
Sustainable Agriculture Reviews 48

Inamuddin
Mohd Imran Ahamed
Eric Lichtfouse   Editors

Sustainable 
Agriculture 
Reviews 48
Pesticide Occurrence, Analysis and 
Remediation Vol. 2 Analysis



Sustainable Agriculture Reviews

Volume 48

Series Editor

Eric Lichtfouse, Aix-Marseille University, CNRS, IRD, INRAE, Coll France,
CEREGE, Aix-en-Provence, France



Other Publications by Dr. Eric Lichtfouse

Books
Scientific Writing for Impact Factor Journals
https://www.novapublishers.com/catalog/product_info.php?products_id=42242

Environmental Chemistry
http://www.springer.com/978-3-540-22860-8

Sustainable Agriculture
Volume 1: http://www.springer.com/978-90-481-2665-1
Volume 2: http://www.springer.com/978-94-007-0393-3

Book series
Environmental Chemistry for a Sustainable World
http://www.springer.com/series/11480

Sustainable Agriculture Reviews
http://www.springer.com/series/8380

Journals
Environmental Chemistry Letters
http://www.springer.com/10311

Sustainable agriculture is a rapidly growing field aiming at producing food and energy in a
sustainable way for humans and their children. Sustainable agriculture is a discipline that
addresses current issues such as climate change, increasing food and fuel prices, poor-nation
starvation, rich-nation obesity, water pollution, soil erosion, fertility loss, pest control, and
biodiversity depletion.

Novel, environmentally-friendly solutions are proposed based on integrated knowledge
from sciences as diverse as agronomy, soil science, molecular biology, chemistry, toxicology,
ecology, economy, and social sciences. Indeed, sustainable agriculture decipher mechanisms
of processes that occur from the molecular level to the farming system to the global level at
time scales ranging from seconds to centuries. For that, scientists use the system approach that
involves studying components and interactions of a whole system to address scientific,
economic and social issues. In that respect, sustainable agriculture is not a classical, narrow
science. Instead of solving problems using the classical painkiller approach that treats only
negative impacts, sustainable agriculture treats problem sources.

Because most actual society issues are now intertwined, global, and fast-developing,
sustainable agriculture will bring solutions to build a safer world. This book series gathers
review articles that analyze current agricultural issues and knowledge, then propose alternative
solutions. It will therefore help all scientists, decision-makers, professors, farmers and politi-
cians who wish to build a safe agriculture, energy and food system for future generations.

More information about this series at http://www.springer.com/series/8380

https://www.novapublishers.com/catalog/product_info.php?products_id=42242
http://www.springer.com/978-3-540-22860-8
http://www.springer.com/978-90-481-2665-1
http://www.springer.com/978-94-007-0393-3
http://www.springer.com/series/11480
http://www.springer.com/series/8380
http://www.springer.com/10311
http://www.springer.com/series/8380


Inamuddin • Mohd Imran Ahamed
Eric Lichtfouse
Editors

Sustainable Agriculture
Reviews 48
Pesticide Occurrence, Analysis and
Remediation Vol. 2 Analysis



Editors
Inamuddin
Department of Applied Chemistry
Zakir Husain College of Engineering and
Technology
Faculty of Engineering and Technology
Aligarh Muslim University
Aligarh, India

Mohd Imran Ahamed
Department of Chemistry
Faculty of Science
Aligarh Muslim University
Aligarh, India

Eric Lichtfouse
Aix-Marseille University
CNRS, IRD, INRAE, Coll France,
CEREGE
Aix-en-Provence, France

ISSN 2210-4410 ISSN 2210-4429 (electronic)
Sustainable Agriculture Reviews
ISBN 978-3-030-54718-9 ISBN 978-3-030-54719-6 (eBook)
https://doi.org/10.1007/978-3-030-54719-6

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature Switzerland
AG 2021
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by
similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://orcid.org/0000-0003-0524-9940
https://orcid.org/0000-0002-8535-8073
https://doi.org/10.1007/978-3-030-54719-6


Preface

Pesticides are a group of complex chemical compounds that are used to kill pests. They
are widely used in agriculture to increase crop yield andminimize post-harvest losses in
addition to pest control. Pesticides enter into the biological system and their residues
in different body fluids like blood, urine, serum, breast milk, and semen are analyzed.
This book overviews the pesticide residues analysis using electroanalytical, chromato-
graphic, and spectral analytical techniques. This book is an archival reference guide for
faculty, students, researchers, and professionals who are working in environmental
science, geography, toxicology, agriscience, and analytical chemistry.
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Chapter 1 by De Souza et al. presents the description of the main electroanalytical
techniques used in pesticide analysis, which include potentiometry, amperometry,
voltammetry, and impedance electrochemical spectroscopy. Some discussions about
the specificity of each technique, the components of instrumentation and appropriate
choice regarding the electroanalytical technique, electrode types, and the experi-
mental and electroanalytical parameters are presented. Chapter 2 by de Córdova and
Martínez describes in detail the main analytical methodologies available today for
the treatment of food and environmental samples for pesticide analysis. Particular
emphasis is placed on the techniques developed to miniaturize and simplify the
extraction and purification stages and to meet the requirements of green chemistry.
Their advantages, disadvantages, and prospects are also discussed. Chapter 3 by
Torres et al. describes several methods to analyze pesticide residues in food and
environmental samples by large volume injection or by on-line coupled liquid
chromatography-gas chromatography using the through oven transfer adsorption–
desorption interface after presenting a description of the through oven transfer
adsorption–desorption interface and its operation mode. Chapter 4 by Patel discusses
in detail the current analytical techniques available to detect the pesticides that are
being used heavily in recent times. The routinely used quantification procedures are
described in general. Additionally, it details the specific and other detection methods
employed for water, air, soil, and food products. Chapter 5 by Saha et al. discusses
the use of bioindicator using a living organism or its part or group of the organism for
monitoring environmental pesticide pollution. Pesticides contamination in air, soil,
and water and their route of entry into the environmental matrices is discussed and a
general idea is given on well-known natural species used for bioindication of
environmental pesticide pollution. Chapter 6 by Anuradha and Singh discusses the
characteristics of pesticides in detail. Their presence in the water system have
adverse effects on ecosystems. Their removal becomes necessary from our environ-
ment, and very innovative and effective technologies are used for their removal.
Chapter 7 by Rani et al. describes the recent status of types of hazardous pesticides
and their removal from water by engineered nanomaterials like TiO2 and ZnO.
Engineered nanomaterials are highly used for the treatment of organochlorine and
organophosphorus pesticides. Major gaps in implementing hybrid technologies in
water treatment and their future scope are also discussed. Chapter 8 by Ali et al.
discusses the impacts of injudicious use of pesticides on human health and the
environment. Tons of synthetic chemicals are deposited into the agroecosystems
which influence the non-target organism directly or indirectly. This exposes these
organisms to hazards and health problems through pesticide residues in water, soil,
and air. Chapter 9 by Kumar and Joshiba explains the pollution of water due to
pesticides and the different analyses available for the measurement of pesticides
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which include chromatography, electrophoresis, spectrometry, biological assay, and
biosensors. Different types of pesticides and their impact on the environment are
presented in this chapter. The scope for further research is explained in a simple
manner to readers so they can begin their research on this topic.

Aligarh, India Inamuddin

Aligarh, India Mohd Imran Ahamed

Aix-en-Provence, France Eric Lichtfouse
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Chapter 1
Pesticide Residues Analysis by
Electroanalytical Techniques

Djenaine De Souza , Danielle Gonçalves-Filho , and Diego L. Franco

Abstract Despite the historical importance of pesticide in crops to control pests, in
the last decades its indiscriminate use has been responsible by harmful to human
health resulting in diseases as cancer and neurological disorders. This allowed the
emergence of novel perspectives in pesticide analysis, in which the electroanalytical
techniques have been widely used as fast, reliable, sensitive, low-cost methods to
identify and quantify these compounds with few or none sample pretreatments,
reduced waste generation, possibility of detection of pesticides from different chem-
ical class and in situ detection. In the electroanalytical techniques are measured some
electrical properties such as potential, current, resistance, charge among others,
which can be related to the concentration and identification of the pesticide of
under study. The resulting electroanalytical signals are ever related to the physico-
chemical properties of pesticides such as the presence of functional groups that
enable reduction and or oxidation reactions, presence ionizable hydrogens and the
ability of promote a specific enzyme inhibition.

This chapter presents the most important advances in pesticide electroanalysis
obtained from the evaluation in the scientific databases over the last 10 years
(2009–2019). It was observed the extensive use of potentiometry, amperometry,
voltammetry, stripping voltammetry, and impedance electrochemical spectroscopy.
We reviewed the published works and noticed the predominance in the use of
voltammetry, mainly square wave voltammetry, and a considerable increase in the
employ of the electrochemical impedance spectroscopy in pesticide analysis. This
occurs because the square wave voltammetry permits the acquisition of high analyt-
ical sensitivity, while the electrochemical impedance spectroscopy permits the
analysis of pesticides without electronic transference. It was observed that the
success in the identification and quantification of pesticides, from different chemical
class, is related to the adequate choice of working electrode material, solvent,

D. De Souza (*) · D. Gonçalves-Filho · D. L. Franco
Laboratory of Electroanalytical Applied to Biotechnology and Food Engineering (LEABE),
Multidisciplinary Group of Research, Science and Technology (RMPCT) Chemistry Institute,
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supporting electrolyte type and pH values, and also the proper selection of electro-
analytical technique and their respective parameters, which will define the sensitivity
and selectivity in the pesticides analysis. In this way, the use of electroanalytical
techniques in pesticide analysis requires previous knowledge about the specificity of
each electroanalytical technique, and the main components of the instrumentation,
such as the equipment type and the electrochemical cell, which is constituted by
ionic and electric conductors. Furthermore, the analysis of experimental information
obtained after an adequate evaluation in the experimental and electroanalytical
parameters provides the understanding of the interface electrode/solution, allows
the evaluation of the redox potential of functional groups, which leads to a suitable
identification and quantification of pesticides, even in complex systems like natural
waters, soil, and in natura foods.

Keywords Pesticides · Electroanalytical techniques · Potentiometry ·
Amperometry- Voltammetry · Electrochemical impedance spectroscopy · Carbon-
based electrodes · Mercury-based electrodes · Chemically modified electrodes ·
Biosensors

1.1 Introduction – Pesticides Analysis

In the last three decades, the indiscriminate and abusive use of pesticides in agricul-
tural practices, with few guidelines or restrictions, has promoted undesirable trans-
port and contamination in the drinking water, air, soil, and foods (Nowell et al. 2014;
Uwizeyimana et al. 2017). Many pesticides, from different chemical class, present
intense mobility through the environment, persistent effects and considerable toxic-
ity. If employed in inadequate quantities and without the respective regard between
the time of application and food consumption can promote health problems such as
cancer, neurological disorders, and reproductive disorders (Mostafalou and
Abdollahi 2013; Kim et al. 2017; Kalliora et al. 2018; Requena et al. 2018; Sabarwal
et al. 2018; Ma et al. 2019; Rohlman et al. 2019). Besides, the lixiviation process by
rain and wind promote the dislodgment of the pesticides to natural water and soil to
other regions without pesticide use, resulting in the environmental and public health
problems (Ochoa and Maestroni 2018).

Therefore, different science areas have studied the effects of the inappropriate use
of pesticides and evaluated the specificity of remediation process. Development of
the analytical methodologies for identification and quantification of these com-
pounds in environmental, biological and industrial samples has also been a key
area of research, as shown in other chapters of this book. The toxics effects, the
remediation and analysis techniques are dependent of the chemical nature of pesti-
cides, which are differentiated by specific functional groups that characterize them
structurally, producing pesticides physicochemical properties, such as partition
coefficients, solubility, and chemical stability (Eddleston and Bateman 2012;
Samsidar et al. 2018). Besides, the mechanisms of action, degradation and

2 D. De Souza et al.



elimination processes of pesticides are also related to chemical classes of pesticides
(Hornsby et al. 1996; Crossley 2004).

In most countries, the health and environment regulatory agencies indicate that
the analysis of pesticides be performed by chromatographic techniques, that permit
the separation, identification, and quantification of its residues in different samples
(Ochoa and Maestroni 2018). However, the adequate choices of the analytical
technique is based on physicochemical characteristics of pesticide with the avail-
ability instrumentation (Gaweł et al. 2019). For pesticides that are volatile and
thermally stable, gas chromatography is the recommended technique, whereas the
use of high-performance liquid chromatography depends only that the solubility of
the pesticide in the mobile phase choice, which can be changed according to
necessity of the analysis (Miller 2005; Francesquett et al. 2019).

Chromatographic techniques require the adequate choices of an adequate station-
ary and a mobile phase, and its selection also depends on physicochemical properties
of pesticides. After this, the resultant data, known as chromatograms, are obtained
using specific chromatographic detectors, where the retention time and peak area
data are employed in the identification and quantification of the pesticide, respec-
tively, with suitable sensitivity and selectivity (Christian et al. 2014). This technique
requires that the analysis of the sample such as natural water, soil, in nature foods,
foodstuffs, biological fluids, pharmaceutical or industrial samples, among them,
occurs only after preliminary separation and preparation steps. The use of chromato-
graphic techniques produce toxic waste generation from the use of organic solvents,
excessive cost and can be time consuming (Primel et al. 2017; Madej et al. 2018;
Sajid and Alhooshani 2018; Narenderan et al. 2019).

The evolution in the chemical instrumentations, the use of modern technologies
eco-friendly, the necessity the obtain suitable selectivity and sensitivity in the
pesticide’s analysis in reduced time, and multiresidues detection necessity, led to
development of two-dimensional liquid chromatography and or two-dimensional
gas chromatography. In these techniques, the samples are subjected to combination
of two independent separation mechanisms, that improve the analytical detection,
separation and resolution of the pesticides from different chemical classes (Muscalu
and Górecki 2018; Bahaghighat et al. 2019; Brandão et al. 2019; López-Ruiz et al.
2019). Moreover, use of ultra-high-performance liquid chromatography permit fast
analyses, without compromising efficiency in the separation and quantification
(Kharbouche et al. 2019).

Although the instrumentation and technologies are available with different
mobile and stationary phases that permit obtain the best separation performance,
the use of chromatographic techniques in the pesticides analysis is still a great
challenge in the chemical analysis, because pesticides present high variability in
the chemical structures, isomerization process, low stability and lack of commercial
standards for the identification of compounds from complex samples. Besides, the
excessive cost of the instrumentation, maintenance of the equipment, and the need
for highly skilled-labor personal are the main disadvantages of these techniques
(Sajid and Alhooshani 2018). For this, electroanalytical techniques have been
presented as an alternative technique in the pesticide analysis from different
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chemical class in natural water, soil, foods and compounds of biological interests
(Bakirhan et al. 2018).

This chapter shows the main electroanalytical techniques that are employed in the
pesticides analysis that are potentiometry, amperometry, voltammetry, stripping
voltammetry and electrochemical impedance spectroscopy, indicating the character-
istics of each technique and some specific application in pesticides analysis. A
section provides a solid theoretical background on the main steps in the electroanal-
ysis of pesticides, from the right choices of adequate electroanalytical technique,
solvents, types of the supporting electrolyte, reference electrode, auxiliary electrode,
working electrodes from diverse disponible materials, and the voltammetric optimi-
zation, in order to gain information about the electrochemical redox reaction and an
adequate identification and quantification of pesticides from different chemical class.

1.2 Electroanalytical Techniques in Pesticides Analysis

The pioneering work about the electroanalytical determination of the pesticides was
published in 1970 by Hence, which was used as working electrode a dropping
mercury electrode allied to the derivative polarography (Hance 1970). In this
work, were evaluated 38 pesticides in different supporting electrolytes, producing
sensitivity around 10�5 mol L�1. Since this work, the innovations in the electroan-
alytical instrumentation from the development of modern electronic components
such as integration, sampling and storage elements, current-load, current-voltage and
pulse-polarity converters, permitted the development and commercialization of
modern instruments, the potentiostat/galvanostat. These instruments control the
voltage between the working and auxiliary electrodes to maintain the potential
difference between the working and reference electrodes, according to previously
defined by a function generator, and measure the current in both electrodes (Bockris
et al. 2000).

Allied to the modern software for acquisition and treatment of the analytical
information, the use of electroanalytical techniques has allowed a suitable improve-
ment in the signal-to-noise ratio even further, thus reducing the detectable concen-
tration of pesticides in different media. Besides, the development of materials to
prepare diverse types of working electrodes and or sensors has promoted a suitable
increase in the analytical selectivity, extending the applicability of electroanalytical
techniques to pesticides analysis from different chemical classes. In the last decade,
the potentiometry, the amperometry, the electrochemical impedance spectroscopy
and voltammetry are the most employed electroanalytical techniques for pesticides
analysis in different samples type, as can be observed by analysis of data presented in
Table 1.1.

Electroanalytical techniques are based on measurements of some electrical prop-
erties that arise when two separate electrodes are maintained in contact with an
electrolyte containing the compounds of interest. The analytical responses obtained
are related to electrochemical process that occurs in the electrode-solution interface,

4 D. De Souza et al.



Table 1.1 Main electroanalytical techniques employed in the pesticide analysis from different
chemical class, showing some examples of specific pesticide with respective electroanalytical
applications

Electroanalytical
technique

Pesticide chemical
classes Pesticide/applications References

Amperometry Carbamate Mancozeb/commercial
formulations

Simões et al.
(2007)

Bipyridinium Paraquat/NR Rocha et al.
(2018)

Benzoylurea Diflubenzuron/forestry matrices Rodríguez et al.
(1999)

Organophosphorus Fenitrothion, ethyl-parathion,
methyl- parathion, paraoxon and
guthion/NR

Martinez et al.
(1993)

Phenylurea Fenuron, neburon, chlorotoluron
and linuron/NR

Kunert et al.
(2002)

Potentiometry Organophosphorus Malathion, parathion-methyl and
methamidophos/NR

Timur and
Telefoncu
(2004)

Organophosphorus Trichlorfon/NR Reybier et al.
(2002)

Pyrethroid Permethrin/treated wood Arip et al.
(2013)

Glycine derivative Glyphosate/NR Vaghela et al.
(2018)

Bipyridinium Diquat dibromide/NR Abu Shawish
et al. (2012)

Organophosphorus Paraoxon/NR Schöning et al.
(2003)

Cyclic
voltammetry

Carbamate Pirimicarb and propoxur/NR Selva et al.
(2017)

Nitropesticide Pendimethalin/baby food Galli et al.
(2011)

Organophosphorus Methyl parathion and dichlorvos/
natural waters

De Souza and
Machado
(2006)

Triazines Atrazine and ametrine/natural
waters

De Souza et al.
(2006)

Organophosphorus Chlorpyrifos, fenthion and Methyl
parathion/NR

Zheng et al.
(2017)

Differential Pulse
Voltammetry

Chlorophenoxy
acetic acid

2,4-dichlorophenoxyacetic acid/
water samples

Skrzypczyńska
et al. (2016)

Carbamate Diethofencarb/NR Sinha et al.
(2019)

Imidazolinone Imazaquin/ Imidazolinone

Phenylureas Diuron/soil solutions Phenylureas

Triazine Atrazine/NR Vaz et al.
(2008)

(continued)
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Table 1.1 (continued)

Electroanalytical
technique

Pesticide chemical
classes Pesticide/applications References

Square wave
voltammetry

Organophosphorus Methyl parathion and dichlorvos/
NR

De Souza and
Machado
(2006)

Pyrimidines Diazinon/NR Akyüz and
Koca (2019)

Organophosphorus Methyl parathion and dichlorvos/
NR

De Souza and
Machado
(2006)

Nitropesticide Trifluralin/human plasma Jafari et al.
(2019)

Urea Metobromuron/soil samples Sipa et al.
(2018)

Organophosphorus Fenitrothionin/fruit samples Govindasamy
et al. (2018)

Triazolone Sulfentrazone/soymilk and
groundwater samples

Silva et al.
(2019)

Stripping
voltammetry

Organophosphorus Fenitrothion in natural water and
orange juice samples

Itkes et al.
(2019)

Organophosphorus Chlorpyriphos/irrigation agricul-
tural water

Melo et al.
(2018)

Carbamates Mancozeb, maneb, propineb,
nabam, zineb, ziram, ferbam and
thiram/NR

Amorello and
Orecchio
(2013)

Carbamate Thiodicarb/in food samples Lucca et al.
(2017)

Pyrethroid Cypermethrin/NR Nurdin et al.
(2019a)

Nitrophenyl Aclonifen/NR Shetti et al.
(2019)

Organophosphorus Methyl parathion, diazinon and
chlorpyrifos/water and apple juice

Yola (2019)

Electrochemical
impedance
spectroscopy

Organophosphorus Paraoxon-ethyl, fenitrothion and
chlorpyrifos/NR

Sgobbi and
Machado
(2018)

Organophosphorus Malathion/NR Bao et al.
(2019)

Bipyridinium Paraquat/milk and tomato samples Farahi et al.
(2014)

Organophosphorus Carbaryl and dichlorvos/tap water
and lettuce samples

Malvano et al.
(2017)

Triazine Atrazine/NR Madianos et al.
(2018)

NR no reported
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or interfacial techniques, and are classified as potentiometric or potentiostatic tech-
niques. If an electric potential is established across a membrane or a specific sensor,
this potential is proportional to the concentration of the compound of interest,
characterizing the potentiometric techniques, such as occurs in pH measurements,
a most popular between electroanalytical techniques. In the analysis of pesticides,
potentiometric techniques present applicability, because some chemical structures of
pesticides permit the development of some specific indicator or selective membranes
electrodes. Electric potential established in the interface of the potentiometric sensor
is measured and related to quantity of pesticides under study (Wang 2006; Scholz
2010).

In the potentiostatic techniques or controlled potential, a potential is held constant
or is varied with time in a predetermined manner. This way can occur transfer
electrons reaction, which a compound of interest receives and or loss electrons in
reduction and or oxidation reaction, respectively, or occurs interaction with other
medium components. Therefore, electrical currents produced are measured as a time
function or applied potential, and present values directly proportional to the species
concentration (Dahmen 1986). In general, the applied potential presents enough
energy to promote electron-transfer reaction, the resultant current allows quantifica-
tion and the potential value where the electron transfer takes place can be used in the
identification of the compound under study. A wide variety of potentiostatic elec-
troanalytical techniques have been used to identify and quantify pesticides in
different samples such as natural water, soil, in nature foods and foodstuffs (Díaz-
González et al. 2016; Zhao et al. 2018).

1.3 An Overview of Pesticides Electroanalysis

A detailed evaluation in the scientific databases Web of Sciences®, Scopus® and
ScienceDirect® over the last 10 years from 2009 to 2019 using the keywords
pesticides, potentiometry, amperometry, cyclic voltammetry, differential pulse
voltammetry, square wave voltammetry and electrochemical impedance spectros-
copy, considering the employ of carbon-based, mercury-based, chemically modified
electrodes or biosensors, has shown the pesticides analysis from different chemical
classes, as previously shown in Table 1.1. Additionally, these evaluation in the
scientific databases has shown the predominance in the use of voltammetry and
considerable increase in the employ of the electrochemical impedance spectroscopy
in pesticides analysis, as shown in Fig. 1.1 considering the last 5 year old. The
electrochemical impedance spectroscopy permits the analysis of pesticides without
electroactivity using several electrode surfaces as square wave voltammetry permits
the acquisition of a high analytical sensitivity like the ones obtained by traditional
chromatographic techniques, as will be discussed in the following sections.

In potentiometry is measured the electrical potential that circulates in an electro-
chemical cell, where no current or only a negligible current flow occurs. This
potential is related to pesticide concentration using a specific sensor, called
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potentiometric sensor, which a potentiometer indicates the potential difference
between this sensor, while responds to the activity of pesticide, and the reference
electrode that present a known and constant potential. In amperometry are measured
the resulting current after the application of a constant potential to the working
electrode promoting a gain or loss of electrons, known as reduction or oxidation
reaction, respectively, which is related to the compound concentration under study.

In the electrochemical impedance spectroscopy, the potentiostat apply a fixed
sinusoidal voltage across a three electrodes cell, which contain the solution of
electrolyte plus the pesticide of interest. After the interaction of pesticides with
working electrode surface, all changes in the interfacial properties at working
electrode are measured. In voltammetry, a potential difference, which present
enough energy to promote the electrons transfer, is applied in the electrochemical
cell producing an electrical current directly proportional to pesticide concentration,
among other factors inherent to the chosen voltammetric technique. The mode of the
potential vary will define the voltammetric profile, producing differences in the
analytical results, considering sensitivity and selectivity.

In all electroanalytical techniques, the reactions occur at the electrode/solution
interface from functional groups present in the pesticide molecule, where the

Fig. 1.1 Number of scientific works published which performed the pesticides analysis using
potentiometry, amperometry, voltammetry and electrochemical impedance spectroscopy. These
data considerate literature reports from scientific databases Web of Sciences®, Scopus® and
ScienceDirect® in the years from 2009 to 2019, and were searched using the keywords pesticides,
potentiometry, amperometry, voltammetry (cyclic voltammetry, differential pulse voltammetry and
square wave voltammetry) and electrochemical impedance spectroscopy along with keywords
carbon-based, mercury-based, chemically modified electrodes or biosensors. It is possible to
observe the predominance of voltammetric techniques in all years and an intense increase in the
application of electrochemical impedance spectroscopy in 2018
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phosphates, chlorides, nitro and nitro-derivatives, carbonyl, aromatic rings, double-
bonds, triple-bonds, and sulphur-bonds groups, produce a measurable electrical
signal. The profile, position and intensity of this electrical signal will determine
the analytical sensitivity and selectivity. Moreover, the adequate choice of a working
electrode material allied to the mode of potential difference application and the
specific potential interval applied will be determinant in the success of the identifi-
cation and quantification of pesticide of interest.

In general, the use of electroanalytical techniques, mainly voltammetric tech-
niques, permits the study of the nature of redox reactions or mechanism reactions
and measure the concentration of species in solution after a simplified pre-treatment
in the sample, reducing the time and cost of the analysis. The results are obtained in
an abbreviated time, and the instrumentation has a low cost and operates easily
compared to chromatographic techniques. Besides, its use makes possible to identify
and quantify organic and inorganic compounds at below of the parts per billion level,
keeping the concentration analyte practically constant, making the technique like
non-destructive.

Electroanalytical techniques permit the evaluation of the different forms of the
same element such as Fe(II) or Fe(III), Cr(IV) or Cr(VI), Ru(II) or Ru(III), As(III) or
As(V) in compounds containing these metals or its complexed forms in complex
mixtures (Dahmen 1986). They also enable analysis to be performed in colored
solutions or containing suspended particles, using unusual media such as non-polar
solvents, supercritical fluids, gases and even solids. Finally, electroanalytical tech-
niques permit the study of nature of redox reactions or mechanism reactions and
measure concentration of chemical species in solution (Christian et al. 2014).

