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�Introduction

Human population has always followed a geometrical progression, whereas food 
production shows an arithmetic progression. The huge pressure of providing food at 
low costs has forced farmers to use pesticides. According to the Federal Insecticide, 
Fungicide and Rodenticide Act, a pesticide is defined as any substance or mixture of 
substances intended for preventing, destroying, repelling, or mitigating any insects, 
rodents, nematodes, fungi, weeds, or any other form of life declared to be pests; it is 
any substance or mixture of substances intended for use as a plant regulator, defoli-
ant, or desiccant (Benson 1969; What are Pesticides|Definition|Types|Uses and 
Effects 2016). According to the Food and Agriculture Organization, a pesticide is 
any substance or mixture of substances intended for preventing, destroying, or con-
trolling any pest, including vectors of human or animal disease, or unwanted species 
of plants or animals causing harm during or otherwise interfering with the produc-
tion, processing, and storage or marketing of food agriculture commodities, wood 
or wood products, or animal feed stuffs, or which may be administered to animals 
to control insects arachnids or other pests in or on their bodies (Zacharia and Tano 
2011). These chemicals may be growth regulators, defoliants, desiccants, fruit-
thinning agents, or agents for preventing the premature fall of fruits that are applied 
in the field or on food during storage and transport. The evolution of pesticide use is 
represented in Fig. 1.
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The green revolution brought an excessive use of pesticides to enhance produc-
tivity and reduce crop loss (Singh 2000; Conway and Barbier 2013). The wide-
spread use of pesticides, environmental persistence, and potential hazards to wildlife 
initiated research on the impact of pesticides on the ecosystem (Conway and Barbier 
2013). Thereby, studies revealed that the entire population is exposed to a mixture 
of pesticides through food, water, and air. The effect of pesticides on different 
classes of people is summarized in Table 1.

Pesticide formulations usually contain active and inert ingredients. The active 
component kills the pest, whereas the role of inert components is to improve the 
efficiency of the active ingredient. These inert ingredients are not tested thoroughly 
and are seldom disclosed on the product labels, with most of them being toxic when 
inhaled or absorbed by the skin. The health effects of different classes of pesticides 
can be categorized as shown in Table 2.

Pesticide available in the market can be classified as shown in Table 3.
Figure 2 shows the cycle of pesticide exposure and represents the course of a 

pesticide’s journey after application on farmland.
In most cases, the degradation products of pesticides are far more toxic than the 

original pesticides; for example, photodieldrin is several times toxic than dieldrin. 
The degradation of common pesticides was investigated in detail by Benson et al., 
who confirmed that the degradation products of most pesticides are far more toxic 
than the parent pesticides. Photodegradation and other modes of degradation for 
common pesticides are shown in Fig. 3.

Eugina et al. investigated the amount of heavy metals in pesticides, fertilizers, 
and soil. Soil samples from rice farming areas in Albufera Natural Park were 
selected for the study (Gimeno-García et al. 1996). Significant amounts of heavy 
metals are found in pesticides due to insufficient purification for reducing the cost 
of production. Fertilizers such as superphosphate contain high concentrations of 
Cd, Co, and Zn, whereas CuSO4 and FeSO4 showed a high content of Pb and Ni. 
Similarly, pesticides showed the presence of high concentrations of Cd, Fe, Mn, 
Zn, and Ni.

Fig. 1  Schematic representation of the evolution of pesticides (Zacharia and Tano 2011; 
Compelling Evidence of Human Health Effects of Pesticides n.d.)
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�Detection of Pesticides

�Chromatographic Techniques

Pesticide detection usually involves the steps shown in Fig.  4 (Omeroglu et  al. 
2012).

The major drawbacks of the chromatographic technique include the following 
(Wan and Wong 1996):

	1.	 Large amounts of organic solvents are required.
	2.	 Special purification techniques are required for these solvents, making them very 

costly.
	3.	 The recovery of solvents along with their disposal are difficult.
	4.	 The solvents are hazardous to the environment.

Table 1  Effects of pesticides on different classes of people (What are Pesticides|Definition|Types| 
Uses and Effects 2016)

Infants and exposure in womb Pregnant women Adults and farmers

Premature birth, low birth 
weight, cancer, brain tumors, 
neuroblastoma, leukemia, 
underdeveloped brain, paralysis, 
birth defects, developmental 
disabilities, fetal death

Pregnancy complications, 
miscarriage; children with 
birth defects, oral clefts, 
neural tube defects, heart 
defects, limb defects, and 
leukemia

Memory loss, loss of 
coordination, reduced speed of 
response to stimuli, reduced 
visual ability, asthma, 
allergies, cancer, hormone 
disruption, paralysis, stroke, 
etc.

Table 2  Different categories of pesticides and their effects on humans

Organochlorine 
(Longnecker et al. 
1997; Alavanja et al. 
2004; Schade and 
Heinzow 1998)

Organophosphates and 
carbamates (Alavanja 
et al. 2004; Eskenazi et al. 
1999; Senanayake and 
Karalliedde 1987; 
Karalliedde et al. 2000; 
Wesseling et al. 2002; 
Karami-Mohajeri and 
Abdollahi 2011)

Pyrethroids 
(Vijverberg and vanden 
Bercken 1990; 
Saillenfait et al. 2015; 
Shafer et al. 2005; 
Bradberry et al. 2012)

Herbicides 
(Bertazzi et al. 
2001; Sterling and 
Arundel 1986; 
Kligerman et al. 
2000; Wolfe et al. 
1990)

