is much cheaper 
than solid phase extraction using commercial cartridges and not affected by extraction 
condition such as sample flow rate. There is no need of solvent exchange of sample in the 
pretreatment which is necessary in conventional solid phase extraction with cartridges. 
Adsorption properties of the each adsorbent were tested and the results obtained by 15 min 
adsorption were plotted against octanol/water partition coefficient (log Kow). Interestingly, 
most of the adsorbents showed relationship between the adsorption property (recovery of 
pesticide) and log Kw in this condition, especially in cases of XAD and silica gel. On the 
other hand small relationship was observed in cases of ODS and Tenax GR. With these 
adsorbents, recoveries of the pesticides were mostly quantitative and it can be said that the 
pesticide molecular sizes were suitable for the adsorption on those. These results agreed  
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Fig. 3. Recoveries of pesticides obtained in the 15-min adsorption of 20 μg/L pesticide test 
plotted against their octanol/water partition coefficient (top) and same examination for 100 
μg/L of 170 kinds of pesticides examined with XAD, ODS and alumina (bottom) 

with the reported results by Junk and Richard (1988) where they evaluated for ODS. From 
the data shown in Fig. 3 and other data, it was decided that ODS, XAD and Tenax GR were 
suitable for the pesticide adsorption. However, Tenax GR was not used in the further 
experiments due to high cost of the adsorbent. 
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Next, effect of adsorption time was tested. Adsorption time where the adsorbent in sample 
water was stirred was changed 5, 10, 15, 30 and 60 min and recoveries were plotted against 
the adsorption time. In case of ODS, the amount was saturated at 15 min and did not 
increase in the longer adsorption. Meanwhile, adsorption equilibrium was completed at 30 
min in case of XAD. It seemed that adsorption onto ODS occur only on the adsorbent 
surface while pesticide molecules enter inside of XAD particles. That is why equilibrium 
times were different with these adsorbents. Average particle sizes were ODS 0.04 mm and 
XAD 0.6 mm. It means that relative surface area to their weight for ODS was 15 times 
greater than that of XAD. This was also the reason of fast equilibrium in case of ODS. 
According to these results, adsorption times were decided as 15 min for ODS and 30 min for 
XAD. 
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Propyzamide
0

20

40

60

80

100

 without methanol
 with methanol 1.0 mL

 
Fig. 4. Effect of methanol as modifier. Methanol 1 mL was added in the SFE cartridge as 
modifier. Recoveries for pencycuron, captan and propyzamide obtained with and without 
methanol were shown. SFE was performed at 50oC and 3000 psi. 

After adsorption, the adsorbent particles were collected, dried overnight and then the 
pesticides were extracted from the adsorbent by SFE. Conditions of SFE were examined 
such as extraction temperature and extraction pressure. Also effect of modifier was tested. 
Modifier was necessary to extract effectively from the adsorbent. As shown in Fig. 4, good 
recoveries were obtained with methanol addition as modifier. 
Effects of SFE pressure and temperature were also examined. In case of ODS, the results 
were mostly independent on the conditions and good recoveries were obtained from 1000 to 
3000 psi; a little drop in recovery was observed at 4000 psi. On the other hand, effect of 
pressure was critical in case of XAD. Probably supercritical fluid must enter into the inside 
of XAD particle and more pressure was required in case of XAD. But good recoveries were 
obtained at 3000 psi or more. We decided to use 3000 psi for the both adsorbents. Effect of 
extraction temperature was not big as shown in Fig. 5. But recoveries and deviation were the 
best at 50oC. In conclusion, SFE procedure was the best at 50oC, 3000 psi with methanol as 
modifier. 
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Fig. 5. Effect of SFE temperature. Methanol 1 mL was added in the SFE cartridge. SFE was 
carried out at 3000 psi. 
The optimal conditions were obtained and recoveries of the 26 kinds of pesticides were 
determined accordingly for pure water as shown in Fig. 6. Peak was not obtained for 
isoprodion and bensride in GC-MS chromatogram due to difficulty of GC measurement. For 
most of other compounds, recoveries were between 80 and 120% which was said as 
quantitative range. Even tested concentrations were low (20 μg/L), good recoveries were 
obtained in this method. Mostly guideline level for the pesticide varies 30 to 800 g/L. In 
addition, it can be seen that recoveries with this method were obviously better than those 
obtained with SPE.  The proposed method is simple and easy to operate and good recoveries 
can be obtained. 
Next, linearity of calibration curve and limit of detections in this method were examined. 
Calibration curves for 0, 1, 5, 10, 20, 40 (or 50), 100 μg/L of pesticides were evaluated for 
XAD and ODS adsorbents. Series of adsorption – SFE – GC-MS were repeated three times 
for each solution. For most of pesticides, good linearity was obtained (R2 0.869 ~ 0.999 with 
XAD adsorption, R2 0.963 ~ 0.9989 with ODS adsorption).  
Further applications were examined; namely tea bag extraction. In this proposal, XAD was 
placed in a thin paper bag which was used for tea serving. The tea bag containing XAD 
resins was placed in a stirred water sample, and then the XAD resins were treated as same 
as mentioned before. Good results were obtained as well as the batch-wise collection as the 
chromatogram in Fig. 7. The XAD particles were relatively large and could be kept in the tea 
bag whereas ODS came out to the solutions in the adsorbing process. This method is 
applicable to on site adsorption. The tea bag containing XAD resins can be placed in stream 
of river water or waste water for a day or a week and taken back to the laboratory to 
determine. This method is expected to be useful for simple water screenings after supplying 
the pesticides to golf links and agricultural fields (Chikushi et al., 2009). 

3.2 Sediment analysis with SFE 
The five kinds of sediments obtained mainly around Kumamoto were separately placed in 
individual glass column after appropriate pretreatment as mentioned in experimental. Into 
these sediment columns, 25 mL of 40 μg/L pesticide aqueous solution was added and 
gradually passed through the sediment by gravity. After all pesticide water passed the  
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Fig. 6. Recoveries for water pesticides obtained by this method with XAD and ODS 
adsorbents and standard method with SPE extraction. Pure waters (50 mL) were spiked to 
contain 20 μg/L of each pesticide. 
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Fig. 7. GC-MS chromatograms obtained with bag sampling. The top panel chromatogram 
was obtained by bag sampling where XAD resin was placed in a tea bag and put in 50 mL of 
20 μg/L aqueous sample water. The bottom is for comparison: 1-mg/L standard (acetone 
medium) was injected directly without any treatment. 

sediment, pure water 25 mL was flowed through the column. All eluents were collected 
under the column. Pesticides adsorbed in sediments and eluted waters were measured with 
direct SFE and XAD adsorption and SFE as described before, respectively. Adsorption 
efficiencies were obtained from the pesticide amounts remaining in sediments and eluted 
with water and calculated results are shown in Table 1. 
As shown in Table 1, good adsorptions were observed with Ariake Sea tidal flat sediment, 
kuroboku soil, limonite and mudstone in this order. The pesticides were not trapped in 
akahoya ash and sandstone.  