All advantages described above, allied to improvements in the analytical instru-
mentation have led to a considerable increase in the use of electroanalytical tech-
niques (potentiometry, electrochemical impedance spectroscopy, amperometry and
voltammetry) in pesticides analysis. The automation, miniaturization, and easy
handling of different working electrodes used as sensors, biosensors or lab-on-a-
chip devices or electrochemical transducers, promoted a suitable increment in the
analytical performance, mainly in the analytical selectivity. A wide variety of
pesticides from various chemical class, have been analyzed in environmental,
pharmaceutical, and industrial samples, with sensitivity and selectivity comparable
to other well-established analytical techniques such as chromatography and
spectroscopy.

Various books and literature reports show the main mathematical treatments that
can be used in interpreting and predicting the experimental responses from steps,
sweeps or the combination of both potential changes, considering of a simple
electrochemical reaction and or complex electrochemical systems, such as coupled
chemical reactions, which can be consulted to obtain information about electro-
chemical mechanism study of the pesticides (Bard and Faulkner 1944; Wang 2006;
Mirceski et al. 2007). For this, it will be presented only a brief discussion about the
mode of pulse potential application and resulting currents, main equations for
determination of peak current, peak potential and half-height width, indicating the
advantage and disadvantage of each voltammetric technique. A brief description of
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the potentiometry, amperometry, and electrochemical impedance spectroscopy in
pesticides analysis and some case studies for each technique also will be presented.

1.3.1 Potentiometry

Potentiometry can be considerate the simplest, with a wide linear range and fast
between all electroanalytical technique. It’s related to potential measures in the
absence of appreciable currents, for this is called as static technique, and has the
output potential readings vs. time, where the potential value is determinate by Nernst
equation, that relate the analyte concentrations:

E ¼ E0 þ RT
nF

ln
Cox

Cred
ð1:1Þ

where E0 is the standard potential given in volts, Cred and Cox are the concentration
of chemical species in the reduced and oxidized forms given in mol L�1, respec-
tively, n is the number of electrons involved in the half-reaction given in equivalents
per mole, R is the gas constant and present of value 8.3143 V C K�1 mol�1, T is the
absolute temperature in Kelvin, and F is the Faraday constant and present the 96,487
C eq�1. Substituting the known constant values, the Nernst equation produces the
most basic relation to evaluate the relationships between potential values and
concentration of the redox compounds in all electroanalytical techniques, including
potentiometry, Eq. 1.2:

E ¼ E0 þ 0:05916
n

log
Cox

Cred
ð1:2Þ

In potentiometric analysis, a pair of electrodes are inserted in the cell containing
the sample solution of the compounds under study. After this, is measured the
electrical potential difference between pair of electrodes, and the data are used to
quantify the compound of interest present in the sample. So, in a potentiometric
analysis are used a reference electrode, an indicator electrode and a potential
measuring device, as indicated in Fig. 1.2. The reference electrode gives references
for potential measurements, it is an electrode independent of compounds potential,
and independent of temperature. Its design relies on an aqueous bridge electrolyte,
typically high concentration of a potassium chloride solution in contact with the
sample solution, as will be explained in the next section.

Indicator electrode is where the compounds of interest is evaluated due to the
measured potential difference, which depends mainly on the concentration of these
compounds. When the pair of electrodes are taken in contact, occurs some change in
the free energy due to the chemical phenomena proceed until the equilibrium
condition has been satisfied. The potential measuring device is constituted by a
potentiometer with a high-input impedance, that indicate the cell voltage, providing
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a digital potential lecture, either in terms of voltage or pH, without noticeable
currents (Christian et al. 2014; Fatibello-Filho et al. 2019).

In practice, potentiometric cell can be represented by:

Eref solutionj jEind ð1:3Þ

where Eind is the potential of the indicator electrode, Eref is the potential from
reference electrode and the single lines represent a boundary between either an
electrode phase and a solution phase, where a liquid-junction potential, Ej, can
arise (Néher-Neumann 2009). The potentiometer measures the potential established
between the indicator and reference electrode, but when a salt bridge is employed,
the liquid-junction potential must be included, according to:

Ecell ¼ Eind � Eref

� �þ E j ð1:4Þ

As the reference electrode potential is constant, any alterations in potential of the
indicator electrode will be reflected by an equal change in the cell potential. As the
liquid-junction potential in the indicator electrode does not differ significantly from
one solution to the next, and can’t be evaluated under most circumstances, and for
this can accept that is related to constant k:

Fig. 1.2 Potentiometric cell, containing indicator (IE) that can be an ion-selective electrode (ISE)
or an ion-sensitive field-effect transistor (ISFET) and reference (RE) electrodes, that can be a
saturated calomel electrode (SCE) or a silver-silver chloride in potassium chloride solution elec-
trode (Ag/AgCl/KCl). IE and RE are connected in a voltmeter to measure the potential in the
electrochemical cell.
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k ¼ E0
ind � Eref þ E j ð1:5Þ

where k is a constant that related the liquid-junction potential and E0
ind is standard

potential of indicator electrode. In both electrodes, the electrical potential will
dependent of the concentrations of the species and will varies from the standard
potential from reference electrode. This potential dependence is described by the
Nernst Equation, Eq. 1.2, and permits to make them practical by establishing
quantitative relationships between potential and concentrations of chemical species
under study:

Ecell ¼ k0 � 2:303RT
nF

log
Cred

Cox
ð1:6Þ

Temperature is a fundamental parameter, and at 25 �C or 298.16 K, the value of
2.3026RT/F is 0.05916 V, for this, in the commercial potentiometers there is a meter
for the solution temperature (Néher-Neumann 2009). Advances in the development
of specific indicator electrodes, known as ion selective electrodes, has promoted an
increase in the potentiometry application for pesticides analysis in the last years. The
ion selective electrodes are indicator electrodes capable of realize selective measures
of concentration or activity of some chemical species. They are constituted by an
ion-selective membrane that is normally placed between two aqueous phases. The
first one is the sample and the second is the inner solutions that contain the
compounds of interest in a known concentration, as shown in Fig. 1.2. This way
arises a potential difference across the membrane, that may be a glass, a crystalline
solid, or a liquid, that is measured using two reference electrodes.

The most known ion selective electrode is the combined glass electrode or pH
electrode, where a permeable membrane allows the quantification only of hydrogen
ions. However, in the last decades, some enzymatic potentiometric electrodes have
been developed to pesticides analysis, which a normal pH electrode is coated with an
impregnated gel containing a specific enzyme, that if placed in contact with a sample
containing the pesticide, promote an enzymatic reaction resulting in an electric
potential that is related to the amount of the pesticide that permeate the gel. These
enzymatic potentiometric electrodes can be developed for any permeable species in
which a selective reaction promotes alterations in pH values (Ghindilis et al. 1996;
Cho et al. 1999; Ding and Qin 2009; Justino et al. 2015; Songa and Okonkwo 2016;
Trojanowicz 2016; Kudr et al. 2017; Li et al. 2019).

In this context, some works reported the immobilization of enzyme under pH
sensor surface to organophosphate pesticides detection, where a change in the output
potential corresponds to change in concentration of the protons as a result of the
enzymatic reaction (Patel et al. 2019). Timur and Telefoncur used chitosan mem-
brane to the immobilization of acetylcholinesterase enzyme, which was inhibited by
malathion, parathion-methyl and methamidophos, producing alterations in the pH
values measured (Timur and Telefoncu 2004). Reybier et al. employed glutaralde-
hyde on an electropolymerized polyethyleneimine film to the immobilization of
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butyrylcholinesterase under pH electrode surface to quantify trichlorfon (Reybier
et al. 2002).

Other modifications was also proposed, such as the immobilization of cells of the
some fungus types to produce a potentiometric biosensor for the permethrin deter-
mination, a pyrethroid pesticide, in treated wood (Arip et al. 2013). Others ion
selective electrodes also can be modified by specific enzymes to pesticides detection.
Vaghela et al. used an ammonium ion selective electrodes covered with agarose-guar
gum remained bio-nanoconjugate of urease with gold nanoparticles for glyphosate
detection, and the potential of ammonium ion selective electrodes modified was
measured and related to inhibition of urease activity by glyphosate, which was
related to glyphosate concentration (Vaghela et al. 2018).

Ion-sensitive field-effect transistor has also been used as sensor in potentiometric
detection pesticides due to the advantages over ion selective electrodes, such as very
fast response, high sensitivity, batch processing capability, potential for on-chip
circuit integration, small size, low cost and robustness, which makes portable
analytical applications possible (Sajini et al. 2019). Ion-sensitive field-effect transis-
tor is indicator electrode where the chemically sensitive membrane is substituted by
ordinary metal oxide silicon field effect transistor with the gate electrode plus the,
solution and a reference electrode. Ion-sensitive field-effect transistor use presents a
sensitive area and incorporates the means of transduction from an ion concentration
to a voltage, Fig. 1.2. When the ion-sensitive field-effect transistor sensor comes into
contact with the solution containing pesticide, interaction or ion exchange with the
measurement system occurs (Yuqing et al. 2003; Dzyadevych et al. 2006; Nehra and
Pal Singh 2015).

The changes in the nature of the chemically sensitive membrane or insulating
layer has been tested permitting the development of different ion-sensitive field-
effect transistor sensor (Cichosz et al. 2018; Xu et al. 2019). For some metals and
metallic oxides, polymer and carbon-based materials act as conductive components
or a matrix of an electrically conductive system. Among carbon-based materials,
Shawish et al. prepared an ion-sensitive field-effect transistor using carbon paste
electrode for diquat dibromide, a bipyridinium pesticide, and the ion pair diquat-
phospho-tungstate dissolved in 2-nitrophenyloctyl ether as pasting liquid with 1.0%
sodium triphosphate buffer as an additive (Abu Shawish et al. 2012). Anirudhan and
Alexander employed ion-sensitive field-effect transistor based on the use of carbon
nanotube with multiwalled modified by molecularly imprinted polymer in the
determination of the pesticide 2,4-dichlorophenoxyacetic acid, a substituted deriva-
tive from benzene pesticide, in natural water samples (Anirudhan and Alexander
2014).

However, in most of the research already done, the ion-sensitive field-effect
transistors are based on the enzyme or antibodies modifier to improve the selectivity
and sensitivity in the pesticide potentiometric analysis (Dzyadevych et al. 2006;
Jiang et al. 2008; Gubanova et al. 2017). The enzyme organophosphorus hydrolase
was used in the modification of ion-sensitive field-effect transistor pH sensitive by
Schöning et al. to analysis of paraoxon, an organophosphorus pesticide (Schöning
et al. 2003). Thanh et al. recovered an ion-sensitive field-effect transistor modified
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by graphene films with urease enzyme to carbaryl enzymatic inhibition analysis
towards urease (Thanh et al. 2018). An immunosensor was developed by Starobud
et al. based on ion-sensitive field-effect transistor gate modified by polyclonal
antibodies against simazine attached to the via staphylococcal protein A, which
was employed in the determination of the simazine, a triazine pesticide, by analysis
of the competition between the peroxidase-labelled simazine molecules and the
antibodies on the ion-sensitive field-effect transistor surface (Starodub et al. 2000).
Additionally, the chlorpyrifos, an organophosphorus pesticide, was evaluated using
a surface modified by Chlorella sp., based on the detection principle of its inhibition
by chlorpyrifos, where the enzyme was dephosphorylate the phosphate monoester of
substrate 2-phospho-L-ascorbic acid to release L-ascorbic acid, which was moni-
tored using the ion-sensitive field-effect transistor as potentiometric tool (Pabbi et al.
2018).

1.3.2 Amperometry

In the amperometry and voltammetry, that are controlled potential techniques, some
electrochemical events occur to produce currents signals related to the concentration
of pesticide of interest, as indicated in Fig. 1.3. Initially, it is applied a difference
between the electric potential of a cell under the passage of a current and the

Fig. 1.3 Main electrochemical events that occurs in the interface electrode/solution (mass trans-
port, reactant and product adsorption and charge transport), where Ox0 and Red0 represents the
oxidized and reduced forms in the bulk solution, Ox and Red represents the oxidized and reduced
forms in any stage, Oxads Redads indicate the oxidized and reduced forms adsorbed in the electrode
surface and ne� is the number of electrons transferred. Modified after (Escarpa et al. 2015)
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thermodynamic value of the cell potential in the absence of electrolysis in the
electrochemical cell, or high potential (Amine and Mohammadi 2018). This poten-
tial is enough to ensure that the electroactive chemical species are transferred by
mass transport from the bulk solution, (Ox) containing supporting electrolyte
unstirred, to interface of working electrode (Oxads), promoting a rapid decrease of
the electroactive species under the electrode surface, known as the electron transfer
(Ox + ne� ! Red).

Therefore, current signals are produced according to Cottrell Equation, Eq. 1.7,
derived from Fick’s second law of diffusion, (Bard and Faulkner 1944), where the
potential step is applied under conditions of high overpotential variation, producing
the limit current related to time by:

il ¼ nFAD1=2
ox C�

ox

π tð Þ1=2
ð1:7Þ

where il is the limit current, Dox is the diffusion coefficient for the species O given in
cm2 s�1, t is the time in seconds, A is the electrode area given in cm2 and other terms
were previously defined. This equation is the fundamental base in all voltammetry
techniques and in amperometry.

Amperometry is a type of electroanalytical technique that uses a potential step at
stationary system, without agitation in the solution and after this, the behavior of an
electrochemical system is evaluated from analysis of the current-potential curves,
Fig. 1.4. Before the potential application, the chemical species are electro inactive,

Fig. 1.4 The potential application mode and the voltammetric profile obtained from electroanalyt-
ical analysis using amperometry, cyclic voltammetry, differential pulse voltammetry and square
wave voltammetry. In the center is presented a single electrochemical cell containing auxiliary
(AE), working (WE) and reference (RE) electrodes, and its respective electric circuit representation.
(Modified after Zoski 2007)
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and by applying an adequate potential step, electrons are transferred by the redox
reaction, producing an intense current signal, that is measured according to Cottrell
Equation, Eq. 1.7. This current becomes close to zero when the electroactive species
are consumed around electrode surface (Bakirhan et al. 2018). The current resultant,
considering a fixed potential, is proportional to the compound of interest concentra-
tion, and it can be used for direct measurement of pesticides. Double-step
amperometry are employed in the study of mechanisms of electrode processes,
which the second step is used to probe the fate of a species generated in the first
one (Galus 1994; Bockris et al. 2000; Zoski 2007).

Amperometry permits the distinction between several electroactive pesticides in
solution by application of an adequate potential and or by proper chooses of the
electrode material. Moreover, amperometry is the detection method most widely
employed in many electrochemical enzyme-based biosensors, immunosensors and
aptasensors for pesticides detection, which will be described in the Sect. 1.4. In these
systems, the success in pesticides detection is related to the immobilization steps of
the biological material and strategies of signal amplification, commonly realized by
amperometry detection (Songa and Okonkwo 2016; Amine and Mohammadi 2018;
Bakirhan et al. 2018; Samsidar et al. 2018; Liu et al. 2019; Patel et al. 2019).
Considering the employ of enzymatic sensors, the amperometry detection can be
performed by pesticide direct detection and or using an enzymatic reaction previ-
ously to the pesticide quantification, as shown by Llorent-Martínez et al. (Llorent-
Martínez et al. 2011; Stanković and Kalcher 2016). In the last two decades, the
electrochemical detection of pesticides using amperometry allied to sensor and
biosensors has also been largely used in flow-based analytical methods, (Miró and
Frenzel 2018), as will described at final of this section.

The simplicity of the amperometry also permit its use in batch-injection analysis.
In this application, a microvolume of sample is dripped close to the working
electrode surface and after this, is compounds of interesting present in the sample
is instantly reduced or oxidized producing a transient signal that vanish away as the
convective transport dilutes the analyte in the bulk of the solution in the electro-
chemical cell. The batch-injection analysis use only an electronic micropipette,
which permits fast and high-precise sample partition, a simple cell and not necessity
of the system with pumps and valves (Tormin et al. 2014). So, batch-injection
analysis with multiple-pulse amperometry detection was used in the determination
of picoxystrobin, a β-methoxyacrilic acid pesticide, in natural waters (Dornellas
et al. 2015), in the determination of mancozeb, a carbamate pesticide, in commercial
formulations (Simões et al. 2007), in paraquat, a bipyridinium pesticide, determina-
tions, among others class of pesticides (Rocha et al. 2018). Finally, the amperometry
is the main electroanalytical technique employed in the electrochemical chromato-
graphic detection, as will be explained in the final of this section (Rivoira et al.
2015).
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1.3.3 Voltammetry

In the voltammetric techniques, the potential application modes will determine the
profile of the analytical signal, known as voltammogram and shown in Fig. 1.4.
Besides, the current intensities and peak potential values are responsible by quanti-
fication and identification, respectively, of pesticide of interest. The voltammetric
techniques most frequently used are related to application of the potential steps such
as amperometry, described above, and potential sweeps such as linear and cyclic
voltammetry (Wang 2006). The combination between steps and sweep potential
techniques, known as pulse voltammetry, promote a suitable improve in the analyt-
ical sensitivity and selectivity, due to a substantially increase in the ratio between
faradaic current, from electrons transfer, and no faradaic responses, from other
process that occurs in electrochemical cell such as double electric layer formation,
known as capacitive current (Zoski 2007).

In pulse voltammetry, the potential is held at some value, Eo where no electrons
transfer occurs and then is stepped instantaneously to a second value, El, where
electrons are transferred. After pulse potential application, the capacitive current
flow decreases with time much faster than the faradaic current flow. Current is
measured sometime after the pulse application, in a time where occurs a considerable
increase in the ratio between faradaic and non-faradaic currents, allowing the
obtention of sensitivity in a level like obtained using traditional chromatographic
techniques. Pulse techniques present different excitation waveforms and current
sampling, characterizing the normal pulse voltammetry, differential pulse
voltammetry, staircase voltammetry, and square wave voltammetry.

In these techniques, occurs the application of a potential difference in typical
waveforms producing analytical signals, or voltammograms, from redox reactions
producing electron transfers, reduction and or oxidation reactions. They are often far
more sensitive than spectroscopic techniques or most approaches performed by
chromatographic techniques (Escarpa et al. 2015). In addition, the use of pulse
voltammetry can provide information about the chemical form in which an com-
pound of interest appears, is possible define the oxidation states, detect complexation
reactions and characterize acid-base chemistry, that are information frequently
overlooked by others analytical techniques (Bockris et al. 2000; Wang 2006).

In the normal pulse voltammetry, the potential is maintained at an initial value,
where no current flows occur, and then a series of pulses with increasing amplitude
are applied, followed by currents sampled, at shortly after each pulse application to
eliminate the capacitive component and promote improvements in the analytical
sensitivity. The resultant voltammograms present a sigmoidal shape, where the
position and the slope depend on the reversibility of the redox reaction and current
signal is related to concentration of pesticide of interest. However, the results of
current present an intense influence of capacitive/background components, and for
this, the sensitivity of the normal pulse voltammetry is lower than obtained using
others pulse potential techniques. So, its use in quantification of pesticides and
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inorganic compound is limited to electrochemical process with a slow electron
transfer (Wang 2006; Escarpa et al. 2015).

In the staircase voltammetry, potential steps of 10 mV height and about 50 mil-
liseconds duration are applied. After this time, the current is measured producing a
peak-shaped current response, like obtained by linear scan experiments. However,
staircase voltammetry requires three parameters, the step height, step width and
fraction of the step width at which current is sampled, while linear scan voltammetry
is specified by one parameter, the scan rate. This way, staircase voltammetry present
a considerable discrimination against the capacitive current and consequently a
higher sensitivity (Christie and Lingane 1965; Seralathan et al. 1987; Batchelor-
McAuley et al. 2015).

Considering modern electrochemical instrumentation commercially available,
pesticides electroanalyses has been performed using cyclic voltammetry, differential
pulse voltammetry and square wave voltammetry due to inherent properties of each
technique, and for this, these techniques will be reviewed next, indicating the main
characteristics and some important applications considering some pesticides types
analysis from different chemical classes.

1.3.3.1 Cyclic Voltammetry

Cyclic voltammetry is a potential sweep technique, where the current is measured
when the electrode potential is varied linearly with time, begin from a potential
where no reaction occurs, E1, and driving to potentials where occurs reduction or
oxidation reactions, E2. In linear sweep voltammetry, the scan concludes at E2,
already in cyclic voltammetry, when the potential reaches E2 the sweep direction is
reversed and the potential returned to E1, Fig. 1.4, producing one cycle of the cyclic
voltammogram. The number of cycles may be evaluated in a determinate time,
producing signals of the current and potentials, in the cathodic and anodic directions,
the half-peak potential and the half-wave potential values provide useful information
about redox mechanisms of pesticides. These information include the electrochem-
ical reversibility, kinetic of electron transfer, determination of the energy levels,
intermediary formation, quantification of the electron transfer number across the
electrode/solution interface as well as identification of adsorption process and
following chemical reactions that are coupled to electron transfer (Wang 2006;
Compton and Banks 2007; Zoski 2007; Forster and Cumba 2018).

Like other voltammetric techniques, the current signals (I ) measured by linear
and cyclic voltammetry correspond to capacitive (Ic) and faradaic (If) current con-
tributions, which occurs as interfacial charging and the electron transfer events that
take place at the electrode surface Eq. 1.8:

I ¼ Ic þ I f ð1:8Þ
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where the capacitive contribution can be eliminated using the subtraction of the
blank response procedure, where the responses correspond to the only electrolytic
solution without electroactive species. For this, detection limits for linear scan
voltammetry and cyclic voltammetry are considered high, with values around
10�5 M, and for this, no adequate to analytical purposes.

Some mathematical procedure has already been employed to improve the sensi-
tivity, as demonstrated by Chen and Chen, where a mathematical method was
applied in the analysis of dates from the analytical determination of the carbofuran,
a carbamate pesticide. This mathematical method employed calculous of specific
area from the cyclic voltammetry curves as the dependent variables and the
carbofuran concentrations as the independent variables (Chen and Chen 2013).
Even with the use of modern equipment, or advanced mathematical treatments, or
modified electrodes the sensitivity is not adequate for environmental analyses, and
the pulse techniques are the most adequate for this purpose, as will be
explained next.

However, as reaction of pesticides in the electrochemical cell can be like reactions
in the environment, soil and natural waters, the use of cyclic voltammetry makes
possible the study of the mechanism reaction and estimate eventually intermediary
compounds and or products of the redox reactions. So, information about interme-
diary reactions, toxicity and persistence of these compounds can be obtained. In
practice, cyclic voltammetry is the most appropriate tool to obtain information about
the kinetic, thermodynamic and mechanisms of many chemical reactions, such as
electron and proton transfers, isomerization, and ejection of leaving chemical groups
(Wang 2006). Additionally, cyclic voltammetry is the first technique used to obtain
basic information about the redox process and preliminary experimental and
voltammetric conditions (Compton and Banks 2007). Commonly, are evaluated
the peak height, ip in the cathodic and anodic scan, which for a planar diffusion-
controlled reaction can be related to the Randles-Sevčik equation, presented in
Eq. 1.9:

ip ¼ 0:4463
nFð Þ3=2
RTð Þ1=2

AD1=2
O C�

Oν
1=2 ð1:9Þ

where ip is the peak current, ν is the scan rate given in V s�1 and other terms were
previously described. This equation indicates the proportionality between the peak
current and the square root of the scan rate and is the key feature in cyclic
voltammetry. Additionally, in specialized literature can be found specific equations
that are used in diagnostic criteria to characterize a reversible, irreversible, chemical
coupled reactions and reactants or products adsorption process in cyclic
voltammograms (Zoski 2007).

So, Selva et al. studied the electrochemical behavior of pesticide pirimicarb and
propoxur, carbamate pesticides, using cyclic voltammetry allied to boron doped
diamond as working electrode. To pirimicarb it was observed the presence of three
independent irreversible oxidation peaks related to the transfer of one electron for
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each peak, across a pH range from 2.0 to 8.0, and the analysis of voltammograms
permitted a reaction proposal for the electrochemical reaction of pirimicarb,
supported by mass spectrometry experiments. To propoxur, results indicated a single
and irreversible electron transfer by oxidation process, that was observed without
any derivatization processes, which are commonly used for the electrochemical
detection of this pesticide class (Selva et al. 2017).

Galli et al. described the electroanalytical behavior of pendimethalin, a nitro
pesticide, based on cyclic voltammetry responses from its electro-reduction using
a hanging mercury drop electrode, where they observed that two well-defined
voltammetric peaks appeared during the direct scan, while the reverse scan presented
no peaks, indicating a totally irreversible redox process (Galli et al. 2011). De Souza
and Machado used cyclic voltammetry in the redox behavior study of methyl
parathion and dichlorvos that are organophosphorus pesticides, and paraquat and
diquat that are bipyridinium pesticides, using gold microelectrodes (De Souza and
Machado 2006). Additionally, was also evaluated the electrochemical behavior of
atrazine and ametrine, triazines pesticides, using solid amalgam electrode allied to
diagnosis criterions of cyclic voltammetry to electrochemical reactions (De Souza
et al. 2006). Zheng et al. used cyclic voltammetry to characterize the redox properties
of pralidoxime chloride, an antidote to organophosphate pesticides, as an electro-
chemical probe in the development of a non-enzymatic inhibition method for the
determination of organophosphorus pesticide chlorpyrifos, fenthion, and methyl
parathion (Zheng et al. 2017).

Some reports have demonstrated the use of cyclic voltammetry in the
electropolymerization process, in which occurs the formation of a thin polymeric
film under material that presents conductivity, typical of the chemically modified
electrodes. These modifications alter the properties of the interface producing ade-
quate sensors and biosensors to use in the pesticides analysis (Akyüz et al. 2017).
Based on the electric prospects from specific monomers and the knowledge of the
most appropriate supporting electrolyte and solvent, the immersion of the electrode
in a monomer solution allied to cyclic voltammetry technique is enough for polymer
formation, because the parameters of the techniques can be easily changed to shape
the polymer over the electrode surface regarding its thickness, conductivity and
doping properties.

The presence of a polymer over an electrode surface is useful in biosensor
development to quantify specific pesticides. The formation of a conductive polymer
can increase the electronic transference throughout the transducer and the presence
of non-polymerized functional groups can be used to attach the biomolecules
(Edwards et al. 2007). Alves et al. used cyclic voltammetry in the study the
electropolymerization of the monomer 2-hydroxybenzylamide over a carbon graph-
ite electrode with further modification with the enzyme tyrosinase through physical
adsorption to detection of fenitrothion, an organophosphorus pesticide, based on its
enzymatic inhibition, evaluated through chronoamperometry and flow injection
analysis (Alves et al. 2018).

Yildiz et al. also used cyclic voltammetry in the electropolymerization of mono-
mer 4-(2,5-di(thiophen-2-yl)-1H-pyrrol-1-yl)benzenamine under carbon graphite

20 D. De Souza et al.



electrode modified by multi-walled carbon nanotube (Yildiz et al. 2008). This
electropolymerization promoted the electrode activation through carbodiimide reac-
tion and the enzyme acetylcholinesterase, that was posteriorly used in the detection
of paraoxon, parathion and chlorfenvinphos, organophosphorus pesticides, through
chronoamperometry based on enzymatic inhibition (Kesik et al. 2014).