Loss of sensation, 
hypersensitivity to 
light and sound, 
dizziness, tremors, 
nausea, vomiting, 
nervousness, 
neurological diseases, 
decrease in sperm 
count and mobility

Increased salivation, 
perspiration, narrowing of 
pupils, nausea, diarrhea, 
decreased blood pressure, 
muscle weakness and 
fatigue, paralysis

Hyperexcitation, 
aggressiveness, lack of 
coordination, whole 
body tremors, skin 
allergies, cancers, 
reproductive or 
developmental effects, 
endocrine system 
effects

Birth defects, 
cancers, liver 
disease and other 
related illnesses; 
also affect 
wildlife and 
aquatic 
organisms; 
contaminate 
surface water and 
ground water

Human toxicity caused a 
decline in their use and 
spurred search for new 
alternatives
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To reduce the impact of these effects, several strategies have been reported. 
Bushway et al. reported the use of miniaturization of scale, where a small portion 
of the extract is cleaned for analysis (Bushway et al. 1995). This reduces the solvent 
consumption and decreases the analysis time. Simplification of the analysis procedure 
is another accepted methodology, which can broadly be divided into two methods:

	1.	 The thorough removal of analyte from the sample matrix, followed by washing 
the remainder with large amounts of solvent. They are then combined.

	2.	 The sample is extracted only once. Small amounts of this extract are then used 
for subsequent clean-up as required.

Table 3  Different classes of pesticides available in the market along with their general structure

Common pesticides Comments

1. Organochlorine 
pesticides (OCPs)

Introduced in 1950s and banned due to extreme toxicity. They are 
stable, thereby persistent in environment. OCP contaminants can be 
found in soil, river sediments, and costal marine sediments
For example, CCl4, DDT, DDE, heptachlor, β-HCH, dieldrin

2. Organophosphate 
pesticides (OPPs)

Generalized during the Second World War , toxi to non-target species 
also
For example, acephate, parathion, malathion, phosmet

Most of them are banned in the United States of America
3. Carbamates Neurotoxin and acetylcholinesterase inhibitors, adverse effect on 

human development
For example, aldicarb, carbaryl, methiocarb, pirimicarb, maneb

4. Pyrethroids Interfere with cell signaling, adverse effect on male reproductive 
health suspected endochrine disrupters
For example, cyhalothrin, cypermethrin, deltamethrin

5. Neonicotinoids Neuroactive insecticide with a structure similar to nicotine. It was first 
introduced in 1985. They are more toxic to insects than mammals. 
They have suspected toxicity to bees
For example, clothianidin, imidacloprid, thiamethoxam

6. Chloroacetamides Suspected to cause developmental abnormalities, reproductive toxicity, 
teratogenecity.
For example, alachlor, metolachlor

7. Glyphosate Usually and aqueous mixture of isopropylamine salt of glyphosate, a 
surfactant, antifoaming and coloring agents, biocides, and inorganic 
ions
Glyphosate is an example of a compound where toxicity is due to the 
“inert” ingredient
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Liao et  al. (1991) and Miyahara et  al. (1994) reported the direct analysis of 
samples (where a clean-up step is omitted); however, this is not recommended 
due to the possibility of negative effects from complex matrices. Kadenczki et al. 
reported a multi-residue method in which extraction and column clean-up occurred 
in a single step (Kadenczki et al. 1992). In the early 1990s, researchers developed 
new extraction techniques, such as solid-phase extraction (which is mainly used 
for the trace enrichment of water samples before testing). Belardi and Pawliszyn 

Fig. 2  Cycle of pesticide transfer after application (Alternative and Biological Pest 
Controls|Commons Abundance Network n.d.)

Fig. 3  Different modes of degradation and the products formed for different pesticides: (a) 
1,1′-(2,2,2-trichloroethane-1,1-diyl)bis(4-chlorobenzene) (DDT), (b) benzene hexachloride 
(BHC), (c) methyl isocyanate, (d) p,p′-dichlorodiphenyldichloroethene (P, P′-DDE)

Fig. 4  Different steps involved in the chromatographic detection of pesticides
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developed a solid-phase microextraction technique in which sorbent-coated silica 
fibers are used for the extraction of analytes from aqueous and gaseous samples 
and then used for analysis (Application of chemically modified fused silica fibers 
in the extraction of organics from water matrix samples and their rapid transfer 
to capillary columns n.d.). Later, a solid-phase microextraction (SPE) method 
was used for the detection of phenols and metal ions in water samples (Rosenfeld 
1999; Huang et al. 1997). The major drawback of the SPE technique is the fact 
that the sorbents can be used only once and are quite expensive (Barker 2007). 
Matrix solid-phase extraction is a new member of the family of SPE family; it is 
commonly performed in supercritical fluid extraction (SFE) and pressurized liq-
uid extraction (PLE) to retain water/unwanted matrix compounds (Barker 2007; 
Oniszczuk et al. 2013).

�Supercritical Fluid Extraction

Carbon dioxide (CO2) is safe, unreactive, readily available, relatively inexpensive, 
and has low critical pressure and temperature; thus, it is the most commonly used 
solvent in SFE (McHugh and Krukonis 2013). Important advantages of SFE include 
the following (McHugh and Krukonis 2013):

	1.	 SFE is a viable approach for the extraction of individual and multiple pesticides 
from food, soil, and plants.

	2.	 It reduces operation costs, time, labor, space, glassware, and laboratory space, 
among others.

	3.	 Fatty foods require clean-up after SFE, whereas non-fatty foods do not require 
any clean-up.

	4.	 SFE results in minimal pesticide loss.
	5.	 Water and salts can have strong effects in the SFE process.
	6.	 Satisfactory extraction efficiency can be achieved for pesticides with low polar-

ity; for pesticides with high polarity, modifier addition is necessary. Kane et al. 
(1993) discussed in detail the relationship between the structure of an analyte 
and the mode of extraction.