3.3 Properties of sediment and pesticide adsorption 
First, sediment determination method with SFE-GC-MS was evaluated.  1 mL of 1-mg/L 
pesticide mixture was added to sediment, stored in decicator overnight and the pesticides 
were extracted with SFE to measure by GC-MS.  Results are shown in Fig. 8. For most of 
pesticides, reasonable values (100 +/- 20%) were obtained with this method. 
Generally, adsorptions of non-ionic hydrophobic compounds such as these pesticides are 
related to organic matter contents of sediments. Characteristics of sediment vary in 
dependent with place, depth, surrounding conditions. Physical and chemical properties of 
sediments were investigated to make clear the relationship between the sediment 
characteristics and adsorption property. 
Organic contents (humus) was extremely high in Kuroboku soil (25.1%) compared with the 
other’s (0.45 ~ 2.84%). Organic contents are thought to help adsorption of pesticides with 
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 Kuro-
boku 

Aka-
hoya 

Mud-
stone 

Sand-
stone Tidal Limo-

nite 
Pencycuron 85 1 62 6 90  82  
Simazine 3 0 1 5 7  64  
Propyzamide 22 0 3 1 8  5  
Diazinon 41 0 8 2 32  98  
Terbucarb 25 0 5 1 13  40  
Tolclofosmethyl 99 3 45 5 99  82  
Metalaxyl 8 4 13 10 9  41  
Dithiopyr 99 3 39 2 97  90  
Fenitrothion 81 0 17 0 81  67  
Chlorpyrifos 97 6 76 7 97  96  
Pendimethalin 80 14 83 6 82  97  
Methyldymron 7 0 2 0 4  27  
Captan 17 10 9 22 31  7  
Isofenphos 66 1 11 1 47  61  
Napropamide 50 0 14 1 57  81  
Butamifos 98 2 34 1 95  82  
Flutolanil 51 1 11 0 27  27  
Isoprothiolane 41 0 8 0 30  58  
Trichlopyrbutoxyethyl 96 3 83 6 95  96  
Isoxathion 91 9 53 5 51  35  
Mepronil 64 1 16 0 47  40  
Propiconazole 48 0 0 0 76  100  
Pyridaphenthion 42 45 68 67 48  52  

Table 1. Relative amount of pesticides absorbed onto the 6 kinds of sediments in % 

 

 

Exchange 
acidity pH (KCl) Humus 

content, % 
Superficial 
area, m2/g 

Cation 
exchange 
capacity, 
mmol/kg 

Sandostone 0.97 6.12 0.45 1.01 36 
Mudstone  1.41 7.07 0.64  41 
Limonite 40.500 3.44 1.53 86.300 145 
Akahoya ash 2.88 5.76 2.23 1050000 24 
Tidal flat sed. 2.86 4.98 2.84 28.000 155 
Kuroboku soil 23.300 4.47 25.100 38.100 373 

Table 2. Properties of sediments tested for pesticide adsorption 

hydrophobic interaction. Also, humus contains carboxyl groups and phenol OH and they 
make cation exchange capacity high. Actually cation exchange capacity of Kuroboku soil 
was highest. These properties are thought to be effective to adsorption of relatively polar 
pesticides, such as fenitrothion and isofenphos etc. 
Relationship between adsorption and octanol/water partition coefficient was examined. The 
relationships are plotted in Fig. 8. From these results, it can be said that there were clear 
relationships between the pesticide adsorptions and Kow in adsorption onto some sediments, 
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Fig. 8. Recoveries of pesticides tested for Kuroboku soil, Akahoya ash and Limonite. 

especially in case of Kuroboku soil which showed highest adsorptions. The ratio of 
adsorption increased with increase in Kow of pesticide. Similar behaviour can be seen also in 
Ariake Sea Tidal flat sediment. Limonite showed good adsorption property as well as 
Kuroboku and Tidal flat sediment but relationship with Kow was worse compared to those 
sediments. Kuroboku and Tidal flat sediment contained organic matter much and pesticides 
adsorbed onto the organic with hydrophobic interaction. Also carboxyl groups and  
hydroxyl groups helped adsorptions in case of kuroboku and tidal sediments. Main 
adsorption mechanism on Limonite might be different from Kuroboku and tidal sediments. 
One of the factors of sediment adsorption is physical adsorption. Pesticide adsorption onto 
the sediments is relied on how much surface is on the sediment. For the physical 
investigation, superficial areas of sediments were measured and surfaces were observed 
with scanning electron microscopy (SEM). The Akahoya and Limonite had large superficial 
area (~100 m2/g). These sediments showed good efficiency for the adsorption but lower 
than Kuroboku and tidal sediment. It can be said that surface area is important factor but 
content of organic matter is more critical for the pesticide adsorption. Sandstone and 
mudstone, which had small surface area and small organic content, did show only poor 
ability of adsorption. In comparison of Akahoya and Limonite, Limonite was much better 
adsorber compared to Akahoya though both they had good surface area and poor organic 
matter. Main difference between them was in cation exchange capacity; Limonite (145 
mmol/kg) had much higher than Akahoya (24 mmol/kg). It is not sure at this time but 
wetting property was good due to the cation exchange groups and water liquid went in the 
pore of the sediment microstructure well. 
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Fig. 9. Adsorption of pesticides against octanol/water partition coefficient 
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Fig. 10. SEM image of limonite observed at amplitude of x 10,000 

Adsorptions are plotted against pesticide solubility to water as shown in Fig. 11. Adsorption 
decreased with increase in water solubility in cases of Kuroboku, Mudstone and Tidal 
sediments. This indicates that adsorption mechanism was same in those sediments. On the 
other hand, adsorptions of pesticides on Limonite were independent on the solubility. 
Limonite had unique adsorption characteristics for organic compounds. Kah and Brown 
(2007) reported that adsorption of pesticides, especially which had ionic property, was 
dependent of sediment pH. Pateiro-Moure et al. (2009) reported that pesticides adsorption 
was related with organic matter and ferric oxide. It is said that adsorption ability is not 
dependent of only humus in the both reports. Among the sediments tested in this work, 
Limonite adsorbed the pesticides well even though it had only little humus.  

4. Conclusions 
We have developed a simple analytical method for pesticides contained water samples by 
stirring of adsorbent particles in a small beaker followed by supercritical fluid extraction 
and gas chromatography mass spectrometry. This method provides not only labour less 
procedure for the measurement but also use of less organic solvent for green analysis. This 
is suited for screening of samples. The supercritical fluid extraction was also applied to 
analysis of adsorbed pesticides in several kinds of sediments. By combining water and 
sediment analysis both with SFE, adsorption properties of sediments were successfully 
investigated. More hydrophobic (large Kow) pesticides adsorb more strongly to the 
sediments. Humus is important factor in the pesticide adsorption. Kuroboku and Tidal 
sediment contain high humus and adsorb pesticides well. However, Limonite which 
contains less humus adsorbs pesticides in good efficiency as well. This is unique property of 
Limonite probably due to microporous ferric oxide as a good adsorber. 
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Fig. 11. Adsorption property of sediments (difference with sediment humus) 

 
 

 
Fig. 12. Adsorption properties of pesticides plotted against their water solubility 
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1. Introduction  
Pesticides are chemicals used to manage pest organisms in both agricultural and non-
agricultural environments. They include important classes of compounds such as herbicides, 
insecticides, fungicides, and biocides (Table 1). Their dispersion into agricultural environments 
occurs through a variety of methods including air and ground spraying. Relatively few 
pesticide applications are made directly and exclusively to a target pest, and most application 
methods rely on the use of an appreciable quantity of pesticides to the environment so that 
exposure to the pest species reaches effective levels. Estimates for some scenarios indicate that 
less than 0.1% of the applied materials reach the target pest (Pimentel & Levitan, 1986), the 
other important fraction of the discharged pesticide is dispersed in the environment. 
Considering the inherent toxicity and the possible deleterious effects of pesticides, it is of 
paramount importance to study the pathway and behaviour of excess pesticides released into 
the environment. Soils and sediments, also called geosorbents, are important sinks for 
pesticides because of their tremendous quantities and their ability to accumulate, or sorb, large 
amounts of harmful compounds. How long does a pesticide remain in soils or in sediments 
depends on how fast it is volatilized, solubilized or degraded, but also on how strongly it is 
bound by soils or sediment components (Arias-Estevez et al., 2008). 
Increasing amounts of research reveal that sorption is a key process for deciding the ultimate 
transport, persistence, bioactivity, and risk exposition of organisms to pesticides in the 
environment. The extent of sorption is related to structural and chemical characteristics of the 
pesticides (Table 1) that control some environmentally important physicochemical parameters 
such as volatility, water solubility, and octanol-water partition coefficient. Moreover, various 
soil or sediment properties including organic matter content, type and amount of clay content, 
ion exchange capacity and pH also modulate the magnitude of the sorption on geosorbents. A 
way to describe the subtle interactions of pesticides with natural geosorbents is to discuss their 
compositions and the interactions involved in the sorption process and the key equations that 
describe the sorption in an environmental perspective. The main objective of this brief review 
is to examine the processes of sorption on natural solids, the geosorbents, which strongly 
determine the persistence, mobility and bioavailability of pesticides in the environment.  