1.3.3.2 Differential Pulse Voltammetry

In differential pulse voltammetry the potential waveform is characterized by appli-
cation of a series of potential pulses with constant amplitude, superimposed in the
linear ramp. The generate current is sampled at the beginning and the at the end of
each pulse. The difference between these two current values is recorded and shown
as function of the applied potential, as shown in Fig. 1.4. The resulting
voltammogram is characterized by peak-shaped, that present a considerable decrease
in the capacitive/background current, resulting in the analytical signals with superior
sensitivity, compared to cyclic voltammetry and normal pulse voltammetry (Escarpa
et al. 2015). Like normal pulse voltammetry, considering a reversible system, are
also employed mathematical expressions that relate peak current, Ip, with concen-
tration Eq. 1.10, and peak potential, Ep, with diffusion of electroactive species
Eq. 1.11 based on Nernst Equation, according to:

Ip ¼ nFAD
1
2
OC

�
O

πtp
� �1

2

1� σ
1þ σ

� �
ð1:10Þ

Ep ¼ E0 þ RT
nF

ln
Dred

Dox

� �1=2

� ΔEp

2
ð1:11Þ

where σ ¼ exp (nFa/2RT) and a is the pulse amplitude. Considering small a value,
peak width at half height, w1/2, can be employed in the calculous of the number of
electrons transferred by Eq. 1.12:

w1=2 ¼ 3:52
RT
nF

ð1:12Þ

So, Selva et al. employed differential pulse voltammetry in the carbamate pesti-
cide pirimicarb quantification using diamond boron doped electrode, producing a
analytical procedure very simple, whit low-cost, accurate and that possibility the
portable in natural waters electroanalysis (Selva et al. 2017). Skrzypczyńska et al.
used differential pulse voltammetry coupled to different carbonaceous materials as
working electrodes, in the determination of 2,4-dichlorophenoxyacetic acid, usually
called as 2,4-dichlorophenoxyacetic acid, in water samples (Skrzypczyńska et al.
2016). Hashemi et al. employed differential pulse voltammetry in the determination
of carbaryl and fenamiphos, a carbamate and an organophosphorus pesticides,
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respectively, using a non-enzymatic sensor prepared with reduced graphene oxide as
working electrode, generating an electroanalytical procedure very simple and an
efficient sensor for use in the detection of low levels of these pesticides in fruit and
vegetable samples (Hashemi et al. 2019).

Duarte et al. developed used the differential pulse voltammetry allied to a boron-
doped diamond electrode associated to solid phase extraction in the simultaneous
determination of multiresidues of diuron, 2,4-dichlorophenoxyacetic acid and
tebuthiuron and posterior analysis in lake and well water samples, where the results
attested the feasibility of method for pesticides determination in water samples
(Duarte et al. 2018). Sinha et al. used differential pulse voltammetry in the devel-
opment of a rapid and selective screening of carbamate pesticides diethofencarb
applying a nanosensor platform based that permitted analysis from of 1 ng μL�1 to
35 ng μL�1 in environmental monitoring (Sinha et al. 2019).

Soil contaminated by pesticides from different chemical class has also been
successfully analyzed using differential pulse voltammetry. Some examples include
the work developed by Moreno et al. that evaluated the dynamics of triazine
pesticides in soils and the formation of complexes with cupper ions, indicating
that in crops treated with triazines plus with cupper salts occurs a decrease in
persistence and effectiveness of pesticides (Moreno et al. 2018). Vaz et al. used
differential pulse voltammetry for evaluation of the degradation products of
imazaquin, methyl-parathion, bentazon and atrazine pesticides, generated from the
ultraviolet irradiation under pesticides solutions, They performed this study due to
the degradation products of these pesticides can be even more toxic then the parent
products and such studies should be encouraged (Vaz et al. 2008).

Castanho et al. determined sorption coefficients of the pesticide imazaquin using
the differential pulse voltammetry in some soil classes, contributing to the pre-
dictions of pesticide fate and transport mechanisms in the environment as well as
its exposure and interactions with different soil materials (Castanho et al. 2016).
Finally, Soares et al. evaluated the diuron pesticide in soil solutions using differential
pulse voltammetry and a graphite-polyurethane electrode and observed that the
organic matter and clay content influence directly in the differential pulse
voltammetry responses (Soares et al. 2012).

1.3.3.3 Square Wave Voltammetry

Square wave voltammetry, sometimes called as Osteryoung square wave
voltammetry, is the most used electroanalytical technique to electrochemical behav-
ior study and to detection of pesticides from different chemical class, using a varied
of materials as voltammetric sensors (De Souza et al. 2003; De Souza et al. 2004). In
square wave voltammetry, a series of equal amplitude pulses are applied under a
staircase potential, considering the use of a cathodic pulse and an anodic pulse, as
shown in Fig. 1.4. During each forward pulse, the analyte diffuses to the electrode
surface and it is immediately reduced or oxidized. During the backward pulse,
analyte that was just oxidized or reduced returns to the initial condition in a
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reversible reaction, or no reaction occurs if the system is irreversible (Mirceski et al.
2007; Mirčeski et al. 2007). The current values are measured just before, called as
forward current (If) and at the end of each pulse, called as backward current (Ib). The
net or resulting currents (ΔI) are plotted as a function of the corresponding potential
of the staircase waveform, producing a voltammogram with gaussian profile:

ΔI ¼ I f � Ib ð1:13Þ

The peak current (Ip) and the peak potential (Ep) in the maximum signal can be
used to identify and quantify pesticides, respectively, from different chemical class.
Since in the square wave voltammetry the resultant current is higher than forward or
backward currents, the analytical signals are higher than signals observed by use
other electroanalytical techniques, producing very low detection limits, from
1.0 � 10�6 mol L�1 until 1.0 � 10�12 mol L�1. Besides, the peak current and
peak potential values are strongly dependents of the type of working electrode
employed, due to electrons transfer properties depend on the kinetics and thermo-
dynamics of the electrode materials, and also depends of the use of previous
stripping voltammetric steps (Mirčeski et al. 2007). Additionally, square wave
voltammetry makes possible the potential to be scanned faster than the obtained
by other electroanalytical techniques and produce a well-defined peak that are more
easily interpreted.

The theoretical description and several application of square wave voltammetry
are described in several reviews, and the mathematical models were previously
developed considering electrochemically reversible, quasi reversible and irreversible
electrode reactions and coupled chemical reactions, with or without reactants and
products adsorption process at working electrode (Mirčeski et al. 2007). The ade-
quate use of some mathematical models makes possible to estimate pesticides
electrochemical mechanisms and to evaluate its behavior in the environment, since
reactions studied in electrochemical cell are like electrons transfer in natural water,
soil and food samples. For this, it is necessary to observe the behavior of Ip, Ep and
half-height width (w1/2) when are individually changes the height of potential pulse
(a), the height between each potential step (ΔEs) and the duration of each pulse
potential ( f ).

The linear relationships between Ip and f square root are typical of the redox
reaction controlled by diffusion rate of the pesticide from the bulk solution to
working electrode interface, Eq. 1.14. The linear relationship between f and Ip values
are typical of redox reactions controlled by adsorption kinetic, followed by product
adsorption, which are coupled by intense peak enlargement Eq. 1.15. Besides, the Ip
are also related to a and ΔEs values, according to Eq. 1.16 to reversible redox
reaction with reactant and products adsorbed or Eq. 1.17 to reversible redox reaction
with only reactant adsorbed or and Eq. 1.18 to irreversible redox reaction with only
reactant adsorbed or with reactant and products adsorbed).
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Ip ¼ k f 1=2 ð1:14Þ
Ip ¼ kf ð1:15Þ

Ip ¼ const:nx f 1=2ayt
1=2
0 A

� for 1 < x < 2; y < 1 ð1:16Þ
Ip ¼ const:nxΔEsf a

yt
1=2
0 A

� for 1 < x < 2; y < 1 ð1:17Þ
Ip ¼ const:αn2ΔEsf a

xt
1=2
0 A

� for x < 1 ð1:18Þ

where n is the number of electrons transferred, k is the kinetic constant, α is the
electron transfer coefficient, t0 is delay time, A is the area of working electrode and
other terms were previously defined.

In the square wave voltammetry signals from redox reaction of pesticides, can be
observed a shift towards less or more negative values in the Ep, which varied linearly
with the logarithmic value of the f according to the Eq. 1.19 to reversible redox
reaction without products adsorption and Eq. 1.20 to irreversible redox reactions,
known as Lovric’s Equations.

ΔEp

Δ log fð Þ ¼
�2:3RT
2nF

ð1:19Þ

ΔEp

Δ log fð Þ ¼
�2:3RT
αnF

ð1:20Þ

Finally, the w1/2 during the variation in the voltammetric parameters can be
related to number of electron transfers, according to Eq. 1.21 considering reversible
redox reaction with only reactant adsorbed, Eq. 1.22 considering reversible redox
reaction with reactant and product adsorbed and Eq. 1.23 considering irreversible
redox reaction with only reactant adsorbed or with reactant and product adsorbed.

w1=2 ¼ 101
n

ð1:21Þ

w1=2 ¼ 97
n

ð1:22Þ

w1=2 ¼ 63, 5� 0, 5ð Þ
αn

ð1:23Þ

Based on the above-mentioned advantages, the square wave voltammetry has
been largely employed in the electrochemical behavior study and in the analysis of
pesticides from different chemical classes and various samples, including natural
water, soil, foods and biological fluids samples. In this context, De Souza and
Machado have proposed the use of square wave voltammetry diagnostic parameter
to evaluate the electrochemical mechanisms of electrons transfer from bipyridiniums
pesticides paraquat and diquat, and organophosphorus pesticides methyl-parathion
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and dichlorvos and quantified its residues in natural water samples using a simple
gold microelectrode (De Souza and Machado 2006).

Akyüz and Koca used square wave voltammetry in the characterization of an
electrochemical sensor enzyme less based on the modifications by manganese
phthalocyanine polyaniline, which was employed in the detection of the fenitrothion,
eserine, and diazinon. This pesticides were determined with sensitivity around
0.049 μmol L�1 for fenitrothion, 0.088 μmol L�1 for eserine and 0.062 μmol L�1

for diazinon, presented wide linear ranges, and especially higher selectivity (Akyüz
and Koca 2019). Furthermore, Jafari et al. used square wave voltammetry and a
modified electrode by silver nanoparticles and reduced graphene oxide in the
sensitive detection of trifluralin, a nitro pesticide, in human plasma samples,
obtaining a reliable, low cost, rapid, and user-friendly analytical procedure (Jafari
et al. 2019).

Sipa et al. employed square wave voltammetry and a pencil graphite electrode
modified by carbon nanotubes in the determination of metobromuron, a urea pesti-
cide, in soil samples with good selectivity and recovery values around 99.1% (Sipa
et al. 2018). Govindasamy et al. used a niobium carbide supported on molybdenum
nanoparticles in the construction of a voltammetric sensor that allied to square wave
voltammetry technique permitted the fenitrothion, a organophosphorus pesticide,
detection in a linear range from 0.01 μmol L�1 to 1889 μmolL�1 and the with
detection limit of 0.15 nmol L�1 in fruit samples (Govindasamy et al. 2018).

Diquat and paraquat, bipyridiniums pesticides, were evaluated in natural water
samples using square wave voltammetry allied to bismuth film electrode, and the
results presented results similar to results obtained employing the high-performance
liquid chromatography, without the use of special mobile phase or preparations steps
(de Figueiredo-Filho et al. 2017). The sulfentrazone, a triazolone pesticide, was
evaluated in soymilk and groundwater samples using square wave voltammetry and
multi-walled carbon nanotube screen-printed electrode (Silva et al. 2019).

Square wave voltammetry allied to the use of enzyme modified electrodes has
also been used to improve the selectivity in electroanalysis of pesticides. So, Qiu
et al. used a nanoenzyme material based amino acids attached titanium oxide
nanoparticles (TiO2) in order to construct a voltammetric sensor that allied to square
wave voltammetry permitted the quantification of organophosphorus pesticides
methyl paraoxon, methyl parathion and ethyl paraoxon in lettuces samples (Qiu
et al. 2019). Bao et al. constructed an acetylcholinesterase biosensor using graphene-
copper oxide nanoflowers nanocomposites for malathion, an organophosphorus
pesticides, which exhibited a sensitivity around 0.31 parts by trillion (Bao et al.
2019). Da Silva et al. quantified carbaryl, a carbamate pesticide, in tomato samples
using square wave voltammetry allied to a biosensor based on reduced graphene
oxide and acetylcholinesterase enzyme (da Silva et al. 2018). A pencil graphite
electrode modified by diphenylalanine peptide nanotubes was considerate as very
simple and economically viable sensor that allied to square wave voltammetry
permitted the determination of fenitrothion, an organophosphorus pesticide, in
natural water samples (Bolat et al. 2018).
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Simple electrodes, without modifications in its surface has also been used with
success in the pesticide analysis by square wave voltammetry technique, which
carbons forms, mainly diamond electrode and noble metals are the most commons
materials used as voltammetric sensor. Ribeiro et al. used square wave voltammetry
allied to boron-diamond doped electrode to evaluate the electrochemical redox
behavior of formetanate, a carbamate pesticide. They observed that the reaction
mechanism was diffusion-controlled, involved the participation of one electron and
was influenced by the electrolyte pH, indicating no protonation participating in the
rate-determining step in the redox process. Square wave voltammetry allowed the
development of a simple and accurate methodology for formetanate in fruits using
the forward current component (Ribeiro et al. 2018).

Costa et al. evaluated the electrochemical behavior and developed an electroan-
alytical procedure to methomyl, a carbamate pesticide, in commercial formulation,
river and tap water using square wave voltammetry allied to boron-diamond doped
electrode (Costa et al. 2017). In a similar work, square wave voltammetry has
employed in the pethoxamid determination, a chloroacetamide pesticide, in river
water and commercial formulations samples (Jevtić et al. 2018). Andrade et al. used
square wave voltammetry and graphite-polyurethane composite electrode to direct
determination of the 2,4-dichlorophenoxyacetic acid in soil solutions without neces-
sity of the steps of extraction or pretreatment of the samples, which was observed
that the effect of components of the soil solution on the electroanalytical responses
was minimal (Andrade et al. 2014).

Shrives et al. used square wave voltammetry and an electrode of the silver
nanoparticles in the development of a simple, rapid, selective and low cost method
for detection of diazinon, an organophosphorus pesticide, in fruit and vegetable
samples (Shrivas et al. 2019). Geto et al. employed square wave voltammetry in the
detection of bentazone, a thiadiazine pesticide, in ground water and lake water with
high precision by use of simple screen-printed carbon electrode (Geto et al. 2019).
Oliveira et al. used square wave voltammetry and carbon-fiber microelectrode to
development of a fast, simple, low cost and eco-friendly electroanalytical procedure
for the direct analysis of dimethomorph, a morpholine pesticide, in natural water
samples (Oliveira et al. 2013). Square wave voltammetry allied to a gold microelec-
trode also was employed in the determination of dichlorvos, an organophosphorus
pesticide, in natural water and cow milk samples, without pretreatments steps in the
samples (De Souza and Machado 2005). Deroco et al. analyzed mesotrione, a
pyrazolium pesticide, in natural lake, tap water and sugarcane juice samples using
square wave voltammetry and a carbon black-modified glassy carbon electrode
(Deroco et al. 2017).

Square wave voltammetry allied to hanging mercury drop electrode has also been
used in the determination of the nitro pesticide pendimethalin in soil samples, the
organophosphorus pesticide chlorpyriphos in natural water samples, the dithiocar-
bamate pesticide ziram in vegetables, the triazine atrazine in river waters and
formulation samples, sulfonylurea pesticide triasulfuron in river water, among
other pesticides (Dos Santos et al. 2004; Qiu and Ni 2008; Galli et al. 2011;
Bandžuchová et al. 2013; Melo et al. 2018).
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However, the electroanalytical techniques, similar other techniques, has used
procedures according to the principles of green analytical chemistry by use of a
nontoxic electrode and methodologies that make it possible to reduce the amount of
waste produced, promoting the use of more environmentally friendly electroanaly-
sis. So, in the last decades, solid amalgam electrodes have been frequently used as
suitable voltammetric sensor for reducible pesticides, considering electrochemical
behavior study and analytical determination from various chemical class using the
square wave voltammetry, the most sensitivity electroanalytical technique.

Silva and De Souza studied the behavior of carbamate pesticide methomyl over
silver solid amalgam electrode in media containing a cationic surfactant to improve
the sensitivity obtained by square wave voltammetry experiments and decrease the
necessary energy in the electron transfer, also reducing the interferents effects in
voltammetric signals in natural waters samples (Silva and De Souza 2018). Besides,
square wave voltammetry signals from ziram, a dithiocarbamate pesticide, reduction
reaction using the silver solid amalgam were used to study the electrochemical
mechanism for ziram reduction, indicating that initially the pesticide was totally
reversible reduces producing an anion radical and metallic cation, in a process
reaction winding two electrons transfer. The radical anion was immediately
converted in a highly reactive dianion, that undergo an electrophilic substituent by
H+ ions in a following chemical reaction, plus the reduction reaction of metallic
cation to metallic Zn (Silva and De Souza 2017).

Amalgam electrode was also used by de Jesus et al. in the development of the
electroanalytical method to dithiocarbamate pesticide molinate in river water and
rice samples, obtaining good accuracy and sensitivity comparable to the use of high-
performance liquid chromatography (de Jesus et al. 2017). A dental amalgam
electrode, prepared similar to in dental clinics, was used by Melo et al. to evaluate
the electrochemical behavior and determinate diquat herbicide in natural water and
potato samples, which permitted a complete elimination of toxic residues due to the
use of liquid mercury and minimized eventually adsorption process observed by use
of other solid surfaces (Melo et al. 2009).

1.3.4 Stripping Voltammetry

Stripping voltammetry is a complementary procedure which the compound of
interest is initially preconcentrate from the solution into or onto the working
electrode, followed by an electroanalytical measurement of the preconcentrated
compound, that can be using cyclic voltammetry, differential pulse voltammetry or
square wave voltammetry. The adequate combination between preconcentration
steps with measurements procedures of redox currents can produce extremely
sensitive and selective signals (Wang 1985). Stripping voltammetry is largely
applied in quantitative determination and speciation of metals and metallic com-
plexes. However, many pesticides, from different chemical class can also be previ-
ously preconcentrate in working electrodes surfaces, called as accumulation step,
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followed by a potential sweep to strip the preconcentrated species of interest, called
as stripping analysis, and in this way, to be adequately identified and quantified
(Zoski 2007).

The accumulation steps generally involve very fast and reversible or irreversible
reactions, in which the equilibrium between the concentration of accumulated
compound and the concentration of compound at the electrode surface is established,
producing a concentration profile near the electrode and the posterior diffusion of
compound under study towards its surface. During the redissolution step, or mea-
surement step, occurs the dissolution of deposited layer in the electrode surface and
the production of an electric current that is proportional to the quantity of previously
deposited compounds, which in turn is proportional to the concentration in the
solution under study.

Stripping voltammetry can be classified according to the nature of deposition or
preconcentration and measurements steps as: anodic stripping voltammetry,
cathodic stripping voltammetry, adsorptive stripping voltammetry and potentiomet-
ric stripping analysis (Abollino et al. 2018). The difference among those techniques
is related to the stripping step, more specifically to the manner that the compounds of
interest are stripped from the electrode and to the resulting signals are registered
(Esteban and Casassas 1994). In all stripping voltammetry modes, the amount
accumulated over the electrode surface depends of some factors such as: solvent,
electrode material, pH, ionic strength, mass-transport, temperature and potential
values.

Stripping voltammetry has limitations to higher pesticides concentrations due to
the limited number of adsorption sites at the electrode surfaces, related to
electroactive area, that are dependent of the materials and pretreatments steps in
the electrodes. Besides, the sensitivity for pesticides analysis depends strongly on the
chemical structure of pesticide, characterized by specific functional groups, the
interactions with electrode surface used, the electroanalytical techniques to measure
dissolution of the deposit, stripping currents, and the interferers compounds presents
during the preconcentration steps. Some specific chemical functional groups, in
some pesticides structure such as nitro, phosphorous, sulphur, among others, are
easily adsorbed on the electrodes surface, and for this, the use of stripping
voltammetry, mainly adsorptive stripping voltammetry, is considerate as the most
suitable electroanalytical method for the determination of these pesticides (Wang
1985).

In anodic stripping voltammetry and cathodic stripping voltammetry occurs
stripping (oxidation) of the reduced compound and the stripping (reduction) of the
oxidized compound, followed by the application of an anodic or cathodic potential
scan, respectively. Some examples of applications of these technique in pesticides
analysis include pesticides from different chemical class in a wide variety of
samples. The concentration intervals analyzed correspond to trace or ultratrace of
pesticides, with suitable accuracy by use of differential pulse and square wave
voltammetry as the technique of measurement. Paraquat, a bipyridinium pesticides
was evaluated in olives and olive oil using square wave anodic stripping
voltammetry with chitin-modified carbon paste electrode in the range from
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5.0 � 10�9 to 1.0 � 10�5 mol L�1 and the relative standard deviation was 5.2%
(El Harmoudi et al. 2013). Picoxystrobin, a triazole pesticide, was determinate in
urine and water samples employing differential pulse anodic stripping voltammetry
on a glassy carbon electrode modified by bismuth film (Dornellas et al. 2013).

Fenitrothion, a organophosphorus pesticide, was evaluated using differential
pulse anodic stripping voltammetry under glassy carbon electrode modified with
prolamin, a type-protein find in maize, with a good repeatability and reproducibility
in the voltammetric experiments performed in natural water and orange juice
samples (Itkes et al. 2019). Carbendazim and isoproturon, benzimidazole and
phenylurea pesticides respectively, were quantified in water, soil and vegetable
samples using square wave anodic stripping voltammetry allied to a graphene-
based electrochemical sensor, and the results were statistically like those obtained
from the standard high performance liquid chromatography technique (Noyrod et al.
2014). Some organophosphorus pesticides, such as azinphos-methyl, parathion,
parathion-methyl and fenitrothion were determined by use of cathodic stripping
voltammetry under a hanging mercury dropping electrode, due to previously
preconcentration from sulphur at mercury surface followed by stripping in cathodic
scan (Tsiafoulis and Nanos 2010).

Considering the adsorptive stripping voltammetry, the pesticides that present
hydrophobic and adsorptive properties, can form metal complex at the working
electrode surface, such as noble metals, chemically modified, carbon and or mercury
electrodes, which are initially adsorbed and posteriorly reduced at the electrode
surface. Some chemical class of pesticides has been evaluated using hanging mer-
cury dropping electrode or static mercury drop electrode allied to square wave
adsorptive voltammetry. Therefore, fenoxanil, a propionamide pesticide, was deter-
mined after optimization of the supporting electrolyte, pH of the medium, potential
and time accumulation, frequency, amplitude and step potential, which were used in
trace level determination of in natural water spiked rice samples (Brycht et al. 2015).
Similar research was developed to determine chlorpyriphos, an organophosphorus
pesticide, in irrigation agricultural water (Melo et al. 2018). Additionally, the
pesticides ziram, zineb, cyclosulfamuron, imidacloprid, fenthion and fenthion-
sulfoxide also were evaluated using square wave adsorptive voltammetry at hanging
mercury dropping electrode (Shan Lin et al. 1999; Guiberteau et al. 2001; Galeano
Díaz et al. 2008; Qiu and Ni 2008; Sarigül and Inam 2009).

The use of differential pulse adsorptive stripping voltammetry has also been
reported to pesticides analysis at hanging mercury dropping electrode. Amorelo
and Orechio used differential pulse adsorptive stripping voltammetry in the deter-
mination of mancozeb, maneb, propineb, nabam, zineb, ziram, ferbam and thiram,
that are dithiocarbamates pesticides. The recovery efficiency in spiked commercial
formulate samples was calculated, with recovery percentage ranging between 85%
and 97% and precision ranging from 1.3% to 6.1% (Amorello and Orecchio 2013).
Qiu et al. used differential pulse adsorptive stripping voltammetry allied to artificial
neural network at static mercury drop electrode in the analysis of a mixture
containing the pesticides captafol, thiram and phoxim, without any previous chem-
ical separation steps (Qiu et al. 2013).
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Mercury film electrodes has also been used in the adsorptive voltammetry of
pesticides. Brychet et al. used mercury film under silver amalgam surfaces in the
analysis of chlornitrofen and clothianidin, nitro and neonicotinoid pesticide, respec-
tively, in natural waters at micromolar concentrations (Brycht et al. 2013; Brycht
et al. 2016). A similar work was developed by Fisher et al. that evaluated the
voltammetric behavior of chlorpyrifos, an organophosphorus pesticide, based on
its catalytic action after adsorption on a mercury film under amalgam electrode
(Fischer et al. 2016). Maleki et al. used mercury film electrode in the determination
of atrazine, a triazine pesticide, in soil and water samples (Maleki et al. 2007).

However, the mercury toxicity has promoted its substitution by solid amalgam
and other materials as voltammetric sensors. Among the use of solid amalgam
electrodes, it has proved be an eco-friendly alternative material to pesticides analysis
with high analytical sensitivity promoted by the use of adsorptive voltammetry.
Therefore, Lucca et al. described an electroanalytical procedure using square wave
adsorptive voltammetry allied to silver solid amalgam electrode to investigate the
electrochemical behavior of thiodicarb, a carbamate pesticide, and carried out its
electroanalytical determination in food samples (Lucca et al. 2017).

Carbon-based materials such as carbon nanoparticles, diamond, graphene, carbon
nanotubes and carbon paste have also been used in the working electrodes prepara-
tions to adsorptive voltammetry of pesticides from various chemical class (Asadian
et al. 2019). Carbon paste nanocomposite electrode modified by titanium dioxide
allied to adsorptive voltammetry was used by Nurdin et al. in the voltammetric
detection of the cypermethrin and fipronil, pyrethroid and pyrazole pesticides
respectively (Nurdin et al. 2019a, b). Shetti et al. determined aclonifen, a nitrophenyl
pesticide in water and soil sample by use of adsorptive voltammetry on the glassy
carbon electrode modified with carbon nitride (Shetti et al. 2019). Carbon paste
electrode was used by De Lima et al. and Wu et al. to parathion-methyl and linuron,
organophosphorus and sulphonylurea pesticides, respectively, determination in veg-
etables samples (De Lima et al. 2011; Wu et al. 2011).