�Pressurized Liquid Extraction

PLE was introduced as a competitor for SFE by Dionex scientists (Hawthorne et al. 
2000; Carabias-Martínez et al. 2005; Mustafa and Turner 2011). Figure 5 shows a 
schematic representation of the instrumentation of PLE.

PLE is very similar to Soxhlet extraction and has been described as a “green” 
technology for the extraction of nutraceuticals from food and herbal plants 
(Hawthorne et  al. 2000; Mustafa and Turner 2011). Suchen et  al. compared the 
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efficiency of PLE with Soxhlet extraction; the authors concluded that PLE showed 
better efficiency than Soxhlet extraction for indicator polychlorinated biphenyls, 
some organochlorine pesticides, more volatile hexachlorobenzenes, as well as semi-
volatile compounds. However, the major limitation of PLE is the high cost of the 
instrument (Suchan et al. 2004).

�Gel Permeation Chromatography

Gel permeation chromatography (GPC), also known as size exclusion chromatogra-
phy, involves the separation of molecules on the basis of their size (López-Mesas 
et al. 2000). GPC is commonly used for the determination of molecular weight.

�Analysis of Pesticides

Durand et al. (1989) discussed the accuracy of various analytical techniques, such 
as gas chromatography (GC), mass spectroscopy (MS), GC-MS, and liquid chroma-
tography (LC)-MS, for chlorotriazines and organophosphorus pesticides. It was 
concluded that GC methods offer better detection of 1–2.5 orders of magnitude, 
whereas an LC-LC-diode array (DA) is more easily applicable for soil samples 
(Durand et al. 1989). Balinova and Balinov (1991) reported the use of GC coupled 
with an electron capture detector for the analysis, detection, and estimation of nine 
soil applied herbicides with different chemical structures (Balinova and Balinov 
1991). A specially packed column was used for the study; Fig. 6 shows the recovery 
of herbicides using various extraction solvents (Balinova and Balinov 1991).

A specially packed column was prepared by combining 3% OV-225 and 5% 
SE-52 in a ratio of 1:4:0.9, coupled with consecutive filling; it was reported to be 
simple, reliable, rapid, and effective for the detection of pesticides, with OV 225 at 
the side of injector and SE-52 at the side of the detector. Raju and Gupta (1991) first 
reported the use of spectroscopic methods for the determination of endosulfan in 
soil and water (Raju and Gupta 1991). Sulfer dioxide (SO2) from endosulfan was 
liberated using p-toluene sulfonic acid, which was then absorbed in malonyldihy-
drazide followed by estimation using p-aminoazobenzene and formaldehyde in 
HCl medium. This method provided 98–99% recovery from soil samples and 
approximately 99% recovery from water samples, which was reported to be supe-
rior to other methods for recovery (Raju and Gupta 1991). Figure  7 shows the 
ultraviolet-visible (UV-vis) spectra of endosulfan (Raju and Gupta 1991).

Fig. 5  Schematic representation of the instrumentation of PLE (Hawthorne et al. 2000)
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de Bertrand et  al. (1991) reported the use of liquid chromatographic diode 
array determination (LC-DAD) for the estimation of carbamate pesticides in soil. 
LC-DAD provides a way to improve selectivity, with detection limits of approxi-
mately 25  ng/g corresponding to an absolute injected amount of 5  ng; it was 
reported to be effective for the detection of different carbamate pesticides at low 
levels of 0.1–1 μg·g−1 (de Bertrand et al. 1991). The significance of this work is 
evident by the fact that carbamates are unstable compounds, thermolabile, and 
quickly decomposed by alkali, which make their analysis extremely complicated. 

Fig. 6  (a) Recovery of various herbicides using various solvents: (1) acetone, (2) acetonitrile, (3) 
methanol, (4) acetone-water, (5) acetonitrile-water (9:1), (6) hexane-water (9:1) and (b) the cor-
responding standard deviations (Balinova and Balinov 1991)

Fig. 7  Ultraviolet-visible spectra of the dye: (a) the blank reagent and (b) amount of endosulfan 
(Raju and Gupta 1991)
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An advantage of using LC coupled with a UV-vis variable detector is to enhance the 
selectivity by working at different wavelengths. The use of LC-DAD is simple, less 
time consuming, and allows simultaneous determination of 1-naphthol (de Bertrand 
et al. 1991).

Durand et al. (1991) reported the use of thermospray LC-MS for the determina-
tion of pesticides (Durand et al. 1991). The effect of four different mobile-phase 
compositions with reversed-phase methanol-water (50:50) + 0.05  M ammonium 
nitrate, methanol-water (50:50) + 0.05 M ammonium formate, acetonitrile-water 
(50:50) + 0.05 M ammonium formate were compared for the determination of car-
bamate and chlorotriazine pesticides (Durand et al. 1991). The results showed 3–3.5 
orders of improvement in PI mode for carbamates, with the exception of pirimicarb, 
carbaryl, and α-naphthol (Durand et al. 1991).

Taylor (1991) developed a method using GC and LC for the general pesticide 
screening of soil samples from mixer/loader sites (Taylor 1991). Samples were 
extracted in methanol-acetone mixture, concentrated, and then analyzed using cap-
illary GC with flame ionization detection and an LC-diode array (Taylor 1991).