2. Sorption phenomenology and terminology   
The estimate concentration of atoms or molecules at the surface of condensed phases, solid 
or liquid, is on the order of 1015 molecules/cm2 (Somorjai & Li, 2010). When a molecule or an 
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ion approaches any surfaces, it encounters many attractive forces that eventually will cause 
its physical adherence or its bonding to the surface of condensed phase. This process in 
which molecules or ions become associated with solid phases is generally called sorption. 
Therefore, sorption is a generic term that designates all the relevant processes, which are 
involved when a pesticide comes into contact with solid matrices, without reference to a 
specific mechanism. The surface of the material where the sorption occurs is called substrate 
or sorbent and the chemical that interacts with the sorbent is the sorbate. 
 

Chemical characteristics Examples Effects 

Ionic   
Cationic Diquat, paraquat Herbicide 
Basic  Atrazine, simazine  Herbicide 
Acidic Dicamba, MCPA,  Herbicide 
Miscelleneous Bromacil Herbicide 

   
Nonionic   

Chlorinated hydrocarbons Lindane, DDT, Toxaphene Insecticide 
Organophosphorous Methyl parathion, diazinon Insecticide, fungicide 
Dinitroanilides Trifluralin, oryzalin Herbicide 
Carbanilates Chlorpropham, barban Herbicide 
Benzonitriles Dichlobenil Herbicide 
Acetamides Allidochlor Herbicide 
Carbothioates Molinate Herbicide 
Thiocarbamates Triallate, cycloate Herbicide, fungicide 

Anilides Alachlor,propanil Herbicide, fungicide 
Ureas Linuron, diuron Herbicide, algicide 
Methylcarbamates Carbaryl, terbutol Insecticide 

   

Table 1. Classification of pesticides according to chemical properties (modified from Gevao 
et al., 2000) 

In the environment, the natural sorbents, called geosorbents, are soils, aquifer solids, 
suspended particulate matter or sediments. Geosorbents, shown in Figure 1, are very 
heterogeneous at various particle, aggregate and sample scales which vary temporally as 
well as spatially (Luthy et al., 1997, Bronick & Lal, 2005, Ehlers & Loibner, 2006). If the 
process of sorption occurs onto a two-dimensional surface it is called adsorption. It is 
always an exothermic process where geosorbent-adsorbate bonds (see section 4) are usually 
stronger than the bonds between adsorbed chemicals (Somorjai & Li, 2010). Those 
interactions conduct to the formation of a layer of adsorbate retained at the surface of the 
geosorbent where it is difficult to remove the sorbate. If the molecule, instead of residing at 
the surface of the geosorbent, penetrates into the three-dimensional matrix or into the pores 
in the solid, the process is called absorption.  
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3. Geosorbent composition 
Structural and molecular compositions of geosorbents have a direct control on the sorption 
and retention of pesticides. As shown in Figure 1, geosorbents are primary formed by a 
complex assemblage of inorganic minerals and natural organic matter. These two types of 
material are free or associated to form macro- and microaggregates with size distribution 
and inter- and intra-aggregate pore continuity (Luthy et al., 1997, Six et al., 2004, Bronick & 
Lal, 2005, Jasinka et al., 2006, Kögel-Knabner et al., 2008). The macropores (pore size larger 
than 50 nm), mesopores (pore size between 2 and 50 nm) and micropores (pore size smaller 
than 2 nm) limit more or less the advective and diffusive transport of the contaminant into 
the geosorbents. The transport of pollutants at the surface of a geosorbent or inside its  core 
allows them to reach potential sorption domains or sites of the most reactive surfaces. The 
pores increase the surface where pesticides can interact with the geosorbents. For pesticides 
with low polarity and slight solubility in water, e.i. in the mg liter-1 range or less, organic 
matter surface of the geosorbent is the principal domain where sorption occurs (Wauchope 
et al., 2002). However, when organic carbon content of the geosorbent becomes relatively 
low (<0.1 %,) other reactive surfaces can favor the sorption of pesticides (Wauchope et al., 
2002, Ehlers & Loibner, 2006, Kah & Brown, 2006). Among the inorganic surfaces present in 
the geosorbents, the clay minerals and sesquioxides (oxides, hydroxides and oxyhydroxides 
of Al and Fe) have been reported to significantly contribute to the sorption of pesticides 
(Luthy et al., 1997, Wauchope et al., 2002, Ehlers & Loibner, 2006, Kah & Brown, 2006). 
Therefore, the sorption capacity of a geosorbent for pesticides is dependant of the clay 
minerals, Fe- and Al-oxide contents as well as organic matter content and its composition.  
 

 
Fig. 1. Simple schematic of a geosorbent particule aggregate showing inorganic and organic 
materials and different porosities. 