Finally, in potentiometric stripping analysis is measured the potential variation
that occurs during the stripping process, which can be performed either by applying a
cathodic or anodic constant current or by the action of an oxidant agent in solution.
The analytical signal is produced during the monitoring the potential of the working
electrode as a function of time (Jaya and Rao 1982; Estela et al. 1995). In the use of
biosensors, the working electrode is maintained in contact with the solution of
analysis for a time, in after which, the potential is measured, indicating the enzyme
inhibition, that is related to pesticide concentration. Sanghavi et al. employed the
potentiometric stripping analysis coupled to carbon paste electrode modified with
carbon nanoparticles in the analytical determination of methyl-parathion and ethyl-
parathion, organophosphorus pesticides, in fruits, vegetables, water and soil sam-
ples, obtaining analytical signals with high sensitivity and consequently with very
low detection limits and also excellent reproducibility (Sanghavi et al. 2012).

Khaled et al. used potentiometric stripping analysis and a fabricated screen-
printed sensor based on multi-walled carbon nanotube in development of a poten-
tiometric sensors for determination of the ethion, an organophosphorus pesticide,
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and its degradation residues in soybean, natural water and ethion commercial
samples. The proposed procedure presented excellent sensitivity and selectivity
towards butyrylcholine analysis, producing spontaneous response time and long
shelf-lifetime (Khaled et al. 2014). This disposable potentiometric sensor also was
employed in the determination of malathion, an organophosphorus pesticide (Khaled
et al. 2010).

1.3.5 Electrochemical Impedance Spectroscopy

In recent years, the use of the aptamers, defined as short single and stranded
oligonucleotides that are selectively linked to targets with high affinity characteris-
tics, the immunosensors that present selectivity antibody and antigen interactions,
the biosensors that are electrodes modified by antibodies or enzymes, and electrode
chemically modified by polymeric film, or oxide layer, or carbon forms, has been
used as alternative sensors in pesticides analysis (Liu et al. 2019; Skládal 1997;
Pundir et al. 2019; Rhouati et al. 2018; Rana et al. 2019). If allied to electrochemical
impedance spectroscopy, a stationary, non-destructive and interfacial technique,
these sensors provide useful information about the electric differences between
they and the solution containing the compounds of interest. So, electrochemical
impedance spectroscopy coupled to these sensor employ has been an excellent
technique for pesticide detection producing excellent sensitivity, high specificity
and easiness due to the possibility of label-free systems.

In electrochemical impedance spectroscopy a fixed sinusoidal voltage is applied
in an electrochemical cell generating a current signal, which can be related to some
impedimetric changes in the electrode interface when a biological or a chemical
group reacts with its surface modified by a bioreceptor, typical of use of enzyme and
other biological substrates. The potentiostat software then converts the potential/
current responses into an impedance value, and for this, electrochemical impedance
spectroscopy is considerate an excellent alternative in the transduction technology,
permitting the direct detection of pesticides from the evaluation of electrical prop-
erties in the interface of the sensors and biosensors. So, in the electrochemical
impedance spectroscopy experiments are measure the resistive and capacitive prop-
erties of the electrode surface in solution containing the pesticides of interest, after a
small amplitude perturbation in a system from steady state, which are related to
pesticides concentration in the bulk solution or in a complex sample (Wang 2006).

The electrical resistance (R), shown in Eq. 1.24, for a direct current (DC) with
zero frequency circuit is the opposition of an electric circuit to the current flow in a
system when a voltage is applied. The impedance (Z ), shown in Eq. 1.25 considering
a frequency different of zero, has the same meaning as resistance with the same unit,
ohm or Ω, but is used in an alternating current (AC) circuit instead (Randviir and
Banks 2013).
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R Ohmð Þ ¼ EDC Voltsð Þ
IDC Ampereð Þ ð1:24Þ

Z Ohmð Þ ¼ EAC Voltsð Þ
IAC Ampereð Þ ð1:25Þ

The electrochemical impedance spectroscopy experiment is based in a sinusoidal
voltage applied with amplitude usually ranging between 1 and 10 mV changing the
frequency of oscillation in scales that ranges from a few mHz to kHz (de Carvalho
et al. 2006). The current response present also a sinusoidal shape but with a phase
shifting with time. The resulting signals, known as impedance spectrums, can be
shown in two main ways, the Bode plot in which the x axis is a frequency
logarithmic scale and the y axis is the logarithm of the impedance (Z) while the
second y axis is the phase shiftΦ, or in the Nyquist plot way, in which are plotted the
negative imaginary impedance (�Z”) versus the real part of the impedance Z’, as
shown in Fig. 1.5. The Nyquist plot way is very sensitive to changes in the electrode/
solution interface, and for this, is largely used in pesticides analysis.

Fig. 1.5 Representation of an electrochemical cell used in impedance spectroscopy experiments,
containing auxiliary (AE), working (WE), and reference (RE) electrodes, all connected to a
potentiostat. The Nyquist and Bode plots, used concomitantly to check the electrical responses
using specific equivalent circuits, are shown adjacent to the cell. The Nyquist plots contain the real
and the imaginary impedance components (Z’ and Z”) and give information about the electron
transfer resistance and solution resistance. The Bode plots contain the phase angle and impedance
(Z) both plotted against the frequency and give information about capacitive or inductive effects of
electrochemical systems.

32 D. De Souza et al.



The impedance between the electrode and the solution is measured regarding the
differences in values during the analysis, Eq. 1.26:

Z ¼ E ¼ Esin ωtð Þ
Isin ωt þ∅ð Þ ð1:26Þ

where ω is the radial frequency, t is time and ø is the phase shift. With some complex
mathematic considerations, the impedance data can be analyzed in function of a real
(Z0) and an imaginary component (Z00) in a graphic known as the Nyquist plot (Tertiş
et al. 2017), Fig. 1.6, Eq. 1.27:

Z ωð Þ ¼ Rs þ Rct

1þ ω2R2
ctC

2
dl

� jR2
ctCdl ωð Þ

1þ ω2R2
ctC

2
dl

¼ Z 0 ωð Þ � jZ 00 ωð Þ ð1:27Þ

where j¼ (�1)1/2, Rs is the solution resistance, Rct is the resistance of charge transfer
and Cdl is the double layer capacitance (Chang and Park 2010). As both axis (Z0 and
–Z00) has the same unit (Ω), it is necessary an approach to understand and to evaluate
the data and its multiple components.

An equivalent circuit is the most suitable option and it is the main choice of
several researchers, it is an appropriate choice because to fit with the experimental
data, the right settings must be done. Two or more equivalent circuits can fit
perfectly to the experimental data, but it doesn’t mean that they are all accurate. It
is necessary a deep knowledge of the electrochemical system under evaluation and
its components to simulate correctly with proper circuit components (Halim et al.
2017; Tertiş et al. 2017; Yoon et al. 2017).

A common typical equivalent circuit for an electrochemical experiment known as
Randles circuit, consists in the uncompensated solution resistance (Rs), which occurs
at highest frequency it is presented in the right side of the circuit, shown in Fig. 1.6,
following the description of the electrochemical cell, in a typical interface Fig. 1.6
part A (Randles 1947). However, it is usually drawn backwards because it is how the
data are normally analyzed, from the left to right, from high to low frequencies,
Fig. 1.6, part C. The introduction of a new component at a low-frequency range, ZW
is referred to a Warburg resistance regarding the mass transport of the solution in the
diffusion layer. The resistance of charge transfer represents the faradaic response
(alongside Rs) from an electronic transference between the interfaces in the double
layer region. The non-faradaic component arises from the charging of the double
layer, generating a capacitor (Cdl). By counting all of these parameters, the Randles
circuit can fit the experimental data similar to the presented in the Nyquist plot,
Fig. 1.6 part C.

Any modification in the electrode configuration whether by a polymeric film, an
oxide layer, an immobilized biomolecule or else, will certainly change the interface
and thus, the equivalent circuit will need a revaluation. Once the proper circuit is
found, the data can be interpreted correctly in several environmental applications,
such as chemical characterization of sensor and biosensor to pesticides analysis
(Skládal 1997).
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Fig. 1.6 (a) Interface electrode solution where is formed the double layer electric when the
electrode is polarized. (b) The most common equivalent circuit (Randles) used in the Nyquist
plots to obtain information about solution resistance and electron transfer resistance. (c) The
Nyquist diagram referred to the Randles circuit. The WE and AE are the working and auxiliary
electrodes, respectively, Rs is the solution resistance, Rct is the resistance of charge transfer, Cdl is
the double layer capacitance, ZW is the Warburg resistance, ω is the radial frequency, Z0 and Z00 are
the real and imaginary impedance. (c) was modified from (Randviir and Banks 2013)
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In this context, Yola used electrochemical impedance spectroscopy in the
voltammetric characterization of the electrochemical sensor prepared from the
graphene oxide modification by boron nitride quantum dots, which the results
were from the synergistic interactions between modifying agent and graphene
oxide used as substrate. The resultant sensor presented a suitable specificity and
sensitivity in the simultaneous determination of methyl parathion, diazinon and
chlorpyrifos, organophosphorus pesticides, in some samples such as water and
apple juice (Yola 2019). Sgobbi and Machado used electrochemical impedance
spectroscopy in the evaluation of the electrode surface, prepared from functionalized
polyacrylamide to mimics the performance of the acetylcholinesterase enzyme,
posteriorly used in the amperometric detection of paraoxon-ethyl, fenitrothion and
chlorpyrifos, organophosphorus pesticides (Sgobbi and Machado 2018).

Borah et al. employed electrochemical impedance spectroscopy in the character-
ization of an amperometric biosensor prepared from glutathione-S-transferase
immobilized on platinum electrode, that was used in the analysis of benzimidazoles,
organochlorines, thiophosphates, carbamates, polyphenols and pyrethroids pesti-
cides (Borah et al. 2018). Bao et al. evaluated the performance of the biosensor
prepared by acetylcholinesterase immobilization under graphene-copper oxide for
use in the malathion, an organophosphorus pesticide, analysis with sensitivity
around 0.31 parts by trillion, with good selectivity and ideal stability (Bao et al.
2019). Additionally, electrochemical impedance spectroscopy also was used in the
study of the reduction kinetic of vinclozolin, a chloroaniline pesticide, in acetonitrile
medium (Pospíšil et al. 2000).

Considering the chemically modified electrodes, the interaction between the
modifying agent with the pesticide of interest promote changes in the sensor
interface, which can be used with success in the pesticide’s quantification, mainly
organophosphorus, carbamates and dithiocarbamates classes. In these cases, the use
of an adequate equivalent circuit allied with electrochemical knowledge, once is
done, results in satisfactory data and can be the solution in the pesticides detection.
In this context Farahi et al. used the Nyquist plots, modeled with a Randles
equivalent circuit from the electrochemical impedance spectroscopy measurements,
in the identification of the charge transfer resistance between a silver electrode and
paraquat pesticide in different concentrations range. This procedure was applied with
suitable sensitivity in the determination of paraquat residues in milk and tomato
samples (Farahi et al. 2014).

Malvano et al. performed a comparison between amperometric and impedimetric
responses from carbamates and organophosphates pesticides using an
acetylcholinesterase-modified gold electrode, in which the detection was performed
by electrochemical impedance spectroscopy, based on the enzymatic inhibition by
pesticides, without any substrate, in a label-free direct detection. Regarding to the
overall toxicity levels in the samples, even with both systems showing no specificity,
the responses of electrochemical impedance spectroscopy to impedimetric proved to
be better than amperometric system, producing a linear range and limit of detection
suitable to measure carbaryl and dichlorvos spiked in tap water and lettuce samples
(Malvano et al. 2017).
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Facure et al. developed a free-enzyme sensor based on the reduced graphene
oxide that allied to electrochemical impedance spectroscopy permitted the optimi-
zation of the an alternative method to detect organophosphorus pesticides with
speed, simplicity, low cost and sensitivity adequate to analysis in the concentration
range permitted by legislation of several countries (Facure et al. 2017). Madianos
et al. used electrochemical impedance spectroscopy and an impedimetric aptasensor,
allowing the highly sensitive and selective detection of acetamiprid and atrazine
down to 6.0� 10�10 mol L�1 and 4.0� 10�9 mol L�1 respectively (Madianos et al.
2018). Bolat et al. used electrochemical impedance spectroscopy allied to a dispos-
able pencil graphite electrode modified with self-assembled peptide-nanotubes in the
analytical determination of fenitrothion, an organophosphorus pesticide, in tap water
with recovery efficiencies between 94.9% and 103.6% (Bolat et al. 2018).

The use of immunosensors in pesticides analysis produce suitable specificity
when are realized through impedimetric detection, or electrochemical impedance
spectroscopy, and this way, considering the recent advances in the immunologic
field, it is possible to design and to develop specific anti-pesticides antibodies and
use them as a recognition biomolecule for biosensors. In this aspect, Mehta et al.
used electrochemical impedance spectroscopy and a sensor prepared from the carbon
screen-printed electrode modified by an anti-parathion antibody in the parathion
detection, an organophosphorus pesticide. The limit of detection found in the
optimized system was 0.052 ng L�1 with a concentration range from 0.1 ng L�1

to 1000 ng L�1, which was satisfactorily applied in direct analysis of parathion in
tomato and carrot samples (Mehta et al. 2016). Tran et al. used electrochemical
impedance spectroscopy allied to a label-free electrochemical immunosensor
containing hydroxyatrazine as bioreceptor element to determine atrazine in environ-
mental monitors (Tran et al. 2012).

1.3.6 Electrochemical Detection Systems

Pesticides with redox properties can be chromatographically separated, and subse-
quently detected by electroanalytical techniques, which can operate as an appropri-
ate electrochemical detection system in the high-performance liquid
chromatography. Furthermore, electrochemical detection can be used in flow injec-
tion analysis, capillary electrophoresis or methodologies based in the use of
microfluidics systems, providing improvements in the sensitivity and selectivity to
pesticides analysis from different chemical class (Llorent-Martínez et al. 2011;
Trojanowicz 2011). In electrochemical detection devices, the electrodes are
connected to an electronic circuit containing an adequate low noise amplifier, that
measure the picoampere or microampere current in a potential range of �1.5 Volt,
and consequently, the data are collected and stored in data acquisition software. In
the resulting signals, the intensities of current are used to quantification and the
retention time identifies the compound of interest (Llorent-Martínez et al. 2011).

Electrochemical detection devices coupled to high performance liquid chroma-
tography, compared with traditionally ultraviolet detection, present better sensitivity
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and selectivity (Zhu et al. 2019). Basically, after the pretreatments or
preconcentration steps the samples are introduced in the high performance liquid
chromatography system, following a separation in an adequate chromatographic
column, that is connected to an electrochemical detection cell containing an electro-
chemical sensor. Electrochemically active compounds elute from the column and
when reach the cell occurs an electrochemical reaction resulting in an electrical
current. In electrochemical detection devices, the usual detection modes involve the
potentiometry and amperometry as electroanalytical technique of the identification
and quantification, both described above (Nagels and Poels 2000; Mahé et al. 2015).

Electrochemical detection devices coupled to high performance liquid chroma-
tography exhibit a wide linear range of concentration, comprising more than 3 orders
of magnitude, from nano mol L�1 to micro mol L�1 or more, and for this provides a
highly sensitive and selective detection device. Besides, in these analyses, low
sample volume is required, occurs a significative elimination of matrix interferences
and main the excellent selective detection (Mahé et al. 2015). Therefore, Rodrı  guez
et al. used electrochemical detection devices coupled to high performance liquid
chromatography in the determination of the diflubenzuron, benzoylurea pesticide,
and its metabolites in forestry matrices, where the reverse phase separation was
followed by amperometric detection using a glassy carbon working electrode at
+1.35 V vs Ag/AgClsat., allowing detection limits from 0.07 μg L�1 to 1.8 μg L�1

(Rodríguez et al. 1999), similar to evaluated by Kunert et al. (Kunert et al. 2002).
Additionally, fenitrothion, ethyl-parathion, methyl-parathion, paraoxon and

guthion, organophosphorus pesticides, were simultaneously separated during
25 min using electrochemical detection device coupled to high performance liquid
chromatography allowing detection in interval concentration below 4 μg L�1

(Martinez et al. 1993). Kunert et al. determined fenuron, neburon, chlorotoluron
and linuron, phenylurea pesticides, using electrochemical detection device coupled
to high performance liquid chromatography and amperometric detection, with sen-
sitivity lower than picomole range, and in a manner rapid, simple and highly
selective (Kunert et al. 2002). Similar detection of thiamethoxam and imidacloprid
were performed in samples that were previously treated using a photochemical
reactor, where the electrochemical detection device coupled to high performance
liquid chromatography permitted identify and quantify phenylurea pesticide in the
samples evaluated containing different interference contribution (Rancan et al.
2006a, b).

Flow injection analysis coupled to electrochemical detection device can be used
in determination of compound that are either oxidizable or reducible producing this
way, an electron flow caused by the electrons transfer reaction that takes place in the
electrodes surfaces. The use of the flow injection analysis coupled to electrochemical
detection device in the pesticides detection allow analysis with excellent accuracy
and precision in the results, very low consumption of reactants and suitable robust-
ness. Additionally, in the flow injection analysis coupled to electrochemical detec-
tion device the flowing liquid continuously retain the clean in the working electrode
surface, due to the removal of the reaction products and impurities leached from the
electrode, allow improvements in the detection limit due to the convective transport
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of compounds of interest and mainly, improve the analytical selectivity (Llorent-
Martínez et al. 2011). It can be classified into direct detection of the pesticide, which
the pesticide is directly measured by means of its electrochemical behavior without
requiring enzymatic reaction, and into the enzymatic reaction followed by its
determination, which is used an enzymatic reaction previously to the analyte quan-
tification. However, the use of the enzymatic reaction is the most common flow
injection analysis coupled to electrochemical detection device method employed in
the pesticides analysis (Llorent-Martínez et al. 2011).

Shi et al. used flow injection analysis coupled to electrochemical detection device
allied to an amperometric biosensor to determine organophosphorus pesticides, with
a wide linear for the responses from the inhibition by dichlorvos, in the range from
0.1 μmol L�1 to 80 μmol L�1, corresponding from 7.91% to 84.94% inhibition for
acetylcholinesterase enzyme, and detection limit of 10 nmol L�1 in the simulated
seawater, considering 15 min for inhibition time (Shi et al. 2006). Wei et al. also used
an acetylcholinesterase enzyme biosensor allied to flow injection analysis coupled to
electrochemical detection device in order to obtain flow system fast, sensitive, and
with stable responses to trichlorfon, an organophosphorus pesticide, with the detec-
tion in a concentration range from 0.01 μmol L�1 to 20 μmol L�1 and detection limit
of 1.0 � 10�8 mol L�1 (Wei et al. 2009).

Nikolelis et al. used flow injection analysis coupled to electrochemical detection
device in the development of a fast, selective and sensitive procedure for carbofuran
a carbamate pesticide, analysis in foods, using an sensor based on the acetylcholin-
esterase enzyme incorporated in air stable lipid films (Nikolelis et al. 2005). The
highly sensitive method using flow injection analysis coupled to electrochemical
detection device with an amperometric biosensor, prepared from the modification of
the glassy carbon electrode with carbon nanotube and self-assembled acetylcholin-
esterase, was used by Liu and Lin in the online monitoring of organophosphate
pesticides and nerve agents (Liu and Lin 2006). Valdés-Ramírez et al. quantified the
pesticides dichlorvos and methylparaoxon, organophosphorus pesticides, in water
samples using flow injection analysis coupled to electrochemical detection device
with amperometric detection based on screen-printed amperometric biosensors of
acetylcholinesterase enzyme, without pretreatments steps to eliminate interfering
species (Valdés-Ramírez et al. 2009).

The use of capillary electrophoresis coupled to electrochemical detection device
present some advantages in comparison with capillary electrophoresis and other
detection modes, such as: high speed, high efficiency, ultra-small sample volume,
low consumption of solvent, simplicity, selectivity, large separation capacity, and
relatively low cost. In practices, in the capillary electrophoresis separations is
applied of electrical field to a solution of charged molecules that promote their
movement. Each charged molecule present different mobility, which are dependent
of the ratio between its charge and size, that also are dependent of the molecular
weight, the degree of solvation and the three-dimensional structures. At the end, the
electroactive species can be detected by electrochemical detection device, mainly by
the use of amperometry technique (Malik and Faubel 2001; Picó et al. 2003; Shin
et al. 2003).
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Chicarro et al used capillary electrophoresis coupled to electrochemical detection
device and the mixture of the 0.020 mol L�1 phosphoric acid at pH 7.0 with
0.020 mol L�1 of sodium dodecylsulfate in the development of an analytical
procedure to determine the phenylureas fenuron, chlorotoluron, monuron,
monolinuron, isoproturon, diuron, and linuron, and the triazines atrazine and sima-
zine in environmental water samples (Chicharro et al. 2005). These pesticides were
separated in less than 30 min with detection limit lower than 5.0 μmol L�1. In other
work, these authors used the mixture of the 0.020 mol L�1 of boric acid at pH 8.3
with 0.025 mol L�1 of sodium dodecylsulfate in the micellar electrokinetic capillary
chromatography with electrochemical detection device to obtain selectivity in the
analysis of urea, triazines and triazinones pesticides in environmental waters, using
separations at less than 14 min (Chicharro et al. 2007).

Moreno et al. employed capillary electrophoresis coupled to electrochemical
detection device allied to extraction steps using matrix solid-phase dispersion in
the amitrole, a triazole pesticides, and its metabolites urazole in apple samples with
recovery efficiencies around 85% and detection limits of the 0.4 μg g�1 (Moreno
et al. 2008). Organophosphorus pesticides paraoxon, methyl parathion, fenitrothion,
and ethyl parathion were determined by Wang et al. using capillary electrophoresis
coupled to electrochemical detection device with amperometric detection at sub
micromolar detection limits and good precision (Wang et al. 2001). Additionally,
Cheng et al. determined the carbamates pesticides fenobucarb, isoprocarb, metolcarb
and carbaryl with recovery efficiencies of the 105%, 104%, 110% and 98%, respec-
tively, by use of capillary electrophoresis coupled to electrochemical detection
device (Cheng et al. 2007).

Despite the applicability of all the techniques shown above, there is still a need to
develop pesticide detection platforms that are fast, portable, inexpensive and easy to
handle. For this, the microfluidics system has been used as these specific platforms
that miniaturize all systems controlling fluid flow in microchannels producing this
way, rapid detection and identification of compounds, using a small amount of
samples and reagent, and the potential for monitoring of pesticides from different
chemical class (Wang 2002; Sia and Whitesides 2003). Microfluidics devices with
amperometric detection permits the use of inexpensive test devices, such as paper-
based indicators, dipstick test assays, and even paper chromatograph microfluidic
paper-based separation. However, the use of microelectrodes and biosensors has
become commonplace (Jokerst et al. 2012; Mross et al. 2015).

Therefore, Arduini et al. determined paraoxon, 2,4-dichlorophenoxyacetic acid
and atrazine using a paper-based platform modified by enzymes due to these
pesticides can inhibit the enzymatic activity of the butyrylcholinesterase, alkaline
phosphatase, and tyrosinase enzymes, respectively. The degree of inhibition was
evaluated by monitoring the enzymatic activity in the absence and in the presence of
pesticides using the amperometry and the proposed sensor coupled to electrochem-
ical detection device (Arduini et al. 2019). A phenol sensor, an important metabolite
in pesticides degradation, coupled to electrochemical detection device, was evalu-
ated using a microfluidic device based on commercial textile threads and modified
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by carbon nanotubes and gold nanoparticles anchored through covalent bond with
the tyrosinase enzyme (Caetano et al. 2018).

Carbaryl and chlorpyrifos pesticides were evaluated using electrochemical detec-
tion device and a droplet-based microfluidic system, which consisted of
polydimethylsiloxane microfluidic chip integrated with microelectrodes modified
by acetylcholinesterase enzyme (Gu et al. 2013). Medina-Sánchez et al. prepared a
lab-on-a-chip platform from the use of a boron doped diamond electrode for use in
the electrochemical detection of the pesticide atrazine by electrochemical detection
device in amperometric mode, which produced 3.50 pmol L�1 of the detection limit
(Medina-Sánchez et al. 2016).

In every work demonstrated in this subsection, the procedure is markedly
subjected to the interfering effects caused by adsorption of pesticides on the elec-
trode surfaces or irreversible enzymatic inhibition, impairing the sensitivity and
selectivity in the pesticide detection. Besides, in high performance liquid chroma-
tography coupled to electrochemical detections device the excessive cost of the
instrumentation, the necessity of pre-treatments steps in the samples and the demand
on highly skilled labor, make the use of electrochemical detections device less
popular in pesticides analysis. Considering flow injection analysis coupled to elec-
trochemical detections device, special attention must be given to suitable flow-
through cells construction, where will occur an efficient and repeatable mass trans-
port to the electrode surface with complete clean and renovation by use of small dead
volumes, reducing the waste generations and consequently the cost of the analysis.
Microfluidics devices coupled to electrochemical detection device has been
presented as a suitable alternative because the use of disposable sensors could
solve the problem of the working electrode poisoning.

1.4 Application of Electroanalytical Techniques
in Pesticides Determination

Pesticide contains in its chemical structures electroactive groups that can be electro-
chemically reduced and or oxidized. So, many pesticides have well-defined
electroactivity on some known electrode surface, and for this, they can be identified
and quantified using some electroanalytical technique, as described above. In some
cases, the pesticide can inhibit an enzymatic activity, proportionally to its concen-
tration, permitting the use of biosensor prepared from specific enzymes. In some
cases, the chemical structure of pesticides permits its complexation reaction with
metals producing metallic complex easily reduced and or oxidized electrochemi-
cally, characterizing an indirect analysis. In other cases, the pesticide can react with a
specific compound, and the generated products can be quantified, in a typical indirect
analysis of pesticides.

In all the cases cited above, the success in the pesticides electroanalysis is related
to adequate choice of experimental parameters such as solvent, supporting
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electrolyte and pH values. Additionally, the proper selection of electroanalytical
technique and the analysis of influence of voltammetric parameters, typical of each
technique employed, in the peak current (Ip), peak potential (Ep) and half-height
width (w1/2) values will define the sensitivity and selectivity in the voltammetric
analysis, considering the pesticides analysis from different chemical class and in
several sample types. Besides, the relations between each experimental and
voltammetric parameters with peak current, peak potential and half-height width
values allied to theoretical diagnoses criteria can provide analytical data about the
kinetic and the electron transfer mechanism, indicating reversibility in the reactions,
adsorption process, diffusion kinetic, the intermediaries species formed, final prod-
ucts and associated energies involved in the electrons transfer reactions, as indicated
early.

Considering different chemical classes in many sample determinations, some
steps involved are very well-defined, as shown in the flowchart presented in
Fig. 1.7. These steps are operationally easy compared to traditional chromatographic
techniques, which facilitates the analysis by less qualified professionals, contributing
in the reduction of costs of chemical and time of the analysis. The following will be
presented the basic instrumentation used in the pesticides electroanalysis, and a brief
description of each step involved in the electroanalytical determination of any
pesticide.