Organophosphate derivatives of O-nitrophenol have been used quite extensively 
as herbicides, insecticides, and fungicides (Taylor 1991). Wong et al. used enzyme-
linked immunosorbent assay (ELISA) and GC for the detection of organophosphate 
pesticides (Wong et al. 1991). ELISA is less time consuming, low cost, and has the 
advantage of running the analysis without an extensive sample work-up (Wong 
et  al. 1991). Figure  8 shows a comparison of the results obtained for ELISA, 
GC-electron capture detector, and GC-nitrogen phosphorus detector (Wong et al. 
1991). Based on this study, it was concluded that GC and ELISA showed good 
agreement; furthermore, ELISA can be effectively used to detect 4-nitrophenol and 
parathion in the same sample.

Fig. 8  Comparison of the efficiency of ELISA against GC-electron capture detector and 
GC-nitrogen phosphorus detector for the detection of 4-nitrophenol (Wong et al. 1991)

Pesticides: Classification, Detection, and Degradation
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Later, King and Nam (1996) coupled ELISA with SFE for the detection of pesti-
cides (King and Nam 1996). Kizza and Yaw reported the use of multidimensional 
column with ultraviolet detection for the determination of nitrate, nitrite, and 
organic pesticides in soil solution (Nkedi-Kizza and Owusu-Yaw 1992). A 
convective-dispersive transport model with a sorption term was used to model the 
transport of NO3¯, NO2¯, and Baygon through the column (Nkedi-Kizza and Owusu-
Yaw 1992).
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Here, R is the retardation factor, C is the solution concentration (mg·L−1), p is 

the pore volume, P is the Peclet number, x is the distance, t is the time in hours, 
L is the length of the column, D is the hydrodynamic dispersion coefficient 
(cm2·h−1), ρ is the bulk density, KD is the sorption coefficient (mL·g−1), and θ is 
the volumetric water content. Figure 9 shows the chromatogram for nitrate, nitrite, 
and Baygon (Nkedi-Kizza and Owusu-Yaw 1992). They concluded that the new 
high performance liquid chromatography (HPLC) analytical method is a versatile 

Fig. 9  Chromatogram for 
(1) nitrate, (2) nitrite, and 
(3) Baygon using a column 
of Omnipak Pax-500, 
Elutant (a) 80% methyl 
alcohol, (b) 20% 50 mM 
sodium chloride (Nkedi-
Kizza and Owusu-Yaw 
1992)
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technique for the simultaneous determination of nitrate, nitrite, and pesticides 
with UV absorbance in the range of 210–254 nm and sample injection requirement 
of 20 μL.

Garcia Sanchez and Aguilar Gallardo (1992) used hydrolysis-induced fluores-
cence spectrometry for determination of azinphos-methyl residue in soil (Garcia 
Sanchez and Aguilar Gallardo 1992). Figure 10 shows the excitation and emission 
spectra for anthranilic acid. The results obtained were reported to be better than that 
of HPLC (Garcia Sanchez and Aguilar Gallardo 1992).

Basta and Olness (1992) reported a method for the simultaneous resin extraction 
of alachlor, atrazine, and metribuzin in soil extracts. Pesticides were extracted using 
anion exchange, cation exchange, and non-polar resin followed by an analysis using 
dual-column chromatography (Basta and Olness 1992). Gael et al. investigated the 
determination of atrazine, simazine, cyanazine, deethylatrazine, and deisopropyl 
atrazine in soil samples (Durand et  al. 1992). They compared the results for (1) 
GC-MS-MS (with collisionally activated dissociation and multi-reaction monitor-
ing), (2) GC-LRMS (low-resolution mass spectroscopy) (with low resolving power 
of 1000) and (3) GC-HRMS (high-resolution mass spectroscopy). The authors con-
cluded that GC-MS-MS with multi-reaction monitoring and GC-HRMS are useful 
techniques for the detection of chlorotriazines in soil, with GC-MS-MS having 
more selectivity than GC-HRMS (Durand et al. 1992). The major limitation is that 
the limit of detection of GC-MS-MS and GC-HRMS, which is approximately 1.5–2 
orders of magnitude lower than that of a triple quadrupole or a single quadrupole 
GC-MS (Durand et al. 1992). GC and HPLC are time-consuming, expensive, and 
require specialized instrumentation.

The use of ELISA for the detection of pesticides was first reported in 1980 
(Lawruk et  al. 1993). The detection of pesticides using magnetic particle-based 
ELISA was reported by different groups; the use of this method for the detection of 
metolachlor was first introduced by Lawruk et  al. (1993). This magnetic 
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particle-based system was reported to be rapid and sensitive. The authors also 
showed detection limits of parts per billion, thereby satisfying the sensitivity 
requirements for environmental monitoring. Later, Dequaire et al. reported the use 
of a disposable immunomagnetic electrochemical sensor with a magnetic particle-
based solid phase and a Nafion-film-coated screen-printed electrode for the detec-
tion of pesticides (Dequaire et al. 1999). These devices were reported to be simple, 
cost-effective, and highly efficient (Dequaire et al. 1999).