4. Interactions between chemicals and geosorbents 
The type of interaction between a chemical and a geosorbent reactive surface depends on 
the nature of the organic and inorganic matter as well as chemical moieties present in the 
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chemical. Weber et al. (1991) summarize the interactions in three categories: physical, 
chemical and electrostatic. The physical sorption invokes weak van der Waals interactions 
and entropy changes. Chemical interactions include hydrogen bonds and covalent bonds, 
whereas electrostatic interactions involve ion-ion and ion-dipole forces. However, during 
recent years our qualitative understanding of the mechanisms explaining the retention of 
nonpolar organic compounds and pesticides onto organic matter and clays has been 
considerably refined (Senesi, 1992, Pignatello & Xing, 1996, Luthy et al., 1997, Gevao et al., 
2000, Cornelissen et al., 2005, Lagaly, 2001, Huang et al., 2003, Calvet et al., 2005, Kah & 
Brown, 2006, Cornejo et al., 2008, Keiluweit & Kleber, 2009). The interactions responsible for 
the retention of pesticides on geosorbents are briefly summarized here. 
Weak van der Waals attractions between sorbate and geosorbent molecules are mediated by 
permanent or induced electric dipoles present in the chemicals when molecules come as 
close as possible together. These slight dispersive interactions (London, Debye and Keesom 
forces) are short-range attractions but are present in the sorption processes of all chemical 
compounds. Moreover, for nonionic pesticides, these forces play a master role in the 
sorption mechanism and they are often greatly amplified in voluminous nonpolar 
hydrophobic molecules which are easily polarizable. They can also play a very important 
role when many molecules in a supramolecular structure like humic aggregates interact 
simultaneously (Sposito, 2008). This mechanism have been proposed to contribute to the 
sorption of many pesticides such as atrazine (Barriuso et al., 1994, Konstantinou & Albanis, 
2000), imazethapyr (Senesi et al., 1997), fluridone (Weber et al., 1986), methomyl (Yang et al., 
2005), isoproturon (Worrall et al., 1996), carbaryl and parathion (Lenheer & Aldrichs, 1971), 
simazine (Celis et al., 1997), methamidophos (Yu & Zhou, 2005), and 2,4-
dichlorophenoxyacetic acid (Calvet, 1989).  
Hydrophobic interactions are not a two-body interaction like the van der Waals interactions. 
They are rather a thermodynamic force which tends to minimize the interfacial area 
between hydrophobic solutes and a hydrophilic solvent (Somorjai & Li, 2010). Pesticides 
molecules are often made from hydrophobic moieties. If these moieties can approach close 
to the organic surface of the geosorbents, some attractive interactions will develop near the 
surface. These interactions occur from enthalpy and entropy changes associated with water-
water, nonionic compound-water, and geosorbent-water interactions, as well as from van 
der Waals forces between nonpolar moieties of the chemical and some sorption sites in the 
geosorbent (Chiou et al., 1979, Karickhoff, 1984, Lagaly, 2001, Keiluweit & Kleber, 2009, 
Schwarzenbach et al., 1993). Active sites on geosorbents include aliphatic side chains or lipid 
portions and lignin-derived aromatic moieties present in humic substances (Senesi, 1992, 
Chefetz & Xing, 2009, Mao et al., 2007). Humic substances are the most important class of 
molecules present in the natural organic matter (Thurman, 1985, Senesi, 1992, Tremblay & 
Gagné, 2009). Hydrophobic interactions are proposed as an important mechanism for the 
sorption of many pesticides such as DDT, endrin and other organochlorine pesticides 
(Lenheer & Aldrichs, 1971, Peng et al., 2009), atrazine and simazine (Herwig et al., 2001), 2,4-
dichlorophenoxyacetic acid  and triclopyr (Johnson et al., 1995), imazaquin (Ferreira et al., 
2002), carbaryl (de Oliviera et al., 2005), pentachlorophenol (Lee et al., 1990), primisulfuron 
(Ukrainczyk & Ajwa, 1996), prometryn (Khan, 1982), s-triazine herbicides (Celis et al., 1997) 
and imidacloprid (Liu et al., 2006). 
The presence of numerous polar oxygen and hydroxyl–containing groups in pesticides, 
humic substances or clays gives rise to the formation of hydrogen bonds between electron-
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withdrawing atoms (F, Cl, N and O) and electropositive hydrogen nucleus of functional 
groups such as –OH, NH, Si-OH or Al-OH. This type of chemical interaction is usually 
stronger than van der Waals interactions. Evidence of hydrogen bonding between pesticides 
and geosorbents are reported for many pesticides such as methomyl (Cox et al., 1993, Yang 
et al., 2005), primisulfuron (Pusino et al., 2004), glyphosate (Vereecken, 2005), 2,4-
dichlorophenoxyacetic acid (Hyun & Lee, 2005), and atrazine (Martin-Neto et al., 1994, 
Kovaios et al., 2006, Lima et al., 2010). 
A charge-transfer complex or electron-donor-acceptor (EDA) complex is an association of two 
or more molecules, or of different parts of one very large molecule, in which a fraction of 
electronic charge is transferred between the molecular entities (Anonymous, 2010). The 
electrostatic interaction supplies the stabilizing force for the formation of a molecular complex. 
The source molecules from which the charge are transferred are called the electron donors and 
the receiving species are called the electron acceptors. In the case of aromatic systems, electron-
rich aromatic π−systems can act as π-donors, and electron-deficient π-systems as π-acceptors. 
As a consequence of the charge associated with π-systems, EDA interactions occur between 
both π-donors and π-acceptors with entities possessing the complementary property (electron-
deficient or electron-rich, respectively). These entities include polarized and charged mineral 
surface sites, functional groups, and aromatic π-systems (Keiluweit & Kleber, 2009). The 
presence in humic substances of both electron rich moieties, such as diphenols, and electron-
deficient structures, such as quinines, suggests the possible formation of π−π EDA charge 
transfer complexes with pesticides. Pesticides can act as electron donors (amine and/or 
heterocyclic nitrogen atom of the s-triazines, pyridines, imidazoles) or electron acceptors (e.g. 
deactivated bypyridilium ring of atrazine) (Senesi, 1992). An EDA mechanism between 
atrazine and soil organic matter has been postulated but the mechanisms are still a controversy 
(Martin-Neto et al., 1994, Welhouse & Bleam, 1993, Martin-Neto et al., 2001, Celano et al., 
2008). EDA interactions between aromatic ring in trifluralin and soils aromatics seem possible 
but are likely to be weak (Shirzadi et al., 2008).  
Adsorption by a ligand-exchange mechanism involves the replacement, by suitable 
adsorbent molecules such as s-triazines and anionic pesticides, of hydration water or other 
relatively weak ligands that partially hold polyvalent cations associated to soil organic 
matter or hydrous oxide surface (Senesi, 1992). The substitution may be facilitated by an 
entropy change, if an adsorbate molecule succeeds in replacing several water molecules 
associated with one or several complexed metal ion(s) (Gevao et al., 2000). As reviewed by 
Ainsworth et al. (1993), a two-step reaction mechanism is possible for ligand exchange at 
oxide surfaces. The first reaction involves the rapid formation of an ion-pair complex on the 
protonated surface site (outer-sphere complex), and the second reaction, rate limiting, 
involves the breaking and forming of bonds (Zhang & Sparks, 1989) and results in the 
formation of an inner-sphere complex that may be bidentate or binuclear (Ainsworth et al., 
1993). The ligand-exchange mechanism is involved in the retention of many organic acids to 
oxide surfaces: for example an organic functional group, such as carboxylate or hydroxyl, 
displaces a surface coordinated —OH or water molecule of a metal ion (Fe, Al) at the surface 
of a soil mineral. The ligand exchange mechanism is proposed as a mechanism of retention 
of pesticide on geosorbents for clofenset (Dubus et al., 2001), 2,4-dichlorophenoxyacetic acid 
(Hiradate et al., 2007), azimsulfuron (Pinna et al., 2004, Kah & Brown, 2006), 
pentachlorophenol (Hyun et al,. 2003) and for zwitterionic compounds such as imazaquin 
on highly weathered tropical soils (Regitano et al., 2000). 
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Pesticides sorbed by ion exchange or ionic bonding exist as cations or anions in solution or 
are pesticides that can be protonated or dissociated under current pH conditions in the 
environment. The ion exchange process occurs when an ionized pesticide in solution is 
exchanged for a similarly charged ion attached to an opposite charge, which is itself bonded 
to geosorbents (similar to ion exchange chromatography). It must be emphasized that ionic 
interactions between pesticides and geosorbents are always accompanied by van der Waals 
interactions and usually, also with polar interactions. However, electrostatic interactions 
between opposite charges are stronger than other attractions and they dominate the 
interactions with the geosorbents.  
Geosorbents present good surfaces for ion exchange processes with pesticides. Under 
temperate regions, the predominant minerals in the clay fraction of the soils are 
aluminosilicates in form of sandwiches of tetrahedral and octahedral sheet structures 
bearing negative charges (Sposito, 1989, Cornejo et al., 2008). These charges are 
compensated by exchangeable hydrated inorganic cations. Pesticides, in a cationic form, 
such as chlordimeform, diquat, paraquat and difenzoquat can substitute to inorganic cations 
at the clay mineral geosorbent surface by cation-exchange processes (Weber & Weed, 1968, 
Rytwo et al., 2004). Cation exchange is also relevant for triazines (Sannino et al., 1999, 
Herwig et al., 2001) even though their pKa is lower than the pH of common soils (Kah & 
Brown, 2006). Sannino et al. (1999) studying the interaction of pesticides with Al(OH)x clay 
complexes have suggested that simazine molecules arrive at support interfaces mostly as 
molecular species. Then, the molecules dissociated as cations by the microenvironmental pH 
are eventually adsorbed by cation exchange. Cation exchange can also occur between the 
protonated triazines or the positively charged bipyridylium compounds (e.g.,diquat or 
paraquat) and the negatively charged sites of humic substances (carboxylate, phenolate 
groups) (Senesi et al., 1995). However, not all negative sites on the organic matter are available 
to bind with large organic cations, some steric hindrance factor could occur. For instance, the 
higher reactivity of simazine relative to atrazine and prometryn may be related to the smaller 
steric hindrance of the reactive N–H group of the former herbicide (Senesi, 1992). 
Adsorption of pesticide anions via anion exchange is an unfavorable process under 
temperate climates where clays and soil organic matter are generally either noncharged or 
negatively charged (EPA, 1999). Moreover, direct sorption involving the few positive 
charges at the edge of sheets in clays or protonated amine groups within the organic 
matter is an insignificant mechanism for weak acids (Stevenson, 1972, Kah & Brown, 2006, 
Cornejo et al., 2008). Under tropical and subtropical regions, the hydrated oxides of iron 
and aluminum are largely present bearing positive charges (EPA, 1999, Hillel, 2004, 
Sposito, 1989) where anion exchange is likely to occur at the surface of geosorbents. Anion 
exchange was implicated in the adsorption of the dissociated form of chlorsulfuron (Shea, 
1986), 2,4-dichlorophenoxyacetic acid (Dubus et al., 2001, Watson et al., 1973), mecoprop 
and bentazone (Clausen et al., 2001), and clofenset (Dubus et al., 2001). Because anion 
exchange is affected by the presence of other anions, Hyun et al. (2003) suggest that 
sorption of acidic pesticides could be better predicted by considering the electrolyte 
composition. 