1.4.1 Basic Instrumentation

Electroanalysis of pesticides requires an electroactive pesticide or a redox reaction
related with pesticide interactions, the use of a basic instrumentation, that is consti-
tuted by a voltammetric analyzer or potentiostat/galvanostat, an electrochemical cell,
and a software that controls the system, receive and evaluate the analytical data.

1.4.1.1 Equipment

Comparing to other analytical techniques, the electroanalyses involves a simplified
equipment, where it is not necessary the use of any signal converter obtained in
electrical signal since the results obtained represent it, resulting in lower cost of the
instrumentation. The equipment is usually sold as potentiostat/galvanostat, where
the first controls the electric potential established between the working and reference
electrodes, the second promote the control of the flux that circulate through an
electrochemical cell. It is an equipment containing an electrical circuit able to
perform several electrochemical techniques based only in the parameter changes,
which are controlled by specific software.

The potentiostat/galvanostat can be represented by a simple electrical circuit,
where occurs an accurately control of the potential between the auxiliary electrode,
also known as counter electrode, and the working electrode when is applied a
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potential difference between the reference electrode and the working electrode,
which is defined by analyst according to redox reaction of the interest. In this
equipment, the potential difference between the reference and working electrodes
and the current flows between the auxiliary and working electrodes are continuously
monitored producing analytical signals or voltammograms.

Companies all over the world develop and sell these devices such as: Metrohm,
CH Instruments, Ivium Technologies, Ametek Scientific Instruments, Palm Sense,
Pine Research, Scribner Associates and more with prices ranging from an average of
€ 2.000,00 (two thousand euros) to € 20.000,00 (twenty thousand euros) and sizes
ranging from a desktop computer to a smaller than a cell phone. They can be bought
with the several electrochemical techniques such as amperometry, cyclic
voltammetry, differential pulse voltammetry and square wave voltammetry, and
with optional modulus to perform specific experiments as it is the case of low current

Fig. 1.7 Diagram showing all the steps involved in the analysis of pesticides using electroanalyt-
ical techniques. Electroactivity tests are presented using different types of electrodes, the choice of
the adequate electroanalytical technique, the optimization of experimental parameters and the
voltammetric parameters inherent to the chosen technique. Main analytical parameters that must
be used to validate the electroanalytical methodology and finally the application in complex
samples are shown in this diagram. Here, pH is hydrogen potential, CV is cyclic voltammetry,
DPV is differential pulse voltammetry and SWV is square wave voltammetry
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module to specific use with microelectrodes, electrochemical quartz crystal micro-
balance and electrochemical impedance spectroscopy. The modulus prices range
between two thousand euros (€ 2.000) to eight thousand euros (€ 8.000,00). The
manipulation of these equipment is simple, and the software employed is very user
friendly, allowing the use of a less qualified analyst, reducing sign, costs with
instrumentation and labor.

1.4.1.2 Electrochemical Cell

The electrochemical cell is a device constituted by an ionic conductor, constituted by
a known supporting electrolyte solution, and the electrical conductors, that are the
working, reference and auxiliary electrodes, which generate an electrical current
from the redox chemical reaction that take places in the interface of the working
electrode/electrolyte, or potentiostatic techniques. The measurement can also occur
through the establishment of an electrical potential in the indicator electrode inter-
face, or potentiometric techniques. In practice, an electrochemical cell is any inert
environment where the supporting electrolyte, the electrodes and the compound of
interest can perform an electrochemical reaction or produce an electrical potential.

Electrochemical cell can present varied sizes and configurations, according to the
experiment of interest and the nature of the samples. Usually, the cell is like a
covered beaker with different volume capacity, containing the compound under
study. Two compartments cells are designed when is necessary the products sepa-
ration of the redox reaction, where in the one compartment contain the cathode
where occurs the reduction reaction, and the other compartment contain the anode
where occurs the oxidation reaction. One compartment is most common configura-
tion to pesticides analysis, where sometimes can be used only two electrodes
configuration (working and reference electrodes, when are employed microelec-
trodes or potentiometry) or four electrodes (two working electrodes or two auxiliary
electrodes when are studied reactions that involves simultaneously reduction and
oxidation reactions or corrosion studies, respectively) (Wang 2006).

Electrochemical cell can be constructed using a variety of materials that are easily
processable, are completely inert to the electrochemical reactions, and present low
cost, and for this, the glass, Teflon and Nylon, since the material used should. For
this, in research lab, it is usually made of glass, that is easy to make and presents low
cost. Sizes can change from some microliter, when the sample volume is limited, to
50 mL when are used bath injection analysis, as described early. For use in flow
systems such as high performance liquid chromatography coupled to electrochem-
ical detection device and flow injection analysis coupled to electrochemical detec-
tion device, the electrochemical cell design will depend specially of working
electrode geometries, which is necessary a parallel, perpendicular and wall-jet
flows (Zoski 2007; Escarpa et al. 2015).

There are commercially available electrochemical cells with temperature control
capability, mainly used when the working electrode are biosensors and the temper-
ature control maintain the efficiency of enzymatic activity. Additionally, sometimes
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can be required the stirring of the solution between each experiment to promote a
renovation in the working electrode surface, or during the experiment to increase the
mass transference, and for this is necessary a cell containing mechanical stirrer. In
specific experiments can be necessary the use of a cell that permits the removal of
dissolved oxygen, mainly when the working electrodes are based on mercury use
(hanging mercury dropping electrode and amalgam electrodes). In these surfaces, the
oxygen is initially reduced producing hydrogen peroxide, as shown in Fig. 1.8,
which produces a high background current, that can interfere in the analytical signals
from reduction reaction of many reducible pesticides and for this, a deaeration step is
necessary (Wang 2006). So, the most commons manner of oxygen removal is using
a purified inert gas (argon or nitrogen), that is previously purged in the cell during a
time, which depends of sample volume, before analysis.

1.4.1.3 Electrodes

In a conventional electrochemical cell, the operability will depend on the presence of
working, reference and auxiliary electrodes. If low currents values are generated in
the electrochemical system or if the potentiometry is used, a two-electrodes config-
uration, working (in potentiometry is called of indicator electrode) and reference
electrodes, is adequate. Working electrode correspond to a surface where the reac-
tion of interest occurs. Reference electrode is responsibly by manutention of the
potential at the working electrode by means of a potentiostat, counter electrode is

Fig. 1.8 Representation of the potential range of working electrodes, which are limited in positive
direction by reaction of oxygen evolution and in cathodic direction by hydrogen evolution, both
from water hydrolyze reaction, which is presented indicating all steps involved. (Modified after
Wang 2006)

44 D. De Souza et al.



used as the current-carrying and for this, are known as auxiliary electrode (Wang
2006).

Working electrodes are a key factor in the pesticides electroanalysis. Therefore,
the choice of the working electrode manufacture materials needs to be evaluated with
great care to obtain a high signal-to-noise ration and reproducible responses. It
should also be considered the potential range where the pesticide redox reaction
occurs, and the properties related to working electrode surface such as: electrical
conductivity, reproducibility in its surface, mechanical stability, low cost of
manufacturing, easy availability of the material, and without toxicity (Wang
2006). However, it is very difficult for a working electrode to display all the
above-mentioned characteristics, and for this, there are several commercially avail-
able or lab made, different working electrodes type, considering chemical composi-
tion, sizes or geometry, as will be described next.

Reference electrode indicates an electrical potential with steady and reproducible
value that is independent of the sample composition and against which the working
electrode potential is compared. For this, reference electrode must present the
chemical composition and physical structure effectively constant, without variation
during the experiments, to provide steady potential which no change, regardless of
current, flows through it, i.e. it should be an electrode nonpolarizable allowing an
adequate control in the working electrode potential. These electrodes are constituted
by robust body with adequate top seal, junction, and an active component that
defines the reference potential, with no alterations in its value during the experiment
realization. Moreover, present the ability of the return to its value of potential after a
current stress (Zoski 2007). These properties are obtained using redox couple
constituted by a metal-metal salt, and the main used are silver-silver chloride
(Ag/AgCl) and the saturated calomel reference (Hg/Hg2Cl2), both with different
concentrations of chloride, which provide the potential values known.

These reference electrodes can be commercially obtained or lab made. A satu-
rated calomel reference electrode with redox reaction presented in Eq. 1.28, is
prepared using a small amount of mercury and Hg2Cl2 (calomel), that are mixed
with KCl, and held in saturated KCl solution to moisten the mixture. The electrical
contact between the paste and the small mercury pool formed is performed by
platinum wire, that serv as an electrical contact, which is connected to one channel
in the potential measuring device (Christian et al. 2014).

Hg2Cl2 þ 2e� $ 2Hgþ Cl� E
�
Hg=Hg2Cl2

¼ 0:268 V vs:NHE 25
�
C

� � ð1:28Þ

where E� is the potential of a cell measured under standard conditions, which all
chemical species are present in its standard states, 1.0 mol L�1; NHE is normal
hydrogen electrode (NHE) and correspond to the standard values of the reference in
the standard reduction potentials, E�, assigned conventionally at all temperatures as
0.00 volts, V.

Due to environmental problems generated by toxic residues from reference
electrode preparation steps, saturated calomel reference electrode is less favored
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today. Moreover, it presents alterations in the potential values with temperature
changes. Therefore, in most pesticides electroanalysis, the Ag/AgCl is the most
adequate reference electrode, that it is also the most simple, inexpensive and
nontoxic. This electrode is prepared from chloritization of a silver wire in a solution
containing around 1.0 mol L�1 of HCl or KCl, followed by application of +1.0 V for
approximately 2 min, coating the wire, as shown in Eq. 1.29. The electrode is
maintained in a filling solution of KCl.

AgClþ e� $ Agþ Cl� E
�
Ag=AgCl ¼ 0:222 V vs:NHE 25

�
C

� � ð1:29Þ

In both reference electrodes, the internal solutions of KCl are usually separated
from the compound under study using a salt bridge that minimize the liquid-junction
potential and to make it reasonably constant. Besides, the Ag/AgCl electrode
potential depends only on the chloride concentration also is calculated from the
Nernst equation presented in Eq. 1.30:

E ¼ E0 þ 0:05916
n

logCCl� ð1:30Þ

where n is equal to 2 and 1, for saturated calomel reference electrode and Ag/AgCl,
respectively, and CCl- correspond to chloride concentration.

Finally, the counter electrode is prepared from an inert conductor material, such
as platinum wire or graphite rod. In the cell configuration reference and counter
electrode should be located on the downstream side of the working electrode, so that
reaction products at the counter electrode or leakage from the reference electrode
does not interfere with the working electrode.

1.4.1.4 Supporting Electrolyte

In an electrochemical cell the potential application promotes the working electrode
polarization, that are positively or negatively charged. This charge in electrode
surface can repulse or attract the compound of interest from the bulk solution to
the working electrode surface, yielding a migration current that interfere in the
resultant current signals, by decrease or increase in its values. So, the addition of
an inert electrolyte that act as a supporting electrolyte, minimize the attraction or
repulsion of the charged species to working electrode surface, reduce or eliminate
migration flows. However, this occur only if the supporting electrolyte present high
concentration, about a hundred times bigger than the compounds of interest. Fur-
thermore, the supporting electrolyte allows a considerable increase in the solution
conductivity and in the electron transfer rate, and consequently, can improve the
quality of the electroanalytical signals (Zoski 2007).
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1.4.2 Electroactivity Tests

As the redox reaction occurs in the interface between the working electrode surface
and the thin layer, called as double electric layer, containing the pesticide under
study and supporting electrolyte, the adequate choices of working electrode mate-
rials will influence the electroactivity of pesticides. It can occur by reduction and or
oxidation reactions from functional groups present in the chemical structure or
interaction with components of the medium or working electrode surface. Besides,
the preliminary steps of electroactivity tests also involves a carefully potential scan
in positive direction, evaluating the oxidation reactions, and the potential scan in
negative direction, evaluating the reduction reactions.

In any selected working electrode, it is evaluated the potential range where occurs
the electrolysis of solvent, that produce high background signals, limiting their use,
as shown in Fig. 1.8. For this, preliminary studies should perform by running a blank
voltammogram, with only the supporting electrolyte, at the voltammetric conditions
that will be employed with the pesticide solutions, which will quickly establish the
interval potential of the selected working electrode. The interval of the working
electrode potential can be evaluated using different supporting electrolytes in dif-
ferent pH values, considering the acid, neutral and basic mediums.

All tests can be performed using cyclic voltammetry or other voltammetric
techniques, according to the main objective of the analyst that can be identification,
quantification and electrochemical redox studies, since each electroanalytical tech-
nique present different performance, as described in the previous section. The
intensities, position and profiles of the analytical signals will be dependent mainly
on the redox behavior of pesticide over working electrode surface, which can present
different physical, chemical, and electronic properties.

These properties will influence in the ability of electrode to carrier electrons and
adsorb reactants and or products, and for this, are responsible by peak current, peak
potential and half height width values obtained from redox reaction of pesticides,
also influencing in kinetics of the electron transfer and in the mechanisms of the
redox system (Zoski 2007). The main properties necessary for the working electrode
are high electrical conductivity, chemical inertness, hardness, durability, homoge-
neous microstructure in all over the surface, background currents with very low and
stability values, surfaces with stability in the morphology and microstructure over a
wide range of the potential, a fast kinetics in the electron transfer considering a great
variety of redox systems, easily in the fabrication process, well defined shaped, low
cost and nontoxic.

The great challenge in the electroanalysis area is to find a material that present all
these properties. Due to this fact, there are varied materials available such as
mercury-based, nobles metals, carbon forms, chemically modified and biosensors,
and the appropriate choice depends mainly on the applicability of interest, such as
the chemical group that reacts, aqueous or organic solvents medium, potential range,
and pH of the medium. Sometimes the geometry and the size of the working
electrode can also be considered in analytical practices (Wang 2006).
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Each of these surfaces have their own characteristics, which include among the
most important, potential range and pretreatment protocol to obtain efficiency in the
activation, renovation and clean in its surface. The potential range is limited by the
solvent used, that can also be reduced or oxidized, producing a high background
current, as shown in Fig. 1.8. When the water is the solvent, the interval of the
potential is limited in the anodic running by oxidation of the water and in cathodic
running by the hydrogen ions reduction. The range of potential for use in pesticides
analysis, without backgrounds currents from water hydrolyze or superficial process,
such as oxides formation in the working electrode surface, can be changed in the
cathodic or anodic direction by alterations in the pH of the medium. Besides,
considering negative potential scan, the water reduction occurs with oxygen pres-
ence, which explains the necessity of oxygen removal in some voltammetric exper-
iments, thus expanding the range of potential in the negative direction.

Contaminants in chemical structure, products and reactants adsorbed onto the
surface and oxides formations in working electrode surface can block sites for
electron transfer, promote alterations in the double-layer structure and increase the
resistance of electronic transference. Therefore, each material used in the working
electrode preparation present a specific procedure to surface cleanliness and activa-
tion steps to improve the sensitivity, selectivity and mainly the reproducibility in
analytical signals. Therefore, before the electroanalysis, working electrode need to
be firstly pretreated employing specific protocols, which depends only on the
materials used in its preparation. These protocols can combine the surface clean by
specific solvents or surfactants, alteration of the exposed microstructure by mechan-
ical polishing, manipulation of the surface chemistry by electrochemical process that
can introduce in working electrode surface carbon-oxygen or carbon-hydrogen
terminations that improve the electron transfer kinetic.

1.4.2.1 Mercury-Based Electrodes

From the polarography discovery in 1922 by Jaroslav Heyrovsky until the imple-
mentation of the principles of Green Chemistry in the early 1990s mercury has the
most used material in electroanalysis of pesticides that electrochemically react in the
cathodic potential interval (Armenta et al. 2008). Its intensive use occurred due to
inherent physical/chemical properties, such as its liquid state at room temperature, it
presents high interfacial tension, hydrophobic surface, and it can produce amalgams
with many metals and soluble salts such as halides, sulphide, sulphate, and some
other anions. Besides, it is an ideal polarizable interface over a range of 2.0 V in the
cathodic potential direction and responds precisely to all changes in the potential
difference of an external source when coupled to an electrochemical cell.

Electrochemically, mercury-based electrodes present an excellent overvoltage,
with the reduction of hydrogen ions from aqueous medium occurring around�1.1 V
in strongly acid medium and around �2.8 V in strongly basic medium,
both vs. saturated calomel reference electrode. This fact considerably expands the
cathodic potential intervals when compared to noble metals and carbon-based
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electrodes. This characteristic is very important due to certain chemical groups in the
pesticide structures, which present strongly cathodic redox potentials, and other
compounds that are electro-inactive in the anodic potential range. In electroanalysis,
the non-electroactive compounds can be converted into electroactive to its determi-
nation, but these conversions process is rarely used. Mercury-based electrodes can
be classified as liquid electrodes, such as hanging mercury drop electrode and
mercury film electrode, or solid electrodes, that are amalgam electrodes in the past
or solid forms.

In hanging mercury drop electrode instrumentation, the mercury is pushed man-
ually out of a tank sealed by the pressure of an inert gas or using a valve that can be
drive by electrical discharge, promoting this way, a constant control in the mercury
flow through the capillary with 0.07 mm diameter or less. This system is coupled to a
potentiostat/galvanostat and specific software that controls the purge time to remove
oxygen from the solution, drop size, drop dispensing, drop dislodgment, and the
electroanalytical technique for potential scanning and current acquisition. The drop
formed presents a constant time and size, promoting excellent renovation of the
surface with suitable reproducibility in the mercury drop and, mainly, a decrease in
residue generation due to the potential scan and measure of the current performed
using a single drop. Despite all the advantages, the use of hanging mercury drop
electrode is questioned due to the high toxicity of mercury.

Mercury film electrodes are prepared from the electro deposition of a thin layer of
liquid mercury under a support, generally noble metals or carbon surfaces. The use
of platinum, gold and silver as support results in difficult reproducibility of the
electroanalytical responses due to the formation of a non-uniform surface in the
formed amalgam. Iridium, a metal that present a low solubility in liquid mercury, is
the most adequate support because it produces a film with suitable adherence
promoting an excellent reproducibility in the analytical signal (Scholz 2010). Carbon
surfaces such as pyrolytic graphite, carbon paste, carbon fiber and glassy carbon
present chemical inertness, broad potential range, low cost, and easy surface reno-
vation by mechanical polishing, making it a suitable material for mercury-coating
(Economou and Fielden 2003).

Although mercury film electrode preparation is easy, it still presents difficulties in
the reproducibility of film thickness, altering the electroactive area and, conse-
quently, the reproducibility of the electroanalytical signals. Use of mercury film
electrode minimize the mercury amount produced, but the toxicity of the electrode is
not eliminated. Furthermore, like hanging mercury drop electrode, the mercury film
electrode presents difficulties in the use in electrochemical detection devices due to
the low stability of liquid mercury in flows systems. For this, research regarding
other materials with similar analytical and electrochemical characteristics as tradi-
tional mercury electrodes is an area of great development in electroanalytical and
materials science, resulting in the use of solid amalgam electrodes.

Several materials are used in preparation of solid amalgam electrodes, which are
formed from the junction between mercury and another metal, such as silver, copper,
gold, and bismuth. They present a solid structure and do not contain any liquid
mercury but, they exhibit similar electrochemical properties as the hanging mercury
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drop electrode. If no chemical interactions occur between the pesticide and the
electrode, the peak potential values are like those observed in the hanging mercury
drop electrode, which are also strongly dependent of the medium considering the
solvent, supporting electrolyte, and pH. Besides, the solid amalgam electrode pre-
sent excellent chemical stability, electrical conductivity, reproducibility on the
surface, mechanical properties, low cost of manufacture, minimum toxic waste
generation and the possibility of its use in electrochemical detection devices.
Researches demonstrated that silver is the most adequate metal for solid amalgam
electrodes preparation due to its higher overpotential towards the hydrogen evolu-
tion reaction compared to other metals and the positive interval of oxidation that is
close to mercury, promoting this way a working electrodes with a wide range of
potential that can be variated since 0.5 V until �2.0 V vs. saturated calomel
reference electrode, according to the supporting electrolyte employed (De Souza
et al. 2011).

Despite all controversies involving mercury toxicity, in the last two decades,
there still has been a considerable number of researches developed and published
that employ the electroanalysis of pesticides using mercury-based electrodes. A
search of scientific databases (Web of Sciences®, Scopus® and ScienceDirect®)
using the keywords pesticides, amalgam electrodes, and mercury electrodes from
2000 to 2019 indicated the substitution of classical hanging mercury drop electrode
by solid amalgam electrodes. All works has been shown that solid amalgam elec-
trodes present good sensitivity in pesticide analysis, analytical stability, and mini-
mize mercury waste and it does still reduce adsorptive problems related to the use of
other solid surfaces. Thus, solid amalgam electrodes can be considered an
eco-friendly tool and a very interesting alternative for analytical determination of
pesticides from different chemical classes.

1.4.2.2 Noble Metals Electrodes

Gold, iridium, rhodium, platinum or the mixture of the metals in the form of alloys
represent the main noble metals used as working electrode in the pesticides electro-
analysis. These metals are adequate in the oxidation of pesticides at positive poten-
tials and sometimes for easily reducible pesticides. Their use promotes electron
transfer reactions in a large anodic potential interval, very suitable to organic
compounds such as pesticides. The cathodic interval of the potential varies from
�0.2 V until �0.5 V according to the pH of the supporting electrolyte, where in the
most negative values occur the hydrogen overvoltage, which are lower than
observed in mercury-based surfaces. In general, noble metals are used as working
electrode when carbon forms electrodes are not applicable. Gold and platinum
electrodes present suitable chemical inertness, compared to other metals, and for
this are less inclinable to the stable oxide films formation or surface contamination.

The use of working electrode constituted by noble metals in aqueous solutions
should be examined very closely because its potential interval are sometimes limited
by intense background signals from the formation of surface oxides or adsorbed
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hydrogen layers (Wang 2006). Besides, the voltammetric response depends on the
surface state, which is normally blocked by products of redox reactions, interfering
with voltammetric reproducibility and, consequently, the analytical sensitivity.
Silver, copper, and nickel can also be used in some specific applications, but the
surface heterogeneity promotes non reproducibility in the analytical responses.

1.4.2.3 Carbon-Based Electrodes

Carbons forms such as carbon paste, carbon fiber, pyrolytic graphite, glassy-carbon,
carbon nanotubes, screen-printed, carbon films, carbon composites, graphene, and
diamond have also been used in the electroanalysis of pesticides. These electrodes
present a broad anodic potential interval, with very low background current, present
low cost, chemical inertness and mechanical stability. However, in some cases the
electron-transfer reaction is slow and with intense dependence of the origin of the
carbon surface, reducing the analytical sensitivity.

Carbon-based electrodes, from different forms and origins, have the electrochem-
ical activity related to its microstructure surface, which present variability in function
of carbon type. Therefore, cleanliness and pretreatment procedures of the surfaces
and the presence of specific functional groups can promote suitable alterations in the
electron transfer rates, promoting this way, a profound effect in the analytical
performance (Rana et al. 2019). Additionally, these surfaces are suitable as supports
for modification by organic polymers and biological compounds typical of the
enzymes, antibodies, deoxyribonucleic acid (DNA), ribonucleic acid (RNA) struc-
tures compounds, due to the strong interaction between carbon surfaces and these
specific modifiers (Wang 2006).

1.4.2.4 Chemically Modified Electrodes

The chemically modified electrode been used as a suitable alternative for the
electroanalytical determination of pesticides. These electrodes are electrodic sur-
faces prepared from of a conducting or semiconducting material that is preliminary
coated by a selected polymeric film that can be in the monomolecular,
multimolecular, ionic forms, or modified by a chemical compounds and for this,
exhibits chemical, electrochemical, and or optical properties of the modifiers due to
some interfacial potential differences, or no net charge transfer, or the faradaic or
charge-transfer reactions. The judicious choice of the modifier and the control of
electrode potential can improve the electrochemical responses by enhance the
selectivity and inhibit the surface fouling. Besides, the adequate modifications in
working electrode surface, by use of immobilized electron-transfer mediators, can
catalyze slow electron transfer reactions. The modifier can also yield some type of
the biological activity on the electrode surface over enzymes use as modifiers and
also permits that some anions and cations which no present electron transfer
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reactions should detected using ion-exchange coatings (Baldwin and Thomsen
1991).

The formation of a thin polymeric film through electropolymerization is one of
the easiest ways of chemically modified electrode preparation. Based on the electric
prospects from specific monomers and the knowledge of the most appropriate
supporting electrolyte and solvent, the plunge of the electrode in a monomer solution
allied with a suitable electrochemical technique is enough for polymer formation.
Different from the chemical polymerization, the parameters of the techniques can be
easily changed to shape the polymer over the electrode surface regarding its thick-
ness, conductivity and doping properties. Additionally, the presence of a polymer
over an electrode surface is useful for biosensor development to quantify pesticides.
The formation of a conductive polymer can increase the electronic transference
throughout the transducer and the presence of non-polymerized functional groups
can be used to attach the biomolecules.

Modification by carbon forms also has been used to prepare chemically modified
electrode to chemically react with pesticides, minimizing the activation energy in the
redox reaction and, consequently, modifying the redox potential. For this, chemi-
cally modified electrode by carbon nanotubes in single or multi wall forms shows the
properties of electrocatalytic activity and electro separation for the detection of
pesticides in low concentrations or in complex samples. These chemically modified
electrode by carbon nanotubes usually include modification that produce paste
electrode, intercalated electrode, coating electrode and embedded polymer electrode
(Wang et al. 2008).

Chemically modified electrode by graphene, graphene oxide, pristine and reduced
graphene oxide, or combination of these types of graphene with inorganic or
polymeric materials produce high electronic, electrical, and thermal conductivities
and very high surface area sensors, that improve the analytical sensitivity to pesti-
cides detection (Park et al. 2018; Lawal 2019). These electrodes have been used as
the emerging platforms in development of new biosensors, with adequate sensitivity,
selectivity, and rapid detection with low cost-effective to pesticides analysis, from
different chemical class. The employ of metal nanoparticles at chemically modified
electrode, mainly silver and gold nanoparticles, produce chemically modified elec-
trode with suitable electrochemical properties, and for this, the modifications with
nanoparticles has been used as an excellent procedure to obtain highly effective
sensors, with some special functionalities and for this may enhance the operating
range or selectivity compared with conventional materials. Electrode modifications
by nanoparticles provide excellent transference of electrons between the pesticide
and the surface of the chemically modified electrode, improving the analytical
sensitivity (Schröfel et al. 2014; Malarkodi et al. 2017).