Rogers et  al. introduced the use of a reusable fiber-optic enzyme biosensor-
based technique for the detection of pesticides and insecticides (Rogers et al. 1991a, 
b, c). Kotoucek and Opraviliva reported the use of fast-scan differential pulse 
voltammetry for the detection of nitro-based pesticides using dropping mercury 
electrodes (Kotouček and Opravilová 1996). Vijay Kumar et al. reported the use of 
various spectroscopy techniques for the detection of organophosphate pesticides 
(Kumar et  al. 2013), including the use of UV-visible spectroscopy, Fourier-
transform infrared spectroscopy (FTIR), nuclear magnetic resonance spectroscopy, 
X-ray diffraction, and electrochemical methods for the detection of pesticides. This 
brought out the significance of other techniques for the detection of pesticides. 
Timperley et al. reported the use of UV-vis spectroscopy for the characterization of 
18 different organophosphorous nerve agents and pesticides (Timperley et  al. 
2006). The significance of this work arises from the fact that organophosphorous 
pesticides and nerve agents usually do not show significant absorbance in the UV 
region and can be converted by suitable chemical modifications, as shown in Fig. 11 
(Timperley et al. 2006).

Venugopal et  al. reported the spectrophotometric detection of Malathion 
(Venugopal et al. 2012). Samples were prepared as discussed by Norris et al. (1954). 
The proposed method does not require any solvents and is simple, along with being 
less expensive (Venugopal et al. 2012). The nature of the interactions, degradation 
mechanisms, and pH dependency of reactions with atrazine (2-chloro-4-ethylamino-

Fig. 11  Chemical modification of an oroganophosphorous pesticide, which is non-fluorescent to 
fluorescent compound (Timperley et al. 2006)
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6-isopropylamino-8-triazine), which is one of the most commonly used herbicides 
with a half-life between 2 months and 5 years, were reported by Martin-Neto et al. 
(2001) and Sposito et  al. (1996). Atrazine undergoes abiotic degradation with 
hydroxyatrazine (AT-OH), which is nonphytotoxic. Wang et al. reported the exis-
tence of weak hydrogen bonding interactions (proton transfer), and hydrophobic 
interactions between atrazine and humic compounds extracted from soil (Wang 
et al. 1990a, b). Later, Welhouse and Bleam reported that a lone pair of electrons on 
nitrogen is highly delocalized in the triazine ring, thereby existing in four different 
isomeric forms; it has a strong tendency to form complexes with amide or carbox-
ylic acid groups (Welhouse and Bleam 1992). Gamle et al. and Wang et al. pro-
posed that the surface Bronsted acidity of soil colloids catalyze the conversion of 
AT to AT-OH.

UV-vis spectroscopy studies by Martin-Neto et al. showed that the degradation/
conversion of atrazine is highly pH dependent (Wang et al. 1990a). When the pH of 
the solution is above 3.5, the peak at 223 nm (corresponding to AT) retained its 
shape, even after 4 days. On changing the pH to 2.3 or on increasing the acidity, the 
peak intensity of the AT band reduced by 25% and a new band corresponding to 
AT-OH started to appear. This was followed by an increase in the reaction rate as the 
pH was increased to 1.7. Martin-Neto et al. elucidated the application of FTIR spec-
troscopy for following the pH dependency and degradation rate of atrazine (Sposito 
et al. 1996; Martin-Neto et al. 2001). The results obtained using FTIR spectroscopy 
exactly matched the results obtained from UV-Vis spectroscopy, confirming the fact 
that spectroscopic techniques will open new areas for the detection and estimation 
of various pesticides.

�Conclusion

The use of pesticides for enhancing food production resulted in extensive environ-
mental pollution, coupled with a dramatic decrease in food production. Pesticides 
and their degradation products are extremely toxic—not only to human beings, but 
also to other living organisms. The photo degradation products of Aldrin are far 
more toxic than the parent compound; they are transferred through various natural 
resources, thereby contaminating the natural resources in the process. The major 
limitations of chromatographic techniques include the requirement for a large 
amount of solvent, long analysis time, need for expert technicians, and high costs 
for running the experiments. These limitations have resulted in the development of 
new techniques based on spectroscopy for the detection and estimation of pesti-
cides. The major advantage of these techniques is that they induce less harm to the 
environment and other living beings.

Pesticides: Classification, Detection, and Degradation



84

References

Alavanja, M.  C. R., Hoppin, J.  A., & Kamel, F. (2004). Health effects of chronic pesticide 
exposure: Cancer and neurotoxicity. Annual Review of Public Health, 25(1), 155–197.

Alternative and Biological Pest Controls | Commons Abundance Network. (n.d.).
Application of chemically modified fused silica fibers in the extraction of organics from water 

matrix samples and their rapid transfer to capillary columns. (n.d.). [Online]. Available: https://
www.researchgate.net/publication/292092766_Application_of_chemically_modified_fused_
silica_fibers_in_the_extraction_of_organics_from_water_matrix_samples_and_their_rapid_
transfer_to_capillary_columns. Accessed: 01 Sept 2016.

Balinova, A. M., & Balinov, I. (1991). Determination of herbicide residues in soil in the pres-
ence of persistent organochlorine insecticides. Fresenius’ Journal of Analytical Chemistry, 339, 
6, 409–412.

Barker, S.  A. (2007). Matrix solid phase dispersion (MSPD). Journal of Biochemical and 
Biophysical Methods, 70(2), 151–162.

Basta, N. T., & Olness, A. (1992). Determination of alachlor, atrazine, and metribuzin in soil by 
resin extraction. Journal of Environmental Quality, 21(3), 497.

Benson, W. R. (1969). The chemistry of pesticides. Annals of the New York Academy of Sciences, 
160(1), 7–29.