5. Quantitative description of the sorption  
Following Azizian (2004), to properly understand the sorption process, we must appreciate 
two fundamental aspects: equilibria and kinetics. Equilibria deal with thermodynamic data 
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that only provide quantitative information about the difference between the initial and final 
states of a system. In contrast, kinetics deals with changes in chemical properties in time and 
is concerned especially with rates of changes (Azizian, 2004). The sorption kinetics is of 
interest for many aspects of pesticides chemistry. It allows exploring adsorption 
/desorption mechanisms, the removal of pesticides from solutions by natural or synthetic 
geosorbents or the mobility of pesticides in soil columns.  
Ho et al. (2000) and Plazinski et al. (2009) have suggested that the sorption process affecting 
any pollutants can be described by four consecutive steps. Adapted to pesticides these steps 
are: (i) transport of the pesticide in the bulk of the solution; (ii) diffusion of the pesticide 
across the liquid film surrounding the geosorbent particles; (iii) diffusion of pesticide in the 
liquid contained in the pores of geosorbents and along the pore walls (intraparticle 
diffusion); and (iv) adsorption and desorption of pesticide molecule on and from geosorbent 
surfaces or sorption domains. One of the previous steps or any combination of these four 
steps may be the rate limiting factor that controls the overall sorption rate. Thus, the 
sorption of pesticides could be under the control of physical processes (transport and 
diffusion of the pesticide to the liquid/solid interface or dependent on the intensity of the 
van der Waals forces) or could be under some chemical controls (strong chemical 
interactions). Even if in many experimental sorption systems a rapid mechanical mixing 
eliminates the effect of transport in the solution so that it does not become rate limiting, it is 
difficult to quantitatively determine the contribution of the other steps in the sorption 
process.  
We have discussed the nature of the interactions responsible for the sorption or retention of 
pesticides onto geosorbents. However, currently, there are no direct observational data 
revealing the molecular-scale location in which pollutant molecules accumulate when 
associated with geosorbents (Luthy et al., 1997). Then, macroscopic observations are 
mandatory to make inferences about the sorption mechanisms. Luthy et al. (1997) reviewed 
the sequestration of hydrophobic organic contaminants by geosorbents. Considering the 
kinetics of sorption (fast or slow), the isotherm form (linear or not), the activation energy 
and the heat of sorption, the competition for sorption domain, the steric hindrance 
associated to sorbate and the solvent extractability, they proposed to group sorption data 
into five qualitative cases that may be useful to assess sorption mechanism of nonpolar 
organic compounds. These cases are : i) absorption into amorphous or “soft” natural organic 
matter or entrapped nonaquous-phase liquids (solvents, oils and tars); ii) absorption into 
condensed or “hard” organic polymeric matter or combustion residues (e.g. soot); iii) 
adsorption onto water-wet organic surfaces (e.g. soot); iv) adsorption to exposed water-wet 
mineral surfaces (e.g. quartz); and v) adsorption into microvoids or microporous minerals 
(e.g. Zeolites) with porous surfaces at water saturation <100%. Although useful to discuss 
the sorption, this classification is limited to hydrophobic pesticides and does not cover all 
the pesticides. Moreover, this categorization is only qualitative.  
The interactions of pesticides with a geosorbent are a very complex process where different 
forces and interactions are involved for various periods of time. Moreover, climatic factors 
such as temperature, sunlight, and rainfall/run-off as well as biotic factors such as microbial 
degradation of pesticides affect local conditions where sorption occurs. Therefore it is 
difficult to isolate and to quantify a specific mechanism of sorption because of the myriad of 
variables and the variety of processes that are likely to contribute or to trigger the sorption 
at the molecular scale in the environment. Thus, to know the magnitude of the sorption of a 
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pesticide in a soil we must use an empirical approach. Under laboratory controlled 
conditions it is possible to estimate the extent of all the interactions committed in the 
sorption or desorption process by the measurement of a sorption coefficient, KSd, or a 
desorption coefficient, KDd. These sorption coefficients are specific to a pesticide/geosorbent 
system and are useful for comparative and modeling purposes. 
Delle Site (2001) identified and reviewed fifteen experimental methods and seven prediction 
methods for the determination and estimation of the sorption coefficients of organic 
compounds in natural sorbent/water systems. The most common method to study the 
sorption/desorption process is however the batch equilibrium method (EPA, 1999, OECD, 
2000, Wauchope et al., 2002). In this method, a known mass of geosorbent (soil, sediment or 
suspended matter) is introduced into a vial (a batch reactor) and is conditioned in a known 
volume of appropriate liquid matrix (distilled water or water containing electrolytes (NaCl, 
CaCl2, or sea salts)). A known volume of solution (in the appropriate matrix) of the pesticide 
at known concentration is added to the slurry. A minimum headspace is left to avoid losses 
of solute in vapour phase. The vial is then mixed gently for a specified period of time 
suitable to reach equilibrium, typically from 2 to 48h, 24h being usual (Wauchope et al., 
2002). At the end of the agitation period, the solid is separated from the solution and the 
concentration of the pesticide remaining in solution is measured. The amount of pesticide 
sorbed on the geosorbent sample is obtained by the difference between the amount of 
pesticide, introduce in the batch reactor and the amount remaining in the solution at the end 
of experiment. The amount of sorbed substance can also be measured by the direct 
extraction of the geosorbent. This procedure is however more tedious than analysing the 
aqueous phase. Desorption studies could also be operated after the adsorption step. In the 
desorption assay, a specific volume of supernatant is removed for analysis, and is replaced 
by the same volume of the appropriate liquid matrix.  The sample is shaken, centrifuged and 
the supernatant analyzed to complete the first cycle.  At least two further decant/refill 
desorption cycles should be completed to generate acceptable desorption data (Bowman, 
1979, Agriculture Canada, 1987, OECD, 2000). 
Batch sorption measurements present few disadvantage (Delle Site, 2001, EPA, 1999, 
Strandberg & Fortkamp, 2005, Soubaneh et al., 2008). Losses of chemicals by volatilization 
and by biological or chemical degradation are possible, and the length of the experiment 
could be insufficient to reach equilibrium; also the complete separation between geosorbent 
and the water phase is difficult. Another important point reported for selected inorganic 
substances (EPA, 2004) is that a batch sorption test does not necessarily reproduce the 
chemical reaction conditions that take place in the real environment. For instance, in a soil 
column, water percolates through it at a finite rate and both reaction time and degree of 
mixing between water and soil can be much less than those occurring in a laboratory batch 
test. Consequently, KSd, values obtained from batch experiments can be different than those 
in a real system. Another disadvantage is that they do not accurately simulate desorption of 
the contaminants from a contaminated soil because it is often hypothesized that sorption 
and desorption reactions are reversible and KSd and KDd values are the same (EPA, 2004).  
This assumption is contrary to many observations that show that the sorption/desorption 
equilibrium may not be fully reversible, a phenomenon called hysteresis (Delle Site, 2001 
and references therein, Wauchope et al., 2002). 
Even though the drawbacks of the batch sorption technique are multiple, the method 
presents numerous advantages (Strandberg & Fortkamp, 2005). The assay is inexpensive, 
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there is no requirement for complex or extra equipment in the lab, the methodology is quite 
simple and the tests can be done in few days. Therefore, it allows studying the sorption of 
harmful substances under a wide variety of environmental conditions relatively quickly. 
Last but not least, this method is so commonly used that it facilitates the comparison with 
results from other studies.  