Chemically modified electrode by metallophthalocyanine, mainly containing
cobalt, iron, manganese and nickel, are obtained by a simple adsorption on graphite
and carbon surfaces or electropolymerized layers of the complexes from solutions
containing a specific metallophthalocyanine. The produced sensors present rough-
ness of the surface and the adhesion of the coating to the substrate increase the active
catalysts for a large variety of electrochemical redox reactions from pesticides.
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Molecularly imprinted polymer-based sensors, known as MIP, mainly containing
metal organic frameworks, graphene, carbon nanotubes and quantum dots are the
most used chemically modified electrode to replace antibodies in different electro-
chemical biosensors. Molecularly imprinted polymer-based sensors are prepared
from use of some components by reactions that involves classical free radical
polymerization at bulk, suspension, emulsion and precipitation polymerization
(Włoch and Datta 2019). For this are used templates, functional monomers, where
the most commons are carboxylic acids, sulfonic acids, and heteroaromatic bases,
and cross-linkers such as dimethyl acrylate esters of diols, and initiators mainly
azo-compounds and peroxides, and pyrogenic solvents.

Molecularly imprinted polymer-based sensors have been used in sensing plat-
forms such as electrochemical, optical and mass-sensitive sensors, it consists of well-
defined three-dimensional cavities, with affinity to a template molecule, in the
polymer matrix (Florea et al. 2016). They present highly specific molecular recog-
nition capacity and excellent stability in adverse chemical or physical conditions. So,
are considerate as alternatives to bio-receptors for pesticides analysis. Molecularly
imprinted polymer-based sensors are a class of working electrodes very efficient,
sensitive, with low-cost and permits the miniaturization and the use in electrochem-
ical detection devices.

1.4.2.5 Biosensor

The use of biosensors prepared from the immobilization of biological molecules
such as antibodies, deoxyribonucleic acid, enzymes or ribonucleic acid, have also
been used for monitoring pesticides with the advantage of being highly sensitive and
selective, relatively easy to develop, accessible, and ready for use. In practice, are
considerate as biosensor any apparatus that employ some specific biochemical
reactions in the direct detection of chemical compounds employing its electrical,
thermal or optical signals from the responses with the mediators that can be tissues,
organelles, immunosystems, isolated enzymes, or some whole cells (Santoro and
Ricciardi 2015). The electrochemical biosensor has a biological recognition layer
originated from the immobilization of a specific biomolecule that can be enzyme,
antibody, deoxyribonucleic acid fragments, over an electrochemical transducer.
Some types of carbon and gold electrodes are the most used transducers. The
electrochemical signal recorded from the biochemical reactions between the biolog-
ical materials and the specific pesticides is used to quantify the different pesticide,
mainly organophosphorus and carbamates (Abdulbari and Basheer 2017).

The major and most important step in the biosensor preparation is the immobi-
lization of the biological recognition element on top one the transducer surface, that
can employ the adsorption, or covalent bonding, or entrapment or cross-linking as
immobilization techniques. The adsorption is the easiest to perform, usually relying
on the drop-coating method, where the biomolecule is casting onto the transducer
and allowed to dry, evaporating the solvent. The interaction consists in noncovalent
bonds such as hydrophobic interactions, electrostatic or van der Waals forces. The
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main advantage is that it is not necessary the use of chemicals, although the electrode
surface need some functionalization. The drawback is the difficulty to ensure
reproducibility and robustness since the immobilization is susceptible to biomole-
cule lixiviation (Chung et al. 2011; Štěpánková and Vorčáková 2016; Jain and
Cheng 2017).

A survey has demonstrated that around 78% of the works using biosensors
developed enzymatic biosensors. The choice for this type of sensor is because the
pesticides easily disturb the enzymatic reaction due to enzyme inhibition, especially
the acetylcholinesterase. The first enzymatic electrochemical system developed for
pesticide detection was performed in 1962, where the authors used two platinum
electrodes to measure the inhibition of acetylcholinesterase by organophosphates
pesticides systox, sarin, parathion and malathion. The substrate butyrylthiocholine
iodide hydrolysis into the products thiocholine and butyric acid are hampered, and
the potential signal is altered in comparison with a system without the pesticides.
Since then, many authors have been working and improving electrochemical detec-
tion of pesticides based on enzyme inhibition (Guilbault et al. 1962).

One improvement in the enzymatic biosensor development occurs during the
immobilization step using chitosan, a natural polyaminosaccharide analogue of
cellulose, one of the few cationic polyelectrolytes found in nature. Chitosan is
biodegradable and has biocompatibility with proteins. Because of its basicity, it
forms a film over negatively charged surfaces and is often used to stabilize enzyme
activity by adsorption or cross-linked with glutaraldehyde (Krajewska 2004).

Acetylcholinesterase is the main choice because it is a well-studied enzyme and
their use results in obtention of the signals in low detection limits, with high
sensitivity. Additionally, this enzyme presents a great relevance for human health
as it is extremely important in the establishment human central nervous system
normal running. In addition, thiocholine, the product formed from the enzymatic
catalysis of acetylthiocholine is easily oxidized at lower potentials. The major
disadvantage is that many organophosphates and carbamates pesticides present
inhibitory ability towards acetylcholinesterase, so the biosensor lacks specificity
(Lang et al. 2016; da Silva et al. 2018; Rajangam et al. 2018; Lu et al. 2019).

Another option is to use the pesticides inhibition ability on other enzymes even
though they are less commonly used. Some enzymes can be inhibited by pesticides,
mainly the tyrosinase, laccase, urease, aldehyde dehydrogenase and alkaline phos-
phatase and for this, different approaches were performed to develop novel strategies
for its detection through biosensors. This is important because of the recognition of
the inhibition ability of some pesticides for different enzymes than acetylcholines-
terase, but the biosensors still present lack of selectivity.

Although many authors concentrate their efforts into the use of enzymatic
inhibition, other approaches have been studied for pesticide detection. Direct enzy-
matic biosensor using the pesticide as substrate can be performed by the use of the
enzyme organophosphate hydrolase, responsible to catalyze the breakdown of
organophosphorus pesticides (Grimsley et al. 1997). The search for specificity
droves some authors to search other approaches than enzymatic systems.
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Immunosensors are a class of biosensors prepared from specific interaction that
occurs among an antigen and an antibody. They have found a remarkable limit of
detection in femtomole scale with specificity through an antigen binding.
Immunosensors are showing promising results and they are attractive devices with
excellent performance for the detection of pesticides.

The researches seeking for better devices for pesticide detection are amazingly
increasing in the last few years. Alongside the enzymatic biosensors and
immunosensor, there is also the genosensors, that have shown high specificity and
sensitivity compared to antibodies. However, the use of aptamers has some advan-
tages such as the ease of obtaining through synthesis with no need of a long and
expensive immune response in hosts, it can be very easily chemically modified with
several immobilization possibilities and present enhanced environmental stability
(Hayat and Marty 2014).

Biosensors have been an excellent alternative for the development of novel
strategies for pesticide detection in a sensitive and selective way. Much still needs
to be done regarding selectivity and sensitivity, but recent advances have been
showing that the ongoing researches are presenting promising results. However,
they present some limitations, such as electrochemically active interferences in the
sample, little long-term stability, excessive cost of enzymes, maintenance of enzy-
matic activity, and electron transfer problems.

1.4.3 Experimental Parameters

Solvent, supporting electrolyte, ionic strength and medium pH are initially evaluated
because they influence directly in the position, intensity and voltammetric profile
from electroanalysis of pesticides. Moreover, it is necessary the evaluation of the
applicability of stripping steps, the potential, time for preconcentration and, scan
potential directions.

1.4.3.1 Solvents

The solvent is need to promote the dissolution and dissociation of the salts in order to
obtain a solution with high ionic conductivity, promote the solvation of the reactants
and products in electrochemical reactions and cannot suffer reactions of the reduc-
tion or oxidation in any of the electrode used. As the solvent molecules are directly
involved in the overall electrode reactions, its choice limits working electrode
potential range, and consequently the redox potential of pesticides under study.

Water, methanol and ethanol are commonly protic solvents used because proton
reduction is kinetically slow and promotes a high potential range in cathodic
direction. However, in the anodic direction, the use of alcohols is limited to its
oxidation reactions. Acetonitrile and dimethyl sulfoxide are aprotic solvents that
present an excellent solvating ability in the dissolution of the reactants in bulk
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solution and the adsorbed products from the electrode reaction. However, in most
pesticide analyzes using electroanalytical techniques the solvent is water due to its
excellence as a solvent for salts and facility in the purification.

1.4.3.2 Supporting Electrolytes

The use of supporting electrolyte, in high concentration, is necessary to minimize or
eliminate the electric field effects from electrode polarization on the movement of the
electroactive molecules. Besides, it is important to provide ionic mobility in the
electrochemical cell allowing electrode potential control and or measurements. The
use of supporting electrolyte will ensure that the establishment of a uniform ionic
strength in bulk solution, independent of the production or consumption of the ions
under the electrodes.

Supporting electrolyte should present a low viscosity that permits a quick dis-
placement of reactants and products to and from electrodes, needs to be electro
inactive in all electrodes surfaces and no present reaction with reactive species which
might be produced at electrodes. The most commons supporting electrolyte used in
pesticides electroanalysis in aqueous medium are inorganic salts such as chloride,
nitrate, sulphates and perchlorates salts of the potassium and sodium, mineral acid
such as hydrochloric, perchloric, sulphuric and nitric acids, hydroxides of sodium
and potassium, and some buffer systems such as phosphates, acetates, ammonium,
borates, oxalates, among others, which cover the usual range of pH from 0 to 12.
However, the electroanalysis in organic mediums employs as supporting electrolyte
tetraalkylammonium salts, such as tetraethylammonium, tetrabutylammonium and
tetraphenylphosphonium, due to their organic character and relatively low reactivity
for reduction reactions (Wang 2006; Zoski 2007).

All salts used in the preparation of supporting electrolyte need to present high
purity and should not be easily oxidized or reduced in the working electrode surface,
and in the medium used in the pesticides electroanalyses. In all evaluation of
solvents and supporting electrolyte it is performed a potential scan in a medium
without addition of pesticide of interest to observe the presence of redox process
from supporting electrolyte, the potential range and the electroactive contaminants
presence in the medium.

1.4.3.3 Ionic Strength and pH

The pH values and the ionic strength of the supporting electrolyte directly influence
the electron transfer mechanism because their values influence in the redox potential
and current intensities. The ionic strength is related to the total electrolyte concen-
tration and depends of the charge on each individual ion and its concentrations.
Therefore, to supporting electrolyte containing ions with unitary charge, the ionic
strength is equal to its concentration. The control in the ionic strength will ensure the
establishment of a uniform distribution of charged species throughout the solution,
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and the stability in the kinetic electrode without significative alterations in analytical
signals, even if some ions are consumed or formed at the electrodes surfaces.

The control of ionic force must be carefully carried out, due to the high ionic
strength in the medium can cause alterations in the activity of pesticides, that
deviates significatively from its concentration values. However, high ionic strength
increases the solution conductivity, improving the electron transfers. The ionic
strength can be adjusted employing a buffer, if the pH control is also desired, or
using salts containing sodium (Na+) or potassium (K+) as counter ions, because their
concentration corresponds to its activity coefficient. Additionally, in pesticides
electroanalyses is necessary to add a high concentration of an electrolyte in the
medium to maintain the ionic strength constant during electroanalytical experiments,
due to generally the ionic strength of the sample containing pesticides is unknown.
Considering the use of biosensors, the ionic strength strongly affects the enzymatic
activity and for this, necessity of previously optimization.

The pH of the electrolyte will affect the position, the intensities and the half-
height width of the obtained signals, because the H+ ions can participate of the
electrochemical reaction, either before or after the electrons transfer. Additionally,
the pH of medium will define the potential range of the working electrode, in which
occurs the reactions of hydrolyzes of water, producing an intense anodic current due
to oxygen evolution or an intense cathodic current due to hydrogen overpotential.
The pH variation is an adequate manner to promote dislodgment of potential redox
values and, in this way, decrease the energy involved in the electron transfer.

In electrochemical mechanism involving protonation as determining steps, the pH
is the most important parameters and it is initially evaluated. In some pesticides, the
pH of the medium shifts the stability of the molecule and can promote hydrolyzes
reactions. In some pesticides, only the molecule in the protonated form will react
easily through electron transfer. In some cases, after the electron transfer, the radical
produced are stabilized by reaction with protons of the medium, in a chemical step,
producing a stable final product.

Therefore, in preliminary experiments, where the electrochemical behavior of
pesticide is not known, it is necessary to observe the ionization constant of pesticide,
pKa. The electroanalytical experiments are initially performed using supporting
electrolyte in pH with values like ionization constant and at values above and
below the known ionization constant. In this way it is possible to observe the
presence of protonation equilibriums or following the electron transfer and select
the pH values where occurs the maximum of sensitivity and selectivity and mainly
with lower redox potential values.

1.4.3.4 Stripping Steps

The viability of stripping voltammetry use in the pesticide analysis is evaluated by
study the accumulation steps, considering potential and time of the preconcentration,
and the redissolution step or measurement step, as describe in previous section.
Therefore, after the solvent, electrolyte support and pH optimization, it is defined the
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accumulation potential, considering the values before, near the maximum, in the
maximum, before the maximum and at final, where all redox reaction were com-
pleted, in a fixed time. After this, the potential selected is fixed and the accumulation
time is evaluated from 0 to 600 s. In both steps, the current signals intensities and the
profile of the voltammetric responses are considered, which will define the sensitiv-
ity and selectivity of the analysis.

1.4.4 Parameters Related to Electroanalytical Technique

Each electroanalytical technique described above has its own set of parameters,
which need to be carefully and individually changed and the resultant responses
evaluated. In the potentiometry is evaluated the potential measured by the device,
and no parameters related to the techniques are considerate, since it involves only in
the immersion of ion selective electrode or ion-sensitive field-effect transistor in the
recipient containing the samples to analysis. In the amperometry experiment electric
current in function of time are obtained, and for this, there are preliminary potential
and time evaluation, normally given in volts and in minutes or seconds, respectively.
In the electrochemical impedance spectroscopy experiment the current responses are
measured in a sinusoidal shape but with a phase shift with time. For this, it is
important perform a previously evaluation in the amplitude of the alternated current
signal applied to the cell, the constant potential applied to the cell throughout the
frequency sweep and the initial and final frequency sweep during data-acquisition.

Each voltammetric technique present different parameters, which should be
individually assessed. Therefore, in the voltammetric technique the responses of
peak current, peak potential and half height width obtained after the variation of each
voltammetric parameters are considered, including interval and direction of potential
scan. The relationships between each voltammetric parameters and peak current,
peak potential and half height width are used to obtain suitable sensitivity and
selectivity. Additionally, its use permits the obtention of information about the
kinetic and mechanism of redox reactions, as described in previous section.

Cyclic voltammetry involves linearly change of an electrode potential consider-
ing the use of the two limits values which indicate the potential scan rate during the
monitoring the current that develops in an electrochemical cell under conditions
where voltage is higher than the predicted by the Nernst equation. Therefore, the
main parameters that should be optimized in cyclic voltammetry experiments are the
initial, switching and final potential values and potential scan rates. In the differential
pulse voltammetry, the pulse amplitude or the height of the potential pulse given in
millivolts, pulse width or the duration of the potential pulse and sample period or the
time at the end of the pulse during which the current is measured, both given in
milliseconds, should be individually evaluated. In square wave voltammetry the scan
increment potential or the step height of the staircase wave form given in millivolts
and main responsible by potential resolution, the pulse amplitude or the height of
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pulse potential given in millivolts and the pulse frequency or the length of each half-
cycle, given in hertz, also should be individually and previously optimized.

1.4.5 Analytical Parameters

After the experimental and voltammetric optimization, the analytical parameters
such as linear range, linearity, accuracy, precision, selectivity, sensitivity, detection
limits, quantification limits and robustness are assessed as guidelines to validation
process of the electroanalytical method, considering each pesticide analyzed
(Christian et al. 2014). In pesticides electroanalysis, as the interaction pesticide
with electrode surface is strongly dependent of the working electrode used, these
analytical parameters can variate significatively from one pesticide to another, even
if it has a similar chemical structure. The use of electroanalytical techniques, mainly
square wave voltammetry or the use of stripping voltammetry steps, permit obtain
these analytical parameters with values similar or lower than to those defined by
government and international agencies, which employ high performance liquid
chromatography or other conventional techniques.

1.4.6 Applications

From an analytical viewpoint, complex samples, such as natural water, foods,
beverages, soil, biological fluid, among them, have several constituents that can
interfere in the analytical responses, by decrease or increase in its signals. Therefore,
prior to analyze the complex samples, it is required several steps of preparation for
the elimination of interferences that can be performed through capillary electropho-
resis and high performance liquid chromatographic techniques. However, the com-
plexity of these samples and the interactions of pesticides with the other samples
components requires differentiated sample preparation steps, which can involve
liquid-liquid, solid-phase, enzymatic, cloud point and supercritical-fluid extractions
procedures. These sample preparation steps present a high time of the analytical
works and required large amount of chemicals, which are expensive, generate
considerable waste and may contaminate the sample. Additionally, these
pre-treatment steps require a highly qualified analyst to minimize errors in the end
results.

Considering the use of electroanalytical techniques, analysis in complex samples
present a considerable drawback regarding the previously or posteriorly adsorption
of interferents under the working electrode surface, which may cause the
overlapping of target signals and or an alteration in the ionic strength of the
supporting electrolyte solution. These drawbacks have been controlled by applica-
tion of procedure of the electrochemical activation and cleanness of working elec-
trode between each experiment, and using buffer solutions, respectively.
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In potentiometry, the ion selective electrode or ion-sensitive field-effect transistor
is inserted in a solution holding the pesticide of interest in a complex samples
solution. In others electroanalytical techniques, an aliquot of the sample solution is
summed in electrochemical cell and the experiments are performed according to
previously optimized experimental and voltammetric or electrochemical impedance
spectroscopy or amperometry parameters. Sometimes, the presence of proteins and
fats need to be extracted or precipitated by classical solvent extraction or salts.
However, in general, the electroanalytical procedures are performed with the com-
plex samples in very low concentration, and the interferences from samples constit-
uents are practically negligible. For this, in electroanalysis, the sample preparations
steps, if necessary, are simple, fast, solvent-free and inexpensive.

1.5 Electrochemical Behavior of Pesticides from Different
Chemical Class

According to previously discussed in early sections, there are a substantial number of
researches developed regarding the electroanalysis of pesticides with mercury-
based, carbon-based, noble metals, chemically modified electrodes and biosensors
using the electroanalytical techniques described in Sect. 1.3. The pesticides analyzed
belong to different chemical classes, such as: organochlorine, organophosphorus,
triazines, nitro pesticides and nitrophenol derivatives, carbamates, dithiocarbamates,
neonicotinoids, sulphonylureas, bipyridiniums, pyrazoles, phenoxyacetic acid deriv-
atives, among others. These pesticides contain, in its chemical structure, functional
groups that are easily reducible or oxidable with a known electron-transfer mecha-
nism or can react with a component in a chemically modified electrode or biosensor
or can react with some components in the medium. In all situations, occurs the
production of electroanalytical signals that can be used in the identification and
quantification of pesticide of interest.

Voltammetric studies in pesticides solutions are based on the reduction reactions,
such as single bond reduction from halogen in an aromatic ring, reduction of a
carbon-carbon carbon-sulfur or carbon-nitrogen double bonds, and the reduction of
different chemical substituents in chemical structure of pesticides, such as nitro,
imine, imide, azomethine, thioether, dialkylthiophosphate, bipyridinium,
pyrazinediium, carbonyl and dithiophosphate. However, voltammetric responses
from oxidation reactions at carbon-based surfaces or noble metals surfaces are also
used, where functional groups characteristic of pesticide chemical class or sub-
stituents groups such as dithiocarbamate, thioether, aromatic hydroxy, aromatic
amino, heterocyclic ring, amino groups, among others, can be evaluated through
electrochemical oxidation mechanism studies.

However, if the electrochemical mechanism is not known, a detailed study using
the current and potential signals from variation in the experimental and voltammetric
parameters can be performed. All data obtained can be compared to mathematical
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models, and the evaluation of the chemical structure of the pesticides, jointly
previously knowledge about the reactivity and organic electrochemistry can provide
information about electrochemical mechanisms. This is fundamentally important,
because it provides information about toxicity and degradation steps, indicates the
chemical species intermediaries and helps in obtaining experimental and
voltammetric conditions to attain the best sensitivity and selectivity in electroanal-
ysis of pesticides.

It is true that it is quite difficult to achieve suitable selectivity when several
pesticides present similar functional groups, which is sometimes typical of the
chemical class of the pesticides. However, by using adequate manipulation in the
experimental and voltammetric parameters, previously described, it is possible to
evaluate the redox potential of functional groups and to realize the suitable identi-
fication and quantification of pesticides, even in complex systems like natural
waters, soil, and in natura foods.

1.6 Conclusions

The indiscriminate use of pesticides, regarding mainly the amount and chemical
class of the pesticide, is a worldwide problem not only in the toxicity levels and
remediation procedure, but also in the adequate choices of the analytical procedures
to detection of these compounds in the contaminated food, water, soil and air. This
chapter introduced a detailed presentation of the electroanalytical methods of pesti-
cides analysis, one the easiest, efficient, robust, specific and low-cost way of
pesticide determination in all its sources. A brief description of the most employed
techniques used to achieve this goal was described combining their specific signals,
such as current, potential, charge, resistance, with the pesticide’s physicochemical
properties such as redox functional groups, ionizable hydrogens and enzyme inhi-
bition ability.

The equipment is equivalent to a desktop computer in size and can be miniatur-
ized to a pocket device, especially for in situ use, it is cheap compared to the
traditional chromatographic methods of analysis and does not depend on skilled-
labor personal as most software present a friendly platform. Despite the easiness in
the electroanalysis manipulation there are a series of conditions to be assessed to
obtain the maximum efficiency depending on a deep electrochemistry knowledge to
link the useful technique with the compound of interest.

We presented the main choices of these conditions as the type of unmodified
working electrode such as mercury-based, carbon-based and noble metals, the
supporting electrolyte in aqueous or organic medium, electrochemical cell type,
the detection modes such as amperometric, voltammetric, impedimetric and poten-
tiometric, as well as alternative methods through indirect detection using chemically
modified electrodes through biosensor development such as genosensor, enzymatic
sensor and immunosensor.
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At finally, we indicated that choose the best approach by the selection of the most
appropriate detection technique to be used and explain the results observed based on
an extent survey regarding electrochemical mechanism will help to expand electro-
analysis and make them the official method to pesticide determination in a near
future. So, electroanalysis are certified as an efficient analytical method applied in
several branches of science and it has been proving so far to be an excellent
alternative for pesticide detection with many different approaches, low detection
limits, high selectivity, robustness, easiness, low-cost and low chemical use and
waste generation.
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Chapter 2
Protocols for Extraction of Pesticide
Residues

María Luisa Fernández de Córdova and Eulogio José Llorent Martínez

Abstract Over the past few years, the presence of pesticides in foods has received
growing attention as one of the main food safety problems. Many countries and
health organizations have dictated increasingly strict regulations on the maximum
pesticide residue limits on foodstuffs. Pesticides can also reach surface water
through runoff from treated plants and soil, contaminate groundwater, soil, ground
and grass, and be toxic to non-target organisms. Therefore, reliable methods for the
analysis of pesticides need to be developed that can ensure accurate and precise
results with sufficiently low detection limits for the determination of a wide range of
these compounds. In most cases, these methods will need to include a sample
pretreatment to extract, isolate, and concentrate the target compounds, as it is
generally not possible to directly manipulate the sample.

We have reviewed the main classical and advanced methodologies available for
the treatment of food and environmental samples for analysis of pesticide residues.
Conventional sample treatment techniques have shown to be efficient, but they entail
drawbacks such as the employ of toxic organic solvents, complicated procedures that
require a lot of time, and difficulty in automation. The numerous liquid-phase and
solid-phase microextraction techniques developed in recent years together with the
use of alternative green extractants as ionic liquids and new solid sorbents as
molecularly imprinted polymers, carbon nanotubes or magnetic materials have
allowed overcoming these problems, developing highly selective extraction
methods, and simplifying analytical procedures. On the other hand, QuEChERs
method has become in one of the sample treatment mostly applied as it allows
performing pesticide extraction and cleanup in a single step, which is evidenced by
the fact that organizations such as AOAC International and the European Committee
for Standardization have adopted it in two official methods for pesticide analysis. All
these methodologies, their advantages, drawbacks and future perspectives have been
described and discussed in this chapter.
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2.1 Introduction

In recent years, the application of pesticides has rapidly increased mainly in agri-
culture thus their use allows having abundant and high quality vegetables available
at a relatively low price. However, the presence of pesticide residues in foods, soils,
plants and water has become a major issue and could have considerable impact on
health and the environment (Samsidar et al. 2018). To ensure that pesticide residues
found in foods do not represent an unacceptable risk for human consumption, most
governments have set maximum residue limits in vegetables and fruits. Maximum
residue limits of pesticides in food and feed are internationally restricted by the
Regulations of the European Union and Codex Alimentarius Commissions
(European Union 2005; Codex Alimentarius: http://www.fao.org/fao-who-
codexalimentarius/codex-texts/dbs/pestres/en/), which reflect the highest amount
of residues expected in food when plant protection products are applied correctly
in accordance with authorized conditions of use. They are not safety limits, and are
always set below, often far below, levels that would present a risk to consumers. The
European Union maximum residue limits apply to most food commodities of animal
and plant origin, concretely to the product as placed on the market. In the last
European Union report on pesticide residues in foods, which provides an insight
into the official control activities carried out by European Union Member States,
Iceland and Norway in 2016, pesticide concentrations in 96.2% of the 84,657
samples analyzed met the established legal limits. Similar to the results obtained in
2015, processed grape leaves, rice, wild fungi, tomatoes, sweet peppers, sweet corn,
table grapes, and table olives were the commodities that most frequently exceeded
the maximum residue limits. Teas, strawberries, pineapples, milk (goat) and muscle
(swine) were also found to exceed frequently the maximum residue limits (more than
2% of the samples) (European Food Safety Authority 2018). On the other hand, in
the European Union pesticide residues in water are subject to the Water Framework
Directive, whose purpose is to establish a framework for the protection of inland
surface waters, transitional waters, coastal waters and groundwater (European Union
2000). In accordance with the above, it is very important to provide accurate, precise
and reliable methods for pesticide residue analysis for ensuring food safety and
preserve environment.

Currently, the determination of pesticides has received more attention because
governments have reduced the maximum residue limits, and hence the detection of
trace levels of pesticides needs more efficient techniques for pre-treatment of
samples. The analytical procedure usually consists of numerous stages, being the
sample collection and its preparation for analysis the most important ones. Sample
preparation is often a neglected area even though it plays an essential role in the
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whole analytical procedure, particularly in the analysis of solid samples. Most
analytical instruments are unable to handle matrices directly and, therefore, some
form of sample pretreatment is required to extract and enrich analytes. Environmen-
tal and food samples are complex and very diverse and analytes are usually found at
trace and ultra-trace amounts (Stocka et al. 2011) so that sample preparation has a
special relevance. From an analytical point of view, a sample pretreatment for
pesticide residue analysis should to have the following features: (a) to allow the
analysis of a number of pesticides as large as possible in a single run (multiresidue
method); (b) to provide recovery percentages as close as possible to 100%;
(c) efficient removal of potential interfering species from the matrix; (d) high
sensitivity; (e) good precision; (f) good ruggedness; (g) low cost; and (h) high
throughput. Moreover, sample treatment should be environmentally friendly so
that it implies the use of as low solvent volumes as possible (Hercegová et al. 2007).