Bertazzi, P. A., Consonni, D., Bachetti, S., Rubagotti, M., Baccarelli, A., Zocchetti, C., & Pesatori, 
A. C. (2001). Health effects of dioxin exposure: A 20-year mortality study. American Journal 
of Epidemiology, 153(11), 1031–1044.

de Bertrand, N., Durand, G., & Barceló, D. (1991). Extraction, cleanup and liquid chromatographic-
diode array determination of carbamate pesticides in soil samples. Journal of Environmental 
Science and Health Part A: Environmental Science and Engineering and Toxicology, 26(4), 
575–597.

Bradberry, S. M., Cage, S. A., Proudfoot, A. T., & Vale, J. A. (2012). Poisoning due to pyrethroids. 
Toxicological Reviews, 24(2), 93–106.

Bushway, R. J., Li, L., Paradis, L. R., & Perkins, L. B. (1995). Determination of thiabendazole 
in potatoes, fruits, and their processed products by liquid chromatography. Journal of AOAC 
International, 78(3), 815–820.

Carabias-Martínez, R., Rodríguez-Gonzalo, E., Revilla-Ruiz, P., & Hernández-Méndez, J. (2005). 
Pressurized liquid extraction in the analysis of food and biological samples. Journal of 
Chromatography A, 1089(1–2), 1–17.

Compelling Evidence of Human Health Effects of Pesticides. (n.d.). [Online]. Available: http://
www.twn.my/title2/susagri/2015/sa417.htm. Accessed: 27 Aug 2016.

Conway, G. R., & Barbier, E. B. (2013). After the green revolution: Sustainable agriculture for 
development. London: Routledge.

Dequaire, M., Degrand, C., & Limoges, B. (1999). An immunomagnetic electrochemical sen-
sor based on a perfluorosulfonate-coated screen-printed electrode for the determination of 
2,4-dichlorophenoxyacetic acid. Analytical Chemistry, 71(13), 2571–2577.

Durand, G., Forteza, R., & Barceló, D. (1989). Determination of chlorotriazine herbicides, their 
dealkylated degradation products and organophosphorus pesticides in soil samples by means of 
two different clean up procedures. Chromatographia, 28(11–12), 597–604.

Durand, G., de Bertrand, N., & Barceló, D. (1991). Mobile phase variations in thermospray liq-
uid chromatography-mass spectrometry of pesticides. Journal of Chromatography, 562(1–2), 
507–523.

Durand, G., Gille, P., Fraisse, D., & Barceló, D. (1992). Comparison of gas chromatographic-
mass spectrometric methods for screening of chlorotriazine pesticides in soil. Journal of 
Chromatography, 603(1–2), 175–184.

Eskenazi, B., Bradman, A., & Castorina, R. (1999). Exposures of children to organophosphate 
pesticides and their potential adverse health effects. Environmental Health Perspectives, 
107(Suppl 3), 409–419.

Sarath Chandran C. et al.

https://www.researchgate.net/publication/292092766_Application_of_chemically_modified_fused_silica_fibers_in_the_extraction_of_organics_from_water_matrix_samples_and_their_rapid_transfer_to_capillary_columns
https://www.researchgate.net/publication/292092766_Application_of_chemically_modified_fused_silica_fibers_in_the_extraction_of_organics_from_water_matrix_samples_and_their_rapid_transfer_to_capillary_columns
https://www.researchgate.net/publication/292092766_Application_of_chemically_modified_fused_silica_fibers_in_the_extraction_of_organics_from_water_matrix_samples_and_their_rapid_transfer_to_capillary_columns
https://www.researchgate.net/publication/292092766_Application_of_chemically_modified_fused_silica_fibers_in_the_extraction_of_organics_from_water_matrix_samples_and_their_rapid_transfer_to_capillary_columns
http://www.twn.my/title2/susagri/2015/sa417.htm
http://www.twn.my/title2/susagri/2015/sa417.htm


85

Garcia Sanchez, F., & Aguilar Gallardo, A. (1992). Spectrofluorimetric determination of the 
insecticide azinphos-methyl in cultivated soils following generation of a fluorophore by hydro-
lysis. Analyst, 117(2), 195–198.

Gimeno-García, E., Andreu, V., & Boluda, R. (1996). Heavy metals incidence in the application 
of inorganic fertilizers and pesticides to rice farming soils. Environmental Pollution, 92(1), 
19–25.

Hawthorne, S. B., Grabanski, C. B., Martin, E., & Miller, D. J. (2000). Comparisons of soxhlet 
extraction, pressurized liquid extraction, supercritical fluid extraction and subcritical water 
extraction for environmental solids: Recovery, selectivity and effects on sample matrix. Journal 
of Chromatography. A, 892(1–2), 421–433.

Huang, S.-D., Cheng, C.-P., & Sung, Y.-H. (1997). Determination of benzene derivatives in water 
by solid-phase microextraction. Analytica Chimica Acta, 343(1), 101–108.

Kadenczki, L., Arpad, Z., Gardi, I., Ambrus, A., Gyorfi, L., Reese, G., & Ebing, W. (1992). Column 
extraction of residues of several pesticides from fruits and vegetables – A simple multiresidue 
analysis method. Journal of AOAC International, 75(1), 53–61.

Kane, M., Dean, J. R., Hitchen, S. M., et al. (1993). Experimental design approach for supercritical 
fluid extraction. Analyst, 271, 83–90.

Karalliedde, L., Wheeler, H., Maclehose, R., & Murray, V. (2000). Possible immediate and long-
term health effects following exposure to chemical warfare agents. Public Health, 114(4), 
238–248.