6. Sorption equilibrium models  
The equilibrium exchange of pesticides between the aqueous phase and a geosorbent, such 
as soils, aquifer solids, suspended particulate matter or sediments, is quantified by the 
geosorbent/solution sorption distribution coefficient, KSd, which is defined as the ratio 
between the concentration of the pesticide in the geosorbent phase (Cs) and its concentration 
in the solution (Ce). As shown in equation 1, the sorption distribution coefficient 
corresponds also to the ratio of the amount of pesticide (Qs) fixed on the solid phase (M) to 
the amount of pesticide freely dissolved (Qe) in the volume of aqueous phase (V).  

 s s s
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In many cases, the sorption distribution coefficient of non-polar pesticides and the fraction 
(%) of organic carbon content (foc) in geosorbents are correlated (Weber et al., 2000, 
Wauchope et al., 2002). This correlation means that pesticides have a preferential affinity to 
bind with organic matter instead of minerals present in the geosorbents. Thus, a carbon-
normalised sorption coefficient, Koc, allows comparison among pesticide sorption affinities 
for geosorbents with different amount of organic matter. The Koc parameter can be 
calculated from equation 2. Koc values are universally used as a measure of the relative  
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potential mobility of hydrophobic pesticides in soils (Wauchope et al., 2002). High values of 
Koc suggest that pesticides could be considered as immobile in soils or sediments (McCall et 
al., 1980) and the low values caution a high leaching risk.  
It seems easy to measure KSd from equation 1. In fact, the determination of the quantity of 
pesticide in the aqueous or solid phase of batch sorption experiments may be associated with 
difficulties if the pesticide is liquid-liquid extracted with an organic solvent. For instance, 
pesticide can be lost during the evaporation treatments used to concentrate the analyte. In 
addition, loss of pesticide may also occur by its adsorption onto the glass walls, stir bar or 
Teflon caps of the material used. This phenomenon is expected since many other nonpolar 
organic compounds in aqueous solutions have strong affinities for glass and Teflon-coating 
parts (Baltussen et al., 1999; Ackerman & Hurtubise, 2000). Loss of pesticide may also happen 
by degradation in the reactor as reported for few toxaphene congeners (Lacayor et al., 2004). 
As clearly shown by Soubaneh et al. (2008), the evaluation and correction of these potential 
losses will improve the determination of the distribution coefficient values.  
It is important to recall that empirical Kd measured in the batch sorption experiments 
represent an integration of all sorptive processes occurring in the batch sorption reactor as 
illustrated in Figure 2, where the toxaphene pesticide is used as a model compound. In the  
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Fig. 2. Possible interactions of toxaphene pesticide with geosorbents. a) sorption of 
toxaphene on mineral surface (KTOX-MM); b) sorption of toxaphene on particulate organic 
matter surface (KTOX-POM); c) interactions of toxaphene with dissolved organic matter (KTOX-

DOM); d) sorption of toxaphene on natural geosorbent. 
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reactor, the mixing of the toxaphene with a geosorbant is done until equilibrium is reached 
(Fig 2d). This equilibrium is complex since competitive equilibria occur between the 
pesticide and mineral phases (Fig 2a), the pesticide and the particulate organic material (Fig 
2 b) and the pesticide with the dissolved organic matter (Fig 2c) present in the environment 
of the geosorbent. Moreover, the pesticide-dissolved organic matter complex can sorb to the 
geosorbant (to organic and mineral phases). Each of these equilibria possesses its own 
distribution coefficient identified by KTOX-MM, KTOX-POM, KTOX-DOM, KTOX-DOM-POM and KTOX-

DOM-MM (not shown) in Figure 2. In practice, the equilibrium between dissolved organic 
matter and the pesticide is difficult to quantify and need further studies. However a 
correction for this effect is frequently neglected in the evaluation of Kd. Nevertheless, in 
equation 1, Ce refers to the concentration of the freely dissolved molecules of pesticide 
rather than to the total concentration in the soil solution, which might contain fractions that 
are sorbed to colloidal particles or to dissolved organic matter. Spark and Swift (2002) have 
suggested that dissolved organic matter have a negligible effect on the sorption characteristic 
of atrazine, isoproturon and 2,4-dichlorophenoxyacetic acid.  However, if a soil solution 
contains high concentrations of dissolved organic matter there is a possibility that the 
dissolved organic might facilitate the transport of pesticides through the soils.  
A batch sorption experiment gives a sorption coefficient that is only valid for a particular 
geosorbent and for the aqueous conditions of the experiment (pesticide concentration, 
solution matrix, temperature). Thus, the constant KSd does not address the sensitivity of the 
sorption to changing conditions that occur in environment. More useful is a series of batch 
sorption experiments done at multiple concentrations. The results of these assays permit the 
generation of sorption isotherms from which the dependence of KSd on Ce can be 
determined.  OECD (2000) has suggested using five concentrations covering preferably two 
orders of magnitude to construct isotherms. Weber et al. (2000) suggested that 
concentrations used to construct sorption isotherms may range from 0.1 to 100 nmol mL-1.   
Several sorption models have been developed to describe, quantify and explain the sorptive 
process of pesticides on geosorbents. The simplest one is the linear model depicted by the 
equation 3 used to formulate sorption/desorption isotherms. This equation is simply the 
equation 1 reformulated to incorporate KS,Dd, the sorption or desorption coefficient. 