Typical sample preparation for pesticide analysis includes the following steps:
sampling/homogenization, extraction of target compounds from the bulk of the
matrix, and cleanup of analytes from matrix co-extractives. Among them, the
extraction of the target compounds and cleanup of the extracts are the most time-
consuming and challenging steps and play a key role in the success of analysis.
Special attention must be paid to high-fat content matrices, since it is necessary to
avoid high amounts of fat residues in the final extracts, which would affect to the
proper functioning of the chromatographic system. Although conventional methods
of extraction, especially liquid-liquid extraction, have been widely used for analysis
of pesticide residues, they are subject to the loss of pesticides due to the long and
laborious experimental procedure, require large amounts of organic solvents, and are
time-consuming. Therefore, over the past years analytical developments have
attempted to minimize the solvent volumes, the use of toxic solvents, the physical
and chemical manipulations, and have aimed to automate the extraction and cleanup
procedures as far as possible (LeDoux 2011). Figure 2.1 shows the desired analytical
characteristics and current trends in the treatment of samples for pesticide residue
analysis.

To date, a lot of techniques have been exploited for determination of pesticide
residues. Following the extraction/cleanup steps, the detection of pesticides is
usually performed by mass spectrometric techniques (i.e. tandem mass spectrometry
using ion-trap or triple quadrupole instruments) in combination with gas chroma-
tography or liquid chromatography, owing to their high sensitivity, selectivity and
throughput. Most of the traditional methods for analysis of pesticide residues have
been applied to the determination of a single component or a class of pesticides. On
the contrary, multiresidue methods of analysis are used for analysis not only of
several components of the same class of pesticides, but also of several components
of different classes of pesticides. Taking into account the large number of pesticides
on the market, the development of multiresidue methods capable of analyzing large
number of pesticides in one single run is the most efficient and common approach.
These multiresidue methodologies, in addition to allow the determination of a large
number of compounds in one run, should provide large recoveries of target com-
pounds, high sensitivity and good precision, ensure maximum removal of interfering
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species from extracts, and be environmentally-friendly, quick, cheap and easy to
carry out.

Many works have been reported over the years to achieve this objective. The
present chapter describes a review of the main techniques used for extraction and
cleanup in field of pesticide residue analysis. The basic principles and main features
of both classical and modern techniques are described, compared their advantages
and disadvantages, and their ability and applicability for pesticide residue analysis.
A distinction has not been made between techniques for extraction and purification

Fig. 2.1 Analytical characteristics and trends for sample preparation methods in pesticide residue
analysis
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since in practice most of them are used for both purposes. After introducing these
techniques and their applications, particular attention will be paid on the recent
developments and future trends. The main focus has been paid on microextraction
techniques, since currently they constitute one of the main trends in the development
and enhancement of sample treatment methods. Finally, the applications addressed
in the present chapter cover food samples and aqueous and solid environmental
samples.

2.2 Liquid-Phase Extraction Techniques

2.2.1 Liquid-Liquid Extraction

Liquid-liquid extraction, also called solvent partitioning, is a conventional technique
used for sample preparation and preconcentration. The extraction of the organic
compounds is based on their relative solubilities in two immiscible liquids, water and
an organic solvent or two organic solvents. The factors influencing efficiency of the
extraction are: solubility of the compounds in the extraction solvent, extraction
volume and number of extractions. In the conventional extraction of organic com-
pounds the solid or liquid sample is homogenized and repeatedly extracted with an
organic solvent; then, the extracts are centrifuged, concentrated and/or purified to
remove matrix co-extractives before the final analysis. The techniques used for
cleanup of the extracts usually are gel permeation chromatography and/or solid-
phase extraction (Guardia-Rubio et al. 2006; Zheng et al. 2014). This is an efficient
extraction technique in terms of recovery, except for a few pesticides such as
hexachlorobenzene for instance which is very volatile (LeDoux 2011). In this
technique solvents or solvent mixtures are used for extraction, according to the
polarity of target compounds. In the development of multiresidue methods it is
necessary to take into account that the solvents used have to be able to extract
pesticides with a wide range of polarities from the same matrix. Moreover, pesticides
can be accompanied by their metabolites or degradation products, whose extraction
requires different solvent systems according to their polarity.

The usual solvents for liquid-liquid extraction of pesticides in food and environ-
mental matrices have been ethyl acetate (Fernandez-Alba et al. 1994; Mol et al.
2007; Banerjee et al. 2007), acetone (Guan et al. 2010), methanol (Hanot et al.
2015), hexane (Cabras et al. 2001), dichlorometane and acetonitrile (Fillion et al.
2000; Lehotay et al. 2001; Guardia Rubio et al. 2007). Mixtures of these solvents
with different composition have also been widely used, such as hexane/
dichloromethane (Tian et al. 2019), hexane/acetone (Rezić et al. 2005), hexane/
acetonitrile (Zayats et al. 2013), or dichlorometane/acetone (Pose-Juan et al. 2006).
The use of medium polarity solvents such as ethyl acetate or acetone can increase the
polarity of a non-polar solvent or decrease the polarity of a polar solvent in the
extraction procedure. Acetone is completely miscible with water and allows an
adequate penetration in the aqueous part of the sample. However, to induce its
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separation from the water phase a non-polar solvent has to be added, which leads to
dilution and can originate low recoveries of the most polar analytes. Ethyl acetate is
sufficiently miscible with water to allow good penetration into matrices and its
polarity is sufficient to extract the most polar pesticides. Moreover, after extraction
no extra partition step is required, since water can be simply removed by adding
sodium sulfate. Acetonitrile is miscible with water, but it can be separated from the
aqueous phase by salting-out effect. In addition, due to its hydrophobicity, it is
efficient in extracting both polar and non-polar pesticide residues with low amounts
of matrix co-extractives. Therefore, acetonitrile has been one of the most widely
used solvents for liquid-liquid extraction of pesticide residues. Acetonitrile also
presents an additional advantage, the possibility to analyze in the same extract
both gas chromatography- and liquid chromatography-amenable analytes
(Anastassiades et al. 2003; Lehotay et al. 2005a), since it is compatible with
reversed-phase liquid chromatography and can also be served as a medium for gas
chromatography injection. As a rule, less polar organic solvents such as
dichlorometane or hexane favor extraction of more non-polar pesticides and can
be occasionally used for the extraction of non-polar pesticides or to modify the
polarity of other non-polar solvents (Zhang et al. 2014).

Classical liquid-liquid extraction is aided by shaking, but ultrasonic extraction
has also been widely applied for extraction of pesticides from solid food and
environmental samples (Gonçalves and Alpendurada 2005; Lambropoulou et al.
2006). Acoustic energy is used for enhancing mechanical washing of the sample,
providing a high efficient contact between sample matrix and solvent. Several
studies show that ultrasonic extraction is an effective technique during sample
preparation for pesticide analysis in soil, sediments, oil, coffee, honey and fruits
and leafy vegetables (Beyer and Biziuk 2008; Pan et al. 2008; Da Silva Souza and
Navickiene 2019; Tian et al. 2019). Moreover, it was reported that ultrasonic
extraction can allow excellent results without cleanup if solvent type and extraction
conditions are optimized (Rezić et al. 2005).

Conventional liquid-liquid extraction is an accepted and popular technique for
sample preparation due to its advantages like simplicity, efficiency, and ruggedness.
This technique mostly provides recovery percentages for pesticide residue analysis
in the range 70–120%, as advised by the European Union. Multiresidue methods
also show recoveries in this range for over 80% of the analytes (LeDoux 2011).
However, liquid-liquid extraction presents many inherent drawbacks, e.g., it requires
a relatively large amount of matrix, and the evaporation of a large quantity of toxic
and flammable solvents to get to required pre-concentration coefficient. Moreover, it
is time-consuming, laborious, expensive regarding the consumption of solvents and
other materials, and difficult to automate. These drawbacks have been overcome by
the introduction of simpler and faster sample preparation methods for pesticide
residue analysis in foods and environmental samples. The advent of novel modified
liquid-liquid extraction methods in the sample treatment field has caused the
decrease of organic solvent consumption, more effective extraction, higher extrac-
tion yields and on-line connecting to analytical instrumentation. These techniques
are described in the next Sections.
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2.2.2 Soxhlet Extraction

Conventional Soxhlet has been used for decades as one of the most relevant
techniques in the environmental pesticide extraction field from solid samples. In
this technique, a glass extractor consisting of three parts is used: a distillation flask, a
main chamber and a coolant. The sample is placed inside a thimble-holder and
deposited in the main chamber, covering it with the extraction solvent. The solvent is
then heated to reflux so that its vapors condense into the coolant and drop down on
the sample cartridge. When the liquid in the central chamber reaches an overflow
level, it passes through a siphon to the distillation flask by dragging with it the
compounds extracted from the sample. This operation is repeated until the extraction
is completed. Therefore, this performance makes Soxhlet a hybrid discontinuous-
continuous technique. Soxhlet extraction has been mostly applied to the extraction of
organochlorine pesticides from different matrices, such as soils (Wang et al. 2007b),
river sediments (Tan and Vijayaletchumy 1994), fatty foods (Doong and Lee 1999),
mollusks and crabs (Yang et al. 2006), and eggs, chicken and meat (Ahmad et al.
2010). The solvents used usually are either n-hexane or n-hexane/acetone, although
other solvents such as acetone/dichlorometane or ethyl acetate have also been
reported (Luque de Castro and Priego-Capote 2010). In the application of Soxhlet
for the extraction of pesticides from soils, it is necessary to take into account that the
strong organic solvents used are not able to solubilize humate matter, which may
contain pesticides with a high affinity to organic humic acids, such as organochlorine
pesticides (Andreu and Picó 2004).

Soxhlet extraction integrates the advantages of the reflux extraction and percola-
tion, which uses the principle of reflux and siphoning to continuously extract
samples with fresh solvent. It provides high extraction efficiency and requires less
time and solvent consumption than maceration or percolation. The most significant
drawbacks of Soxhlet are: large amounts of solvent usage (300–500 mL per sample),
the need for evaporation solvent to concentrate analytes before analysis, it is
expensive in terms of energy, cleanup of extracts is usually needed, and long
extraction times are required (e.g. up to 24–48 h). In addition, this technique cannot
be used for thermolabile compounds such as N-methylcarbamates, sulfonyl urea, and
chlorophenoxy acid herbicides, since prolonged heating may lead to their
degradation.

2.2.3 Microwave-Assisted Extraction

Microwave-assisted extraction has been demonstrated to be a versatile extraction
technique for pesticide residue analysis in solid samples, with the advantages of
rapidity, simplicity and low cost of operation (Hercegová et al. 2007; Merdassa et al.
2013). This technique has also been successfully applied to the extraction of liquid
samples (Fuentes et al. 2009). Microwave energy is a non-ionizing radiation
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(frequency 300–300000 MHz), which can get in certain materials to interact with the
polar components by ionic conduction and rotation of dipoles, and generate heat
(Sparr Eskilsson and Björklund 2000). No drying of sample is required since water
absorbs microwave energy quickly and can help to heat up sample. The most
common procedure in microwave-assisted extraction involves extraction in a closed
vessel under controlled temperature and pressure, although a focused microwave
oven at atmospheric pressure is also used (Falqui-Cao et al. 2001; Fuentes et al.
2009).

When compared to conventional heating, microwave-assisted extraction presents
advantages such a significant decreasing of time of analysis because the heat is
transferred directly to the solvent, and an easy control of extraction parameters
(temperature, power, time). Moreover, thermolabile compounds can be extracted
by appropriately controlling working conditions and trace analytes can be extracted
from very low amounts of sample. However, microwave-assisted extraction has
several drawbacks such as: partial decomposition of some compounds in high
pressure and temperature conditions can occur; volatile compounds can be lost at
the end of the process, so that the vessels must be cooled at room temperature before
being opened; extracts must be filtered after extraction; polar solvents are necessary;
and cleanup of extracts is usually needed since microwave-assisted extraction is very
efficient. Some of these drawbacks can be overcome when this technique is carried
out in on-line mode by coupling the instrument to a flow system consisting of a high-
pressure quaternary gradient pump for solvent delivery (Carvalho et al. 2008). In this
modality of microwave-assisted extraction the extract can be on-line filtered and
subjected to other coupled subsequent pre-treatments. The degradation of thermola-
bile compounds can be avoided by using dynamic mode. In dynamic microwave-
assisted extraction fresh solvent is continuously pumped through the extraction
vessel and analytes are transferred out of the vessel as soon as they are extracted
(Wang et al. 2012a; Wu et al. 2016).

The choice of an appropriate solvent in microwave-assisted extraction is essential
for getting an optimal extraction yield. The pesticide extraction process may occur
through two different heating mechanisms (Sparr Eskilsson and Björklund 2000):
immersion of sample in a high dielectric constant solvent or mixture of solvents that
absorb microwave energy efficiently (Font et al. 1998); and immersion of sample in
a combination of low and high dielectric constant solvents (Chee et al. 1996).

In recent years, there has been a general interest for the development of
microwave-assisted extraction methods based on the use of extraction media alter-
native to toxic organic solvents, such as micellar (surfactant-rich) systems (Moreno
et al. 2007) or ionic liquids (Wang et al. 2013). Ionic liquids are liquid salts with
melting points close to or below room temperature, which act as surfactants and
absorb microwave radiation extremely well and transfer energy quickly by ionic
conduction to the matrix, thus improving extraction efficiency and speed of analysis.
Aqueous solutions or steam have also been used as green solvents to extract
pesticides from solid samples. Song et al. (2014) developed an on-line and green
microwave-assisted extraction approach to extract carbamate pesticides in rice with
water steam. The extract was subjected to an additional cleanup and concentration
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step by solid-phase extraction on an octadecylsilane cartridge. Recoveries ranging
from 66% to 117% were obtained with relative standard deviation values below
9.1% for all the pesticides. Limits of detection of 1.1–4.2 ng g�1 were achieved by
liquid chromatography-tandem mass spectrometry analysis.

2.2.4 Pressurized Liquid Extraction

Pressurized liquid extraction, also known as accelerated solvent extraction, is a well-
known technique in the field of pesticide residue analysis that involves the extraction
of residues from solid or semi-solid samples (Vazquez-Roig and Picó 2015; Khan
et al. 2018; Andreu and Picó 2019). In this technique the extraction is carried out
with small amounts of water and organic solvents (15–40 mL) at high temperatures
(up to 200 �C) and pressures (up to 3000 psi) for short time periods, which results in
better extraction efficiency and reduction of solvent volume compared with tradi-
tional extraction techniques such as liquid-liquid and Soxhlet extraction. Sample
(5–100 g) is usually dried to enhance the solvent penetration into the matrix, mixed
with a solid sorbent (e.g., Hydromatrix, diatomaceous earth, or sea sand) that reduces
particle clumping and solvent channeling in the extraction process, and loaded into
the stainless-steel closed-cell (Juan-García et al. 2010; Choi et al. 2016). Pressurized
liquid extraction is usually carried out in static mode, although it can also be operated
in dynamic mode by continuously pumping small volumes of solvent through the
extraction cell at a specified flow rate (0.5–2.5 mL min�1), which accelerates the
mass-transfer rate (Vazquez-Roig and Picó 2015). The extraction time of both modes
is usually similar and the extraction efficiency of dynamic mode is equal or even
higher than when using static mode. The drawback of dynamic mode is that it
requires a larger volume of fluid than the static mode, so that analytes will be diluted
in the extract, and a pre-concentration step will be required before their chromato-
graphic analysis.

The majority of instruments allow loading up to 24 cells, no filtration is required,
and the extraction can be done in unattended operation. Elevated temperature breaks
matrix-analyte interactions and achieves a higher diffusion rate, improving the
solubility of the analytes in the extraction solvent. On the other hand, elevated
pressure raises the solvent to the near-supercritical region, where it shows better
extraction properties. Moreover, at high temperature and pressure, viscosity and
surface tension of solvent decrease, so that it penetrates into solid sample pores more
efficiently (Beyer and Biziuk 2008; Vazquez-Roig and Picó 2015). Extraction time
hardly depends on the sample amount, whereas extraction efficiency principally
depends on temperature. During the development of a pressurized liquid extraction
method it is necessary to optimize several parameters, including extraction time and
temperature, type of solvent and sorbent, and number of extraction cycles. Although
high temperatures increase extraction efficiency, they may cause the degradation of
thermolabile compounds, and also increase the amount of matrix co-extractives.
Thus, in the case of fatty matrices, the presence of large amounts of co-extracted
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lipids constitutes a major problem, and a further cleanup of the extract is usually
required (Choi et al. 2016). Therefore, it will be necessary to make a compromise
between achieving maximum extraction efficiency and minimizing the amount of
co-extractive species. Solvents used for extraction of pesticide residues include
hexane (Pinto et al. 2014), acetone (Moreno-González and León 2017), ethyl acetate
(Khan et al. 2018), acetonitrile (Masiá et al. 2015), and water (Juan-García et al.
2010). Mixtures of solvents such as hexane-dichlorometane (Choi et al. 2016),
acetonitrile-water (Homazava et al. 2014), acetone-dichlorometane (You et al.
2010; Köck-Schulmeyer et al. 2013; Clark et al. 2015), and hexane-acetone (Celeiro
et al. 2014) have also been used.

The small volumes of extracts facilitate further concentration and cleanup, usu-
ally performed by solid-phase extraction (You et al. 2010; Wang et al. 2010; Köck-
Schulmeyer et al. 2013). Fairly recently, a new approach, called selective pressur-
ized liquid extraction, that combines extraction and ‘in-cell’ cleanup step, has been
reported. Several sorbents placed at the bottom of the pressurized liquid extraction
cell are used for cleanup of the extracts, so that the need for additional manipulation
of sample is avoided (Homazava et al. 2014; Pinto et al. 2014; Masiá et al. 2015).
Choi et al. (2016) studied which sorbent was better for ‘in-cell’ cleanup in the
extraction of organochlorine pesticides in fish. The efficiency in the removal of
lipids in decreasing order was: Alumina > acid-treated silica gel > alumina and acid-
treated silica gel > Florisil > alumina and silica gel.

Pressurized liquid extraction is mostly combined with liquid chromatography or
gas chromatography for analysis of pesticide residues, coupled with both low and
high resolution mass spectrometry (Andreu and Picó 2019), although capillary
electrophoresis has also been used (Juan-García et al. 2010). Currently, pressurized
liquid extraction is already a routine technique for trace analysis of pesticides and
other organic contaminants, used in many laboratories because of its short extraction
time, easy manipulation, low sample-amount requirements and good performance.
However, it requires sophisticated and expensive equipment and higher consump-
tion of energy than other traditional extraction techniques.

2.2.5 Supercritical Fluid Extraction

Supercritical fluid extraction is usually an efficient technique, mainly applicable to
solid samples. Fluids are defined as supercritical when they are maintained at
pressures and temperatures above the critical point. Supercritical fluids densities
are greater than those of gases and close to those of liquids and, consequently, their
solvation properties are similar to those of liquid solvents. Moreover, they have
lower viscosity than traditional liquid solvents, which increases the diffusion of
solutes in the solvent. CO2 is most widely used as a supercritical fluid because of it is
a nonflammable, nontoxic, and environmentally-friendly solvent. Supercritical fluid
extraction does not use hazardous solvents and is easily automated, so reducing the
time, cost and manual labor required for extraction. Furthermore, selectivity of
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extraction can be easily controlled by varying the density of the supercritical fluid,
which depends on pressure and temperature. Taking into account that the supercrit-
ical CO2 fluid has low polarity, at a constant temperature, it will be capable to extract
low polar analytes at low pressure, and very polar analytes at high pressure (Zougagh
et al. 2004). Supercritical fluid extraction is usually carried out at pressures that are
not high enough to efficiently extract polar analytes. Therefore, in supercritical fluid
extraction, the range of analytes that can be extracted with CO2 is limited due to its
low polarity, being considered a nonpolar solvent with a liquid solubility equal to
that of hexane. To overcome this problem, polar solvents (modifiers or co-solvents)
are often added to modify the CO2 fluid or sample matrices for optimal extraction of
polar pesticides. The modifier can influence the extraction process in three ways,
which depends on the type of sample matrix and the analyte's retaining nature on the
matrix: (a) increasing the solubility of the analyte in the supercritical fluid, because
of the interaction modifier-analyte in the fluid phase; (b) competing with the analytes
for the active sites in the matrix, so facilitating the desorption of the analyte;
(c) distorting the matrix, which favors the penetration of the supercritical fluid inside
the matrix. Nemoto et al. (1997) showed that water and alcohols were effective
modifiers for improving the recovery of pesticides. Methanol is the most common
solvent added to CO2 although other solvents such as acetonitrile (Rissato et al.
2004) have also been used.

The application of supercritical fluid extraction to pesticide residue analysis has
been demonstrated for some pesticides in samples such as sediments (Janda et al.
1989), soil (Rissato et al. 2005), oils (Hopper 1999), and agricultural products
(Howard et al. 1993; Valverde-García et al. 1995). Nevertheless, supercritical fluid
extraction technique has not been widely used for pesticide residue analysis in foods
of animal origin since, in the first attempts carried out in these matrices, the
recoveries obtained were unacceptable for many pesticides. However, other authors
as Fiddler et al. (1999) reported very good recoveries in matrices such as eggs,
ranged from 81.8% to 108.3%. Several applications of supercritical fluid extraction
to multiresidue analysis of pesticides have also been reported (Lehotay and Eller
1995; Snyder et al. 1993). The most recent studies have shown than supercritical
fluid extraction methods combined with an additional cleanup step by solid-phase
extraction (Norman and Panton 2001; Rissato et al. 2005; Ono et al. 2006) or
QuEChERs (Sartori et al. 2017) meet the strict criteria established for the analysis
of pesticide residues.

Large scale supercritical fluid extraction can compete economically with tradi-
tional extraction and separation processes, but at the laboratory scale it has serious
disadvantages such as high equipment and upkeep cost, difficult optimization, and
high blank and noise values (LeDoux 2011).
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2.2.6 Liquid-Phase Microextraction Techniques

To overcome the drawbacks of conventional liquid-liquid extraction and provide
fast, simple and green procedures, several liquid-phase microextraction techniques
by reducing organic solvent consumption and simplifying sample preparation pro-
cedures have been developed. These techniques are the result of the miniaturization
of conventional liquid-liquid extraction by greatly reducing the solvent volume to
just a few microliters, and they combine in one step extraction, concentration, and
sample introduction. As consequence of the small volume of solvent used for
extraction, in liquid-phase microextraction techniques almost all of the obtained
organic extract can be injected into the separation instruments, unlike in liquid-liquid
extraction where only part of the extract is injected (Lambropoulou and Albanis
2007). In liquid-phase microextraction the extraction is performed between an
aqueous phase containing the analytes (donor phase) and a small volume of water-
immiscible solvent (acceptor phase) (Sarafraz-Yazdi and Amiri 2010). Two modes
of working are possible: to immerse directly the acceptor phase in the sample
solution or hang it above the sample for headspace extraction. Most methods
reported for the liquid-phase microextraction of pesticides focus on liquid samples,
although several applications of liquid-phase microextraction to solid matrices have
also been developed. These latter are usually based on the combined use of liquid-
phase microextraction with a previous treatment that implies a conventional extrac-
tion with organic solvent or another extraction technique such as microwave-assisted
extraction (Basheer et al. 2005), ultrasonic extraction or pressurized liquid extraction
(Lüthje et al. 2005). However, liquid-phase microextraction has also been applied to
the direct extraction of pesticide residues in solid samples such as vegetables
(Romero-González et al. 2006) or soils (Hou and Lee 2004) without a previous
treatment of sample.

Three major categories of liquid-phase microextraction techniques have been
developed to date, which differ in the way in which sample and extraction solvent
are contacted: (a) single-drop microextraction; (b) hollow-fiber microextraction; and
(c) dispersive liquid–liquid microextraction. All them will be review from here
on out.

2.2.6.1 Single-Drop Microextraction

In single-drop microextraction the extraction phase is a micro-drop of organic
solvent, so that analyte extraction and preconcentration take place in a single run.
The extraction is assisted by stirring, so that the surface of the drop is continuously
exposed to fresh aqueous sample and the thickness of the static layer is reduced,
which enhances extraction efficiency. A relevant feature of single-drop
microextraction is that the drops generated can be renewed for each extraction, so
that there is no sample carryover. After extraction, the micro-drop is withdrawn back
into the syringe and usually transferred to a gas chromatography or liquid
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chromatography instrument for further analysis. Single-drop microextraction, of all
the solvent microextraction techniques, is also the most easily fully automated
method developed to date (Kokosa 2015), and it has been widely applied to analysis
of pesticide residues in foods and environmental samples containing target com-
pounds in trace amounts (Zhao et al. 2006; Xiao et al. 2006; Tian et al. 2014).

In practice, single-drop microextraction can be performed by two main
approaches (Fig. 2.2):

1. direct immersion
2. headspace

In direct immersion single-drop microextraction, a droplet of a water-immiscible
solvent hangs from the tip of a syringe needle immersed in an aqueous sample.
Applications of direct immersion single-drop microextraction are usually limited to
nonpolar and medium polarity analytes, since the organic solvents used have to be
immiscible with water (Zhao et al. 2006; Sarafraz-Yazdi and Amiri 2010; Garbi et al.
2010; Pano-Farias et al. 2017). Two important drawbacks of direct immersion
single-drop microextraction are the limited size (typically 1–3 μL) and instability
of the droplet when fast stirring is used. A number of recent advances in this
technique have focused to overcome these problems, such as the use of support
materials to stabilize the extraction solvent and adaptors for the normal syringe

Fig. 2.2 Principle of single-drop microextraction: (a) Direct immersion; (b) Headspace. (a) A
microdrop of organic solvent is suspended at the tip of a syringe needle in a stirred aqueous sample;
(b) the organic microdrop is held above the aqueous sample solution
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needle (Kokosa 2015). One of the strategies developed is the use of bubble-in-drop
technique, which consists in the incorporation of a constant volume of air into the
solvent drop (Williams et al. 2011). The solvent is drawn into a microsyringe,
followed by air, and when the syringe is depressed to expel the contents into the
sample solution, a bubble of solvent containing an air bubble is produced at the tip.
As long as the solvent is immiscible in the sample solution, it will remain at the end
of the tip until it is drawn back into the syringe. For solvents denser than water, the
bubble incorporated into the drop stabilizes it due to its buoyancy, making it less
likely to fall from the needle. Moreover, the surface area of the drop is increased,
which enhances the extraction efficiency. This methodology was used for the
analysis of metolochlor and atrazine herbicides using gas chromatography-mass
spectrometry. A 0.5 μL air bubble in a 1 μL volume of chloroform was used for
the extraction procedure. The results gave limits of detection from 0.024 ng L�1 for
atrazine to 0.013 ng L�1 for metolochlor (Williams et al. 2014).