Karami-Mohajeri, S., & Abdollahi, M. (2011). Toxic effects of organophosphate, carbamate, 
and organochlorine pesticides on cellular metabolism of lipids, proteins, and carbohydrates: 
A comprehensive review. Human & Experimental Toxicology, 30(9), 1119–1140.

King, J.  W., & Nam, K.-S. (1996). Coupling enzyme immunoassay with supercritical fluid 
extraction. In Immunoassays for residue analysis (vol. 621, pp. 422–438). 0 vols. American 
Chemical Society, USA.

Kligerman, A.  D., Doerr, C.  L., Tennant, A.  H., & Zucker, R.  M. (2000). Cytogenetic studies 
of three triazine herbicides: I.  In vitro studies1. Mutation Research Genetic Toxicology and 
Environmental Mutagenesis, 465(1–2), 53–59.

Kotouček, M., & Opravilová, M. (1996). Voltammetric behaviour of some nitropesticides at the 
mercury drop electrode. Analytica Chimica Acta, 329(1), 73–81.

Kumar, V., Upadhay, N., Wasit, A., Singh, S., & Kaur, P. (2013). Spectroscopic methods for the 
detection of organophosphate pesticides  – A preview. Current World Environment Journal, 
8(2), 313–318.

Lawruk, T. S., Lachman, C. E., Jourdan, S. W., Fleeker, J. R., Herzog, D. P., & Rubio, F. M. (1993). 
Determination of metolachlor in water and soil by a rapid magnetic particle-based ELISA. 
Journal of Agricultural and Food Chemistry, 41(9), 1426–1431.

Liao, W., Joe, T., & Cusick, W. G. (1991). Multiresidue screening method for fresh fruits and vege-
tables with gas chromatographic/mass spectrometric detection. Journal Association of Official 
Analytical Chemists, 74(3), 554–565.

Longnecker, M. P., Rogan, W. J., & Lucier, G. (1997). The human health effects of Ddt (dichloro-
diphenyltrichloroethane) and Pcbs (polychlorinated biphenyls) and an overview of organochlo-
rines in public health. Annual Review of Public Health, 18(1), 211–244.

López-Mesas, M., Crespi, M., Brach, J., & Mullender, J. P. (2000). Clean-up of a pesticide-lanolin 
mixture by gel permeation chromatography. Journal of Chromatographic Science, 38(12), 
551–555.

Martin-Neto, L., Traghetta, D.  G., Vaz, C.  M. P., Crestana, S., & Sposito, G. (2001). On the 
interaction mechanisms of atrazine and hydroxyatrazine with humic substances. Journal of 
Environmental Quality, 30(2), 520.

McHugh, M., & Krukonis, V. (2013). Supercritical fluid extraction: Principles and practice. 
New York: Elsevier.

Miyahara, M., Okada, Y., Takeda, H., Aoki, G., Kobayashi, A., & Saito, Y. (1994). Multiresidue 
procedures for the determination of pesticides in food using capillary gas chromatographic, 
flame photometric, and mass spectrometric techniques. Journal of Agricultural and Food 
Chemistry, 42(12), 2795–2802.

Pesticides: Classification, Detection, and Degradation



86

Mustafa, A., & Turner, C. (2011). Pressurized liquid extraction as a green approach in food and 
herbal plants extraction: A review. Analytica Chimica Acta, 703(1), 8–18.

Nkedi-Kizza, P., & Owusu-Yaw, J.  (1992). Simultaneous high-performance liquid chromato-
graphic determination of nitrate, nitrite, and organic pesticides in soil solution using a multi-
dimensional column with ultraviolet detection. Journal of Environmental Science and Health, 
Part A Environmental Science Engineering, 27(1), 245–259.

Norris, M. V., Vail, W. A., & Averell, P. R. (1954). Pesticide residues, colorimetric estimation of 
malathion residues. Journal of Agricultural and Food Chemistry, 2(11), 570–573.

Omeroglu, P. Y., Boyacioglu, D., Ambrus, Á., Karaali, A., & Saner, S. (2012). An overview on 
steps of pesticide residue analysis and contribution of the individual steps to the measurement 
uncertainty. Food Analytical Methods, 5(6), 1469–1480.

Oniszczuk, A., Waksmundzka-Hajnos, M., Skalicka-Woźniak, K., & Głowniak, K. (2013). 
Comparison of matrix-solid phase dispersion and liquid–solid extraction connected with solid-
phase extraction in the quantification of selected furanocoumarins from fruits of Heracleum 
leskowii by high performance liquid chromatography. Industrial Crops and Products, 50, 
131–136.

Raju, J., & Gupta, V. K. (1991). A simple spectrophotometric determination of endosulfan in river 
water and soil. Fresenius’ Journal of Analytical Chemistry, 339(6), 431–433.

Rogers, K.  R., Cao, C.  J., Valdes, J.  J., Eldefrawi, A.  T., & Eldefrawi, M.  E. (1991a). 
Acetylcholinesterase fiber-optic biosensor for detection of anticholinesterases. Fundamental 
and Applied Toxicology: Official Journal of the Society of Toxicology, 16(4), 810–820.

Rogers, K.  R., Eldefrawi, M.  E., Menking, D.  E., Thompson, R.  G., & Valdes, J.  J. (1991b). 
Pharmacological specificity of a nicotinic acetylcholine receptor optical sensor. Biosensors & 
Bioelectronics, 6(6), 507–516.