 S,D
S d eC =K C  (3) 

This linear model is adequate if the sorption sites are of the same nature and in great 
amount to accommodate the chemical as the concentration increases. As shown in Figures 1 
and 2, the heterogeneity of the geosorbents is real and deviations from the linear sorption 
model are predictable and are effectively observed for pesticides (Delle Site 2001, Wauchope 
et al., 2002). Two other sorption isotherm models, the Freundlich and Langmuir models, are 
frequently used when the amount of contaminant retained by the geosorbent is abundant 
enough to impact the linear sorption.  
The Freundlich isotherm is given by equation 4 which can be transformed to a linear 
equation by making a log-log transformation of the data. In the equation, Kf is the 
Freundlich sorption coefficient, n is a linearity parameter and Cs and Ce are as described  

 n
S f e S f eC  = K C     or    logC  = logK  + nlogC   (4)  

previously. When log Cs is plotted against log Ce, the best-fit straight line has log Kf as its 
intercept and a slope of n, an indicator of site energy heterogeneity of the geosorbents. The 
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values of n are generally comprised between 0.7 and 1.2 (von Oepen et al., 1991, Wauchope 
et al., 2002). Value of n = 1 occurs when all the sorption domains behave in a similar way. 
When n= 1, Kf is equivalent to Kd irrespectively of the concentration Ce and the system 
performs like the linear  model. If n ≠ 1, Kf and Kd cannot be compared because each 
constant has its own unit that are different.  
Sorption isotherm data could also be fitted to the Langmuir model given by equation 5, with 
the assumption that geosorbents have a finite number of sorption sites of uniform energy.  

 s,max L e
S

L e

C K C
C  = 

1+K C
 (5) 

In equation 5, Cs,max designates the maximal sorption capacity and KL is the Langmuir 
sorption coefficient related to the energy of sorption. Cs and Ce have the same meaning as 
previously. Please note that if  KLCe is high (e.g., at relatively high Ce), Cs approaches Cs,max, 
and gives the maximum sorbate capacity of the geosorbent while, for sufficiently small 
values of Ce (KLCe near zero), Cs is linearly related to Ce and Cs,maxKL equals Kd the sorption 
coefficient. 
The examination of the form of the isotherm curves for sorption and desorption for the same 
chemical in a pesticide/geosorbent system is interesting. Under apparent equilibrium 
conditions, different curves can be obtained for sorption and desorption. In this 
phenomenon, called hystereris, the distribution coefficient KDd for desorption can be greater 
than the KSd measured for the sorption at a constant Ce concentration (Huang et al, 2003). 
Experimental artifacts in the desorption experiment may result in the hysteresis (Bowman & 
Sans, 1985, Huang et al., 1998, Delle Siete, 2001, Calvet et al., 2005). Huang et al. (1998) have 
suggested, under rigorously controlled experiments, to characterize this hysteresis 
phenomenon by an hysteresis index defined in equation 6 where S

sC  and D
sC  are the 

sediment sorbate concentrations for the sorption and single-cycle desorption experiments, 
respectively. Parameters T and Ce refer to the conditions of constant temperature and 
constant aqueous phase concentration.  

 ( )
D S
s s

S
s T,Ce

C CHysteresis Index HI  
C
−

=  (6) 

The higher the value of HI is, the stronger the sediment will sequestrate the chemical. A zero 
HI value indicates that the hysteresis is insignificant and the sorption is reversible. 

7. Conclusion 
It is of paramount importance to understand the behaviour and fate of excess pesticides 
released into the environment which is strongly influenced by the interactions between the 
pesticides and natural solids called geosorbents. The chemical composition of the pesticides 
and the physical and chemical complexities of the geosorbents modulate the diversity and 
the intensities of interactions between the pesticides and geosorbents resulting in various 
destinies for pesticides in the fields. Even though our understanding of the 
pesticide/geosorbent interactions is mostly qualitative, and that it is difficult to examine the 
sorption processes at the molecular scale, we have some simple experimental approaches to 
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quantitatively characterize the sorption phenomenon. The simple batch sorption experiment 
allows the measurement of a sorption distribution coefficient under near realistic field 
conditions at a specific concentration of pesticide. However, this datum is of limited interest 
considering its high specificity. For non-polar pesticides, if the coefficient is normalized for 
the organic content of the geosorbent, this allows discriminating the affinities of pesticides 
for various soils or sediments and can be used to evaluate the potential mobility of 
pesticides in the environment. Batch sorption experiments at different concentrations of a 
given pesticide provide isotherm curves that are more realistic of the variation in the 
distribution coefficients in the fields. Close examination of the sorption and desorption 
isotherms permits some insights into the mechanism of sorption and can also provide a 
useful hysteresis index to discuss the reversibility of the sorption and the persistence of the 
pesticides in the environment. 
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1. Introduction 
Pesticides can produce waste problems when disposing off the surplus from usage, 
containers and other residues, but also during the production and distribution. Obsolete 
pesticides such as the chlorinated γ-HCH (lindane) and DDT have created huge problems 
also because the use of toxic raw materials, such as chlorophenols and dioxins, and the 
production of hazardous and useless by-products form the production, such as e.g. α- and 
β- HCH that constitutes about 85% of the production output. The cleanup of production 
sites and dumps has created major problems -  the work is almost completed in Western 
Europe - but many locations remain polluted, especially in Central- and Eastern Europe, and 
possibly  also in other sites around the globe. Sites polluted with obsolete pesticides are 
mainly threatening rural areas. According to the World Health Organization (WHO) half of 
the deaths due to cancer in 2050 will be caused by polluted food, soil, water and 
environment, mainly from pesticides. The economical burden will also be heavy. The scale 
of the problem with obsolete pesticides is estimated to more than 250 000 tons of pesticides 
in Easter Europe and Central Asia (Vijgen & Egenhofer, 2009).  
Landfilling is the most common waste treatment worldwide. In The European Union (EU) 
several waste directives have improved the quality of the waste going to landfills, both 
containing hazardous waste and ordinary household or municipal solid waste (MSW), but 
as we show here there is a potential for pollution from pesticides both from old and new 
landfills. As outlined in the Waste Framework Directive from the EU pesticides are one of 
the key parameters that needs to be monitored. Based on the results from Norwegian 
investigations on pesticides from greenhouse production an increased focus is put on this 
problem in Europe. 
Large quantities of numerous chemicals have the potential to pollute the waste that is 
landfilled. Annually close to 500 kg is landfilled for each person in the developed world, 
producing on the average more than 30 tons of waste over a lifetime. Before a more 
managed waste disposal started in the nineties many landfills were established and 
scattered almost everywhere, with the risk of polluting the environment and threatening 
human health. Landfills create polluted wastewater, or leachate, ca. 50-200 mm annually in 
dry areas, 400-800 mm on the average, and >1000 mm under wet conditions. The content of 
organic matter in the waste is often the most important factor influencing the quality of the 
leachate, in addition to the local geology, hydrology and climate. Landfills usually create 
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large emissions of organic matter and nitrogen, see Figure 1, measured as chemical oxygen 
demand (COD), biochemical oxygen demand (BOD) and ammonia-nitrogen (NH4-N). 
Nitrogen is usually the parameter with the longest half-life. Also the leachate contains 
suspended solids including organic and inorganic colloids, estimated to more than 12 
kg/day and 2.5 kg/day, respectively, from an average landfill. These particles also have a 
strong potential to erode and transport pesticides from the waste, especially the 
hydrophobic ones with low water solubility and often high toxicity. The COD and BOD 
contain mainly organic acids in leachate from fresh waste. Later the BOD is reduced, and the 
COD will consist mainly of “hard” COD due to non-degradable humic substances. 
Pesticides are labelled as hazardous and are generally not allowed to be landfilled. 
Pesticides that are resisting anaerobic degradation and have a high water solubility and a 
low acid partition coefficient, pKa<7, are expected to be more readily leached from the 
waste. Herbicides generally have a high solubility, in the order of several hundreds or 
thousands of mg/l, fungicides have intermediate solubility, up to a few mg/l, while 
insecticides are usually non-soluble in water, with water solubility less than 10 μg/l. The 
solubility is, however, depending on factors such as the content of dissolved organic carbon, 
e.g. for DDT (Haarstad & Fresvig, 2000). Landfill leachate has high concentrations of 
suspended and soluble organic matter and thus has a potential of transporting relatively 
large amounts of hydrophobic compounds. Leachate is generally anaerobic and 
methanogenic with a high pH, or acidic and low in pH if the waste is fresh, or a combination 
of these. The ecotoxicity of the pesticides are usually inversely related to their solubility, but 
the solubility is often much greater than the ecotoxicological limit value (the predicted no 
effect concentration or PNEC). 
The production and use of pesticides clearly are able to produce waste problems that can 
give environmental and health problems. It is necessary to impose strict regulations both on 
the production, sale, use and waste handling of these compounds, all based on intensive 
monitoring. 
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Fig. 1. Trends in concentrations (mg/l or μg/l) in leachate emissions over a lifetime of a 
landfill. 