Rogers, K. R., Valdes, J. J., & Eldefrawi, M. E. (1991c). Effects of receptor concentration, media 
pH and storage on nicotinic receptor-transmitted signal in a fiber-optic biosensor. Biosensors 
& Bioelectronics, 6(1), 1–8.

Rosenfeld, J.  M. (1999). Solid-phase analytical derivatization: Enhancement of sensitivity and 
selectivity of analysis. Journal of Chromatography. A, 843(1–2), 19–27.

Saillenfait, A.-M., Ndiaye, D., & Sabaté, J.-P. (2015). Pyrethroids: Exposure and health effects – 
An update. International Journal of Hygiene and Environmental Health, 218(3), 281–292.

Schade, G., & Heinzow, B. (1998). Organochlorine pesticides and polychlorinated biphenyls in 
human milk of mothers living in northern Germany: Current extent of contamination, time 
trend from 1986 to 1997 and factors that influence the levels of contamination. Science of The 
Total Environment, 215(1–2), 31–39.

Senanayake, N., & Karalliedde, L. (1987). Neurotoxic effects of organophosphorus insecticides. 
The New England Journal of Medicine, 316(13), 761–763.

Shafer, T. J., Meyer, D. A., & Crofton, K. M. (2005). Developmental neurotoxicity of pyrethroid 
insecticides: Critical review and future research needs. Environmental Health Perspectives, 
113(2), 123–136.

Singh, R. B. (2000). Environmental consequences of agricultural development: A case study from 
the Green Revolution state of Haryana, India. Agriculture, Ecosystems and Environment, 82(1–
3), 97–103.

Sposito, G., Martin-Neto, L., & Yang, A. (1996). Atrazine complexation by soil humic acids. 
Journal of Environmental Quality, 25(6), 1203.

Sterling, T.  D., & Arundel, A.  V. (1986). Health effects of phenoxy herbicides: A review. 
Scandinavian Journal of Work, Environment & Health, 12(3), 161–173.

Suchan, P., Pulkrabová, J., Hajšlová, J., & Kocourek, V. (2004). Pressurized liquid extraction in 
determination of polychlorinated biphenyls and organochlorine pesticides in fish samples. 
Analytica Chimica Acta, 520(1–2), 193–200.

Taylor S. G. (Florida Department of Agriculture and Consumer Services, Tallahassee, FL). (1991). 
General method for determination of pesticides in soil samples from pesticide mixer/loader 
sites. Journal Association of Official Analytical Chemists, USA 74, 878–883.

Sarath Chandran C. et al.



87

Timperley, C. M., Casey, K. E., Notman, S., Sellers, D. J., Williams, N. E., Williams, N. H., & 
Williams, G. R. (2006). Synthesis and anticholinesterase activity of some new fluorogenic ana-
logues of organophosphorus nerve agents. Journal of Fluorine Chemistry, 127(12), 1554–1563.

Venugopal, N. V. S., Sumalatha, B., & Syedabano. (2012). Spectrophotometric determination of 
malathion in environmental samples. Journal of Chemistry, 9(2), 857–862.

Vijverberg, H. P. M., & vanden Bercken, J. (1990). Neurotoxicological effects and the mode of 
action of pyrethroid insecticides. Critical Reviews in Toxicology, 21(2), 105–126.

Wan, H. B., & Wong, M. K. (1996). Minimization of solvent consumption in pesticide residue 
analysis. Journal of Chromatography. A, 754(1), 43–47.

Wang, Z.-D., Gamble, D. S., & Langford, C. H. (1990a). Interaction of atrazine with Laurentian 
fulvic acid: Binding and hydrolysis. Analytica Chimica Acta, 232, 181–188.

Wang, Z.-D., Pant, B. C., & Langford, C. H. (1990b). Spectroscopic and structural characteriza-
tion of a Laurentian fulvic acid: Notes on the origin of the color. Analytica Chimica Acta, 232, 
43–49.

Welhouse, G. J., & Bleam, W. F. (1992). NMR spectroscopic investigation of hydrogen bonding in 
atrazine. Environmental Science & Technology, 26(5), 959–964.

Wesseling, C., Keifer, M., Ahlbom, A., McConnell, R., Moon, J.-D., Rosenstock, L., & Hogstedt, 
C. (2002). Long-term neurobehavioral effects of mild poisonings with organophosphate and 
n-methyl carbamate pesticides among banana workers. International Journal of Occupational 
and Environmental Health, 8(1), 27–34.

What are Pesticides|Definition|Types|Uses and Effects. (2016). Chemistry.
Wolfe, W. H., Michalek, J. E., Miner, J. C., et al. (1990). Health status of air force veterans occu-

pationally exposed to herbicides in Vietnam: I. Physical health. JAMA, 264(14), 1824–1831.
Wong, J.  M., Li, Q.  X., Hammock, B.  D., & Seiber, J.  N. (1991). Method for the analysis of 

4-nitrophenol and parathion in soil using supercritical fluid extraction and immunoassay. 
Journal of Agricultural and Food Chemistry, 39(10), 1802–1807.

Zacharia, & Tano, J.  (2011). Identity, physical and chemical properties of pesticides. In 
M. Stoytcheva (Ed.), Pesticides in the modern world – trends in pesticides analysis. Rijeka: 
InTech.

Pesticides: Classification, Detection, and Degradation


	Pesticides: Classification, Detection, and Degradation
	Introduction
	Detection of Pesticides
	Chromatographic Techniques

	Supercritical Fluid Extraction
	Pressurized Liquid Extraction
	Gel Permeation Chromatography
	Analysis of Pesticides
	Conclusion
	References