Pesticides as a Waste Problem with Examples from Norway   

 

805 

2. Pesticides in ordinary landfills 
There are limited reports on the concentrations of pesticides in MSW leachate. A review 
listed 24 compounds, including 3 metabolites, found in concentrations ranging from 0.025 
to 26 μg/l (chlorprofam) - most of the findings were however from one sampling 
(Kjeldsen et al., 2008). Another study found phenoxy acids in concentrations up to 65 μg/l 
in leachate-contaminated ground water (Tuxen et al., 2003). A report showed the 
occurrence of mecoprop and isoproturon in UK leachates, of which the former was readily 
removed by aerobic treatment (Robinson & Barr, 1999). In a study pesticides were 
analyzed in 28 grab samples of untreated and 12 samples of treated leachate from eight 
municipal solid waste (MSW) landfills, over a period of 10 years, with the purpose to 
screen for compounds and to evaluate the removal in different treatment systems 
(Haarstad & Mæhlum, 2008). Also 1 grab sample of leachate sediments is included. The 
most frequently detected group of compounds are the phenoxy acids, and they also occur 
in highest concentrations, up to 230 μg/l for mecoprop, in this study. Also three fungicides 
and one insecticide were detected, but in much lower concentrations. All samples exceeded 
the maximum limit value (MLV) for the sum concentration of pesticides in drinking water 
(0.5 μg/l), and six compounds exceeded the PNEC. Reverse osmosis showed good removal 
of phenoxy acids, while sequential batch reactor aerobic treatment, as well as aerated 
lagoons in combination with wetlands, groundwater infiltration and reactor treatment 
showed slightly lower removal. 
Table 1 shows that most pesticides are detected in leachate treated in wetlands, mostly with 
pre-areation (Haarstad & Mæhlum, 2008), where the concentrations can reach 50 ppb for the 
most water soluble compounds. A total of 13 compounds were detected. 
 

 Reverse osmosis Aeration/wetlands SBR 

Pesticides in 
treated leachate phenoxy acids phenoxy acids phenoxy acids 

  chlorfenvinphos  

  isoptroutron  

  azoxystrobin  

  clopyralid  

  mecoprop  

Concentrations (μg/l) 0.01-0.08 0.16-50 0.03-1.1 

 
Table 1. Pesticides detected in MSW leachate (from Haarstad & Mæhlum, 2008). 
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3. Pesticides in green waste from agriculture 
Pesticides in agricultural waste products are also a problem. A landfill consisting mainly 
of organic waste from a tree nursery and containing an estimated 900 kg of DDT has been 
monitored since 1994. Downstream ground water was sampled from four wells. More 
than 10 years of monitoring of two of the wells is presented in Table 2, in addition to 
sampling of the waste. A total of seven pesticides were detected in the ground water 
(Haarstad, 2008). In addition to DDT, there were two other insecticides and four 
fungicides occurring in the ground water downstream of the landfill. The maximum 
concentration of pesticides was 3.76 μg/L of which 2.70 μg/L was permethrin in October 
2000. The maximum concentration of DDT in the ground water was 0.52 μg/L, indicating 
that the leachate DDT concentrations probably exceed the water solubility of the 
compound. The investigation shows that the practice of establishing local landfills of 
waste from nurseries is environmentally unsafe. In 2002, the landfill was covered with 
clayey soil and vegetated. It seems that this has stabilized the pesticide concentrations in 
the ground water and removed the occurrence of extreme values. However, the vegetated 
soil layer has not been able to prevent the leakage of pesticides to the ground water, still 
present 5 years later. 
 

 Well P2 Well P3 

Sampling date Σ* D F P L PE I T Σ D L P PE F 

04.11.1994         0.12 0.12     

10.04.1995         0.15 0.15     

16.04.1996         0.07 0.07     

27.05.1998 0.32  0.07 0.25   0  0.3 0.22 0.08    

01.12.1998 0.28  0.15    0.13  0.89 0.47 0.33   0.09 

11.08.1999         0.34 0 0.34    

10.12.1999 0.14   0.14     0.07 0.07     

16.10.2000 0.77  0.16   0.61   3.76 0.52 0.54  2.7  

26.11.2001 0.25 0.1 0.06 0.06 0.03    0.63 0.14 0.47   0.02 

26.05.2003 0.14 0.03 0.11      0.76 0.11 0.65    

03.10.2003         0.94 0.08 0.86    

05.11.2004 0.11  0.02 0.09     0.27 0.04 0.18 0.04  0.01 

26.06.2007 0.29       0.29 0.16 0.02 0.12 0.02   

From Haarstad 2008. Blank=below the limit of detection. Σ =sum pesticides. D=sum DDT, 
F=fenpropimorph, P=propiconazole, L=lindane, PE=permethrin, I=iprodione, T=trifloxystrobin 

Table 2. Pesticides from green waste (μg/l) 
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4. Pesticides in products, waste and wastewater from greenhouse production 
In a study of a greenhouse waste tip a total of 8 pesticides were detected with concentrations 
from 10 – 170 μg/kg. In the runoff receiving leachate from the tip concentrations of 
pesticides varied between 0.03 – 1. 2 μg/l.  
In a study of runoff from greenhouses water samples downstream 9 large facilities focusing 
on flower production were analyzed for 56 pesticides. The samples included concentrated 
runoff from the production of tomatoes and cucumbers. Pesticides were detected at all 
locations and in 90% of the samples, with a total of 18 compounds, of which were 9 
fungicides, 5 herbicides and 4 insecticides in concentrations exceeding the PNEC value. 
Detected fungicides were cyprodinil, propikonazol, iprodion, azoksystrobin, prokloraz and  
vinklozolin. Insecticides with detections above the PNEC were pirimikarb, diazinon and 
klorfenvinfos. The fungicides pyrimetanil, iprodion and imazalil had concentrations >1μg/l 
in the concentrated runoff from vegetable greenhouses. The findings where the 
concentrations were above the PNEC values came from two locations with the production of 
flowers, in addition to water from the floor of one of the greenhouses. Generally the most 
likely pesticides to leak from greenhouse productions are pyrimethanil, cyprodinil, 
propiconazole, iprodione, azoxystrobin, imazil, prochloraz and pirimicarb, based on the 
facts that they are common in use in such productions, results from other monitoring 
programs, timing of their detections downstream greenhouses and a correlation between 
findings and high levels of nutrients in the samples. 
Repeated sampling of imported and domestic flowers, pot plants and pot soil shows the 
presence of occasional high levels of residual pesticides. In the pot plants 22 compounds 
were detected with concentrations varying from 0.02 to 8.8 mg/kg, while in pot soil 7 
compounds were detected with concentrations from 0.05 to 2.2 mg/kg. Most detection was 
made in flowers, where 31 compounds were detected, with concentrations from 0.01 to 5.3 
mg/kg. For pot plants 11 fungicides and 11 insecticides were detected, for pot soil 4 
insecticides and 3 fungicides, and for flowers 14 insecticides and 18 fungicides. 
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