In headspace single-drop microextraction, volatile compounds are extracted by
placing the drop of solvent generated in a microsyringe in the headspace of the
sample solution or a flowing air sample stream. Therefore, the use of water and
water-miscible solvents is possible in this mode of single-drop microextraction,
which significantly increases the range of both extractable analytes and analytical
methods that can be coupled to headspace single-drop microextraction. Moreover, in
headspace single-drop microextraction technique a very efficient cleanup of the
sample is carried, so that it is a suitable extraction technique for complex matrices.
Salemi et al. (2013) successfully applied this technique for extraction of organo-
phosphorus pesticides from soil and compared the results obtained with those
provided by using direct immersion single-drop microextraction. According to the
authors, direct contact of the extraction phase with the sample would lead to at least
three main drawbacks: increasing risk of solvent droplet contamination with inter-
fering non-volatile sample components and also solid particles; decreasing of sta-
bility of the solvent drop; and limitation in the range of some experimental
parameters, such as agitation power or speed, water/soil ratio and modifying solvent
due to the presence of the solvent drop in the sample phase. The limits of detection
achieved ranged from 0.1 to 2.0 ng g�1 and the method was also reproducible with
relative standard deviations of 2.1–6.9%.

Originally, relatively low-viscosity/low-boiling organic solvents, such as toluene,
chloroform, cyclohexane, and 1-octanol, were used in single-drop microextraction
because of being compatible with gas chromatography. Solvent volatility resulted in
the evaporation of the drop, especially when elevated extraction temperatures were
used. Later, the replacement of organic solvents for microextraction of organic
compounds by ionic liquids, ionic media containing organic and inorganic anions
coupled with organic cations, was proposed. These solvents have high viscosity and
high boiling point, which reduces evaporation, allows the use of larger and more
reproducible extraction volumes, and allows long-time headspace extraction even at
high temperature (Liu et al. 2003). Moreover, ionic liquids can be considered as
‘green’ solvents and are easily synthesized or commercially available. Headspace
single-drop microextraction employing ionic liquids as extraction solvents has been
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successfully used for extracting pesticides. 1-butyl-3-methylimidazolium
hexafluorophosphate ([C4MIM][PF6]) was employed as an extraction solvent for
the analysis of dichlorodiphenyltrichloroethane (p,p’-DDT and o,p’-DDT) and its
metabolites in water samples by high-performance liquid chromatography with
ultraviolet detection (Ye et al. 2006). Zhang and Lee (2010) also developed a
headspace single-drop microextraction method using the same ionic liquid for
extraction, followed by gas chromatography with electron capture detection, which
was applied to the analysis of organochlorine pesticides in soils.

Recently, single-drop microextraction has emerged as one of the simplest and
most easily implemented forms of micro-scale sample pre-concentration and cleanup
for pesticide analysis because it provides high selectivity, good quantitation, low
limits of detection, no carryover, and minimal sample preparation.

2.2.6.2 Hollow-Fiber Microextraction

Pedersen-Bjergaard and Rasmussen (1999) introduced an innovative alternative to
single-drop microextraction with the aim of improving the reliability of this tech-
nique and avoid one of its main shortcomings, instability of the extracting phase.
They proposed to use a porous polypropylene hollow-fiber membrane as a support
for the extraction solvent and as an interface between the donor and acceptor phases.
In this technique, called hollow-fiber membrane liquid-phase microextraction,
hollow-fiber membrane may be either a u-shape with both ends connected to guiding
tubes or a rod with a closed bottom. Hollow-fiber membrane liquid-phase
microextraction can be performed in either the dynamic or static mode. In the static
mode, the hollow-fiber membrane is immersed into the aqueous sample with the aid
of a syringe, whereas in the dynamic mode the syringe with the hollow-fiber
membrane is connected to a syringe pump to perform the extraction (Sarafraz-
Yazdi and Amiri 2010).

Prior the extraction, the hollow-fiber membrane is immersed in an organic solvent
for a few seconds to fill the wall pores with the solvent, so that it provides a
supported liquid membrane. An aqueous acceptor solution is then held within its
lumen. To ensure that the organic solvent remains in the wall pores of the hollow-
fiber membrane during extraction without leakage to the aqueous sample, it has to be
water-immiscible. Analytes are extracted first into the intermediary organic phase,
represented by the membrane, and then subsequently into the aqueous phase. This
system can be considered three-phase hollow-fiber membrane liquid-phase
microextraction (liquid-liquid-liquid) and is preferable for extraction of ionizable
compounds, which usually are then analyzed by liquid chromatography or capillary
electrophoresis (Fig. 2.3b). Several applications of three-phase hollow-fiber mem-
brane liquid-phase microextraction employing the dynamic mode have been
reported for the determination of phenoxyacetic acid herbicides (Wu et al. 2005;
Chen et al. 2006).

Another mode of hollow-fiber membrane liquid-phase microextraction is based
on a two-phase system in which the organic solvent fills both the hollow-fiber
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membrane wall pores and lumen (liquid-liquid). The two-phase mode is generally
employed for hydrophobic compounds, following by gas chromatography analysis
(Lee et al. 2008; Sun et al. 2011) (Fig. 2.3a). An interesting two-phase hollow-fiber
membrane liquid-phase microextraction methodology is the use of the organic
solvent immobilized only in the hollow-fiber membrane pores as acceptor phase,
which is desorbed after the extraction for further gas chromatography analysis. This
procedure could be an alternative to the three-phase system when the fiber can be
desorbed in a compatible solvent for liquid chromatography analysis, minimizing
fiber handling because of the acceptor is not injected into the lumen, and only a
desorption step is necessary prior chromatographic analysis (Bolaños et al. 2008).
Two-phase hollow-fiber membrane liquid-phase microextraction has been applied to
the analysis of pyrethroid (San Román et al. 2012), carbamate (Zhang and Lee
2006), and organochlorine (Basheer et al. 2002) pesticides in water samples.
Dynamic hollow-fiber membrane liquid-phase microextraction has also been
employed for the extraction of pesticides. Chen and Huang (2006) proposed a
dynamic hollow-fiber membrane liquid-phase microextraction method for the
extraction of organophosphorus pesticides from lake water. The extraction only
required 3.5 μL of extraction solvent and 20 mL of water sample, and recoveries
ranging from 83.1% to 107.0% were achieved. The proposed procedure showed
great capability and stability for the analysis of field samples and the extraction
process was affected little by the sample matrix.

Solvents such as toluene, cyclohexane, 1-octanol and n-hexane are usually used
as organic solvents in hollow-fiber membrane liquid-phase microextraction for

Fig. 2.3 Principle of hollow-fiber liquid-phase microextraction: (a) two-phase; (b) three
phase (modified after Han and Row 2012). (a) The acceptor phase solution is the same as organic
solvent of the hollow-fiber and both are immiscible in water; (b) an aqueous–organic–aqueous
system in which the immobilized organic solvent is exposed to two aqueous phases of sample
solution and aqueous acceptor phase located inside the hollow-fiber
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pesticide extraction. Toluene is most often used as an acceptor phase in this
technique due to it is immiscible with water, remains stable in the hollow-fiber
membrane over the extraction time, and provides high solubility for a wide range of
analytes (Lambropoulou and Albanis 2007). This solvent has been widely applied
for extraction of all types pesticides, such as organophosphorus (Lambropoulou and
Albanis 2005), organochlorine (Basheer et al. 2004), carbamates (Lambropoulou
and Albanis 2005), and triazine herbicides (Shen and Lee 2002). Octanol has been
used for extraction of more polar pesticides such as carbamates (Asensio-Ramos
et al. 2012) or phenoxy herbicides (Peng et al. 2011). More recently, ionic liquids
have also been proposed as extracting solvents for hollow-fiber membrane liquid-
phase microextraction (Ebrahimi et al. 2011).

All hollow-fiber membrane liquid-phase microextraction methodologies have
proven to be attractive as alternatives to single-drop microextraction since, besides
being nearly solvent-free, simple, fast, disposable, and low cost, the hollow-fiber
membrane can accommodate larger volumes of acceptor phase than droplets, which
usually provides higher sensitivity and reproducibility. In addition, the small pores
of the membrane function as a filter that prevents larger molecules and interfering
compounds in the sample solution from being extracted into the organic solvent.
Therefore, hollow-fiber membrane liquid-phase microextraction is not only a good
sample enrichment technique, but also an interesting sample cleanup procedure (Sun
et al. 2011; Menezes et al. 2016).

2.2.6.3 Dispersive Liquid-Liquid Microextraction

Dispersive liquid-liquid microextraction was originally introduced by Rezaee et al.
(2006) for water samples, although afterwards it has been widely demonstrated its
applicability to different matrices, such as foodstuffs and soils. This technique has
also been successfully applied to the specific case of extraction and concentration of
a wide variety of pesticides. Dispersive liquid-liquid microextraction is based on the
formation of a cloudy solution after quickly injecting and stirring a blend of
extraction and disperser solvents into an aqueous sample solution (Fig. 2.4). The
large contact surface between the extractant droplets and the sample solution achieve
an effective and rapid mass transfer (Ahmad et al. 2015). The extraction operation
can be accomplished using a cone bottom centrifugal pipe. After centrifuging the
mixture, the extraction solvent containing the analytes settles at the bottom of the
pipe or collects on the top of the extraction vessel based on its density. Dispersive
liquid-liquid microextraction is usually coupled with gas chromatography or liquid
chromatography.

In dispersive liquid-liquid microextraction, the extraction and disperser solvents
used usually are nonpolar water-immiscible and polar water-miscible, respectively.
Water immiscible and high density extracting solvents have been the commonly
used extraction solvents for pesticides, such as chlorobenzene (Berijani et al. 2006;
Zhao et al. 2007), chloroform (Liu et al. 2009), and carbon tetrachloride (Zhao et al.
2008). Because these solvents are highly toxic and are limited in extracting various
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analytes with different polarities, with the development of dispersive liquid-liquid
microextraction polar and low-density organic solvents and some environmentally
friendly ionic liquids have also been used as extractants, such as n-hexane (Moinfar
and Hosseini 2009), cyclohexane (Farajzadeh et al. 2009), undecanol (Sanagi et al.
2012), 1-octyl-3-methylimidazolium hexafluorophosphate (Liang et al. 2013), and
1-benzyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide (Wang et al.
2016). Several homemade special extraction devices were used for collecting
organic solvents with a density lower than water after extraction. The task of
dispersant in dispersive liquid-liquid microextraction is to disperse the extraction
solvent into small organic droplets, so that the volume of the extractant droplet
decreases, and the surface area of the extractant increases. Acetone (Berijani et al.
2006) and acetonitrile (Zhao et al. 2007) have been the main options as disperser
solvents.

A new mode of dispersive liquid-liquid microextraction based on solidification of
floating organic droplet appeared to solve the extraction device problem for
low-density organic solvents (Wang et al. 2019). The extractant used in this mode
is a low density and low melting point organic solvent (10–30 �C), and no specific
holder is necessary to collect it. After the extraction process, the extraction device is
placed in an ice bath to solidify the extractant phase, and this latter is collected and
melted for further analysis (Leong and Huang 2009; Wu et al. 2010). However, an
additional cooling step is required in this methodology.

The main drawback of dispersive liquid-liquid microextraction is the consump-
tion of large volumes (i.e. mL) of disperser solvent and that its presence increases
solubility of analytes in the aqueous phase, which results in relatively low extraction
efficiency. Several progresses have been made to overcome this, such as the intro-
duction of ultrasound-assisted dispersive liquid-liquid microextraction. In this

Fig. 2.4 Principle of dispersive liquid-liquid microextraction. A mixture of the extraction
solvent and the disperser solvent with high miscibility in both organic and aqueous phases is
rapidly injected into the aqueous sample and a cloudy solution is then formed. This allows an
instantaneous partitioning of analytes from the aqueous sample into a small volume of the extraction
solvent due to the large surface area created by the numerous fine droplets. The cloudy solution is
centrifuged and the extraction solvent is easily recovered for analysis
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variant of dispersive liquid-liquid microextraction, under the action of ultrasonic
waves, an emulsion system of extractant/water is formed only by ultrasonic treat-
ment without dispersant (Regueiro et al. 2008; Liang et al. 2013). A new dispersive
liquid-liquid microextraction mode called vortex-assisted liquid–liquid
microextraction was introduced by Yiantzi et al. (2010), which made use of vortex
mixing for the dispersion of low density extraction solvents in water. The floating
extractant phase could restore its first single-drop shape after extraction and be
collected. However, among the solvents tested, only 1-octanol was able to restore
its single-drop shape. This approach was later successfully applied for the extraction
of pesticides in water samples by using hexane as an extraction solvent. Acceptable
recoveries over the range of 72–106.3% were obtained (Jia et al. 2010). Another
interesting modification of dispersive liquid-liquid microextraction was developed,
which consisted in performing the dispersion of the extraction solvent in the sample
solution during suction/injection cycles with a glass syringe. This disperser solvent-
free methodology was called air-assisted liquid-liquid microextraction (Farajzadeh
and Mogaddam 2012). Air-assisted liquid-liquid microextraction was applied for the
assessment of triazole pesticides residues in surface water, cucumber, tomato and
grape juices samples (Farajzadeh and Khoshmaram 2013). The proposed method-
ology eliminates both drawbacks of dispersive liquid-liquid microextraction by
using a low-density extraction solvent along with the formation of a cloudy state
in the absence of a disperser solvent. Other recent applications of air-assisted liquid-
liquid microextraction are the extraction of organophosphorus pesticide residues in
fruit juice samples (You et al. 2013), fungicides from environmental water and juice
samples (Wu et al. 2015), triazole and triazine pesticides from honey (Farajzadeh
et al. 2014) or triazole pesticide residues in edible oils (Farajzadeh et al. 2015).

The large number of publications is evidence that dispersive liquid-liquid
microextraction is principally applied to pesticide residue analysis (Ahmad et al.
2015) and that they are mostly analyzed in aqueous samples. Gas chromatography is
the most appropriate technique for further separation and determination of pesticides
after dispersive liquid-liquid microextraction, although liquid chromatography has
also become a popular technique for this purpose. However, in liquid chromatogra-
phy a reconstitution of the extract in a solvent more compatible with liquid chroma-
tography columns is usually required. Other techniques like micellar electrokinetic
chromatography have also been successfully used in combination with dispersive
liquid-liquid microextraction (Zhang et al. 2010, 2011).

Dispersive liquid-liquid microextraction has also been successfully applied for
extraction of pesticides in solid samples. Examples of these applications are the
analysis of carbamate pesticides in apple (Zhang et al. 2010), organophosphorus
pesticides in fruits and vegetables (Ho et al. 2013), sulfonylurea herbicides in soil
(Zhang et al. 2011), neonicotinoid insecticides in cucumber (Zhang et al. 2012a),
carbamate pesticides in watermelon and tomato (Liu et al. 2012) or pyrethroids in
soil (Wang et al. 2012b). In most cases when samples are solid such as vegetables
and fruits, their juices are extracted and the extraction procedure is performed on
these juices. However, a portion of analytes may remain in the refuse of samples and
be discarded. Very recently, to overcome this difficulty some authors proposed to
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combine QuEChERs and dispersive liquid-liquid microextraction for the extraction
and preconcentration of analytes (Farajzadeh et al. 2019), so that the adsorbed
analytes onto the refuse of the samples are desorbed by the same solvent that is
used as dispersant (acetonitrile) in the following preconcentration procedure. Thus,
the combination of dispersive liquid-liquid microextraction with QuEChERs for
sample preparation widens its application to those samples with complex matrices.

Dispersive liquid-liquid microextraction is a very versatile technique, since it can
be applied to nearly all classes of compounds and combined directly or after solvent
replacement with most pre-concentration methodologies. On the other hand, disper-
sive liquid-liquid microextraction for analysis of pesticides shows several advan-
tages, such as high recoveries and high enrichment factors, low consumption of
organic solvents, low cost, ease to perform, and short time of analysis.

2.3 Solid-Phase Extraction Techniques

2.3.1 Solid-Phase Extraction

Solid-phase extraction was introduced in the mid-1970s and came to prominence in
the 1980s. In the last years, solid-phase extraction has been one of the most
commonly used sorbent techniques for pesticide residue analysis. It has been proven
that solid-phase extraction shows several important advantages over traditional
liquid-liquid extraction, such as reduction of solvent consumption, shorter time of
analysis, no phase emulsions, better enhancement factors, and more effective
removal of interfering species. Both solid-phase extraction and liquid-liquid extrac-
tion are frequently combined to achieve better enrichment and cleanup. Extraction is
performed by passing the sample through a particulate or monolithic sorbent packed
into columns of short length, usually called ‘cartridges’, or immobilized in the form
of a thin disc. Solid-phase extraction can be used either manually or with greater
throughput using automated workstations.

There is a wide choice of sorbents for solid-phase extraction, including polar,
nonpolar and mixed mode sorbents that provide the selectivity necessary to obtain
clean extracts for pesticide analysis. The conventional sorbents used in solid-phase
extraction are chemically modified silica gel (C2, C8, C18) graphitized or porous
carbon, and polymer sorbents (Rastrelli et al. 2002; Poole 2003; Zheng et al. 2014),
which show low retention for polar compounds. More recently, hydrophilic poly-
meric sorbents, such as Oasis HLB or Porapak RDX, have been used which, as a
general rule, have a high specific surface area and improve the extraction efficiency
of polar compounds (Fontanals et al. 2005; Bratkowska et al. 2010).

Most developments in solid-phase extraction technique have been directly related
to the improvement of sorbent materials. Efforts have been made to make magnetic
the sorbent material, which permits an easy removal of the extraction medium from
the sample solution by using a magnet (Wan Ibrahim et al. 2015; Bagheri et al.
2016). Further developments incorporated nanoparticles that were shown effective
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due to the high surface area to volume ratio, which allows rapid adsorption of
analytes (Yu and Yang 2017). Rashidi Nodeh et al. (2017) synthesized a
graphene-based tetraethoxysilane-methyltrimethoxysilane sol-gel hybrid magnetic
(Fe3O4@G-TEOS-MTMOS) nanocomposite that was applied as adsorbent in solid-
phase extraction for simultaneous determination of polar and nonpolar organophos-
phorus pesticides from different water samples. Good recoveries between 83% and
105% were obtained. New materials as carbon nanotubes, both multi-walled and
single-walled carbon nanotubes, have also been successfully applied for cleanup
purposes (López-Feria et al. 2009). These materials have an extremely large surface
area and unique structure, so that they have excellent adsorption ability. Carbon
nanotubes have been proposed as a kind of sorbents in a packed column, and applied
for extraction of pesticides from water samples (Zhou et al. 2006; Wang et al. 2007a;
El-Sheikh et al. 2008). Du et al. (2008) developed a new analytical method to
determinate organophosphate pesticides in garlic by extraction with multi-walled
carbon nanotubes. Ravelo-Pérez et al. (2008b) also demonstrated that multi-walled
carbon nanotubes can be used as effective solid-phase extraction materials for the
extraction of pesticides from apple, grape, orange and pineapple fruit juices.

On the other hand, molecularly imprinted polymers have also been used for
selective solid-phase extraction, since they yield specific binding sites within a
polymeric matrix and are also helpful in cleaning up complex matrices. The first
attempt on the development of a dual methodology for the trace analysis of pesticide
residues based on molecularly imprinted polymer technology was recently reported.
The method was developed for the simultaneous analysis of dimethoate and
terbuthylazine residues in olive oil samples, and was based on the use of a dual
layer of ‘tailor-made’ molecularly imprinted polymers as solid-phase extraction
sorbent. High recovery rates for dimethoate (95%) and terbuthylazine (94%) were
achieved with good accuracy and precision (Garcia et al. 2016).

The introduction of new sorbents with more selective modes of attraction, novel
product formats such as the solid-phase extraction disc, and the proliferation of
automated techniques for performing the extractions, ensure that solid-phase extrac-
tion will continue to be a preferred technique for sample preparation in many
different analytical disciplines.

2.3.2 Dispersive Solid-Phase Extraction: QuEChERS

Solid-phase extraction technique includes several steps, is time-consuming and
requires much organic solvent volume than other modern techniques recently
reported. Moreover, sometimes several packed columns with different sorbents are
required to obtain good results. To overcome these drawbacks, Anastassiades et al.
(2003) developed a simple and rapid cleanup technique for fruits and vegetables
named dispersive solid-phase extraction. In this new approach, the sample extract
was not passed through a solid-phase extraction column but the matrix interfering
species were removed by adding an amount of sorbent material to the extract. Then,
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the sorbent was separated from the extract by centrifugation. The main advantages of
this new methodology compared with solid-phase extraction were: the possibility of
using a much smaller quantity of sorbent and solvent, a shorter time of analysis, and
a simpler procedure (Fontana et al. 2011). In the original method proposed by
Anastassiades et al. dispersive solid-phase extraction was combined with a previous
extraction, giving rise to the QuEChERS method, which is defined as a simple, fast,
safe, rugged, effective and inexpensive method for the multiclass or multiresidue
analysis of pesticides. Over the years, dispersive solid-phase extraction has been
used as an independent cleanup methodology (Nguyen et al. 2010; Dias et al. 2016),
although in most of the cases, has been applied as a part of QuEChERS method.

QuEChERS combines the extraction/isolation and extract cleanup of both non-
polar and polar pesticides simultaneously from food matrices. The optimized pro-
cedure consisted of several steps: (1) an initial extraction step in which the minced
and homogenized sample (10 g) was extracted with acetonitrile (10 mL); (2) an
extraction/partitioning step by means of the addition of salt mixture (4 g of anhy-
drous MgSO4 and 1 g of NaCl) and; (3) a dispersive solid-phase extraction cleanup
step of an aliquot of the extract (1 mL) with 25 mg of N-propylethylenediamine
(primary secondary amine) and 125 mg of MgSO4. Finally, the extract was directly
transferred to a vial for gas chromatography-mass spectrometry analysis. In these
working conditions, recovery values between 85% and 101% for more than 95% of
pesticides were achieved. Although the usual solvents for analysis of pesticides in
food matrices have been ethyl acetate (Fernandez-Alba et al. 1994; Mol et al. 2007;
Banerjee et al. 2007), acetone (Guan et al. 2010) and acetonitrile (Fillion et al. 2000;
Lehotay et al. 2001), this latter was selected in the QuEChERS methodology as the
most appropriate solvent due to its clear advantages over the others. Although
acetonitrile is miscible with water, a phase separation is possible by addition of
salts. Besides, the remaining water can be easily eliminated by adding a drying agent
like MgSO4. However, acetone cannot be separated from water without using
nonpolar solvents. As for ethyl acetate, it can be easily separated from water since
both solvents are partially miscible, but it is not a good solvent for most very polar
pesticides. Additionally, many lipophilic compounds such as fats, pigments and
waxes are not extracted in acetonitrile compared to acetone and ethyl acetate
(Wilkowska and Biziuk 2011). Different salts were evaluated to induce a phase
separation in the extraction/partitioning step. The most effective salt with respect the
recovery of analytes resulted to be MgSO4. Moreover, the addition of this salt
facilitated the partition of very polar pesticides like acephate, methamidophos or
omethoate into the organic phase, since the volume of the aqueous phase was
effectively reduced. Selectivity of the extraction procedure, that is, the polarity
range of the method, can be controlled through the amount of NaCl added in the
partitioning step with MgSO4. The cleanup of the extract using dispersive solid-
phase extraction with primary secondary amine allowed efficiently removing many
polar interfering species coming from the matrix like organic acids, fatty acids, some
sugars and polar pigments.

Liquid chromatography was not used in the initial QuEChERS method, thus the
applicability of this approach to very polar and thermally labile pesticides was not
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evaluated. Later, Lehotay et al. (2005a) continued the researches of Anastassiades
et al. and introduced some modifications to validate the application of the
QuEChERS methodology to the analysis of 229 pesticides in lettuce and orange
matrices using concurrent large volume injection (LVI)/gas chromatography-mass
spectrometry and liquid chromatography-mass spectrometry in tandem detection. In
the original method the first extraction step was carried out in unbuffered solutions.
Under such conditions, the use of primary secondary amine in the cleanup step can
originate losses of pH-sensitive pesticides (base-labile compounds) due to their
hydrolization under basic conditions. To overcome this drawback, Lehotay et al.
(2005a) added 0.1% glacial acetic or formic acid solutions after the extraction
process. Later, different modifications of the QuEChERS method were proposed
for improving stability of pH-dependent pesticides in the final extracts. As a conse-
quence of these efforts, two official methods for pesticide residue analysis were
developed, AOAC Official Method 2007.01 (AOAC 2007) and CEN Standard
Method EN 15662 (European Committee for Standardization 2008), in which
acetate and citrate buffers (pH ¼ 5) are included in the extraction step, respectively.
Both methods allowed obtaining recoveries higher than 70% for acid-sensitive
pesticides without affecting the base-sensitive pesticides.

Since its introduction, the QuEChERS method has undergone many other mod-
ifications with the purpose to improve sensitivity and recovery of specific types of
pesticides, and reduce the matrix effect. There are two factors mutually related to
each other that play a relevant impact on the recovery of the target compounds in
QuEChERS, as follows: (a) the solvent used for extraction and (b) the type and
amount of salts and sorbents for dispersive solid-phase extraction. Other solvents as
substitutes for acetonitrile have been tested for the extraction step, such as hexane/
acetone or acetonitrile/hexane (Cheng et al. 2016). Regarding the salts for
partitioning and salting-out effects, MgSO4 (0.5–10 g) and NaCl (0.2–6 g) are the
most frequently used (Santana-Mayor et al. 2019) although other salts such as CaCl2
and Na2SO4 have also been tested. For dispersive solid-phase extraction step, the
sorbent is chosen to retain the matrix components and allow the analytes of interest
to remain in the liquid phase.

Although the QuEChERS method was initially developed for samples with high
content in water (80–95%) such as vegetables and fruits, afterward it has been
applied to other matrices. In the case of samples with water content <80% it is
necessary the addition of water at the beginning of the process. A method was
developed for the analysis of pesticide residues in foods containing up to 20% fat
(milk, avocado and eggs). In this kind of foods, both hydrophilic and lipophilic
pesticides could be found and, therefore, the development of a methodology able to
simultaneously determine analytes with a wide range of polarity was essential
(Lehotay et al. 2005b). The authors demonstrated that the combined use of primary
secondary amine with octadecylsilane in these matrices was especially effective,
since this latter removes non-polar interfering species like lipids. An additional
freeze-out step to reduce interfering lipids and, in addition, other matrix component
co-extractives with poor solubility was also proposed. Nevertheless octadecylsilane
demonstrated to be faster, easier, and equally effective in removing lipids
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(Walorczyk 2008). Another interesting alternative is the use of chitin, a new cleanup
sorbent introduced by Cerqueira et al. (2014), which exhibits various bioactivities
and functionalities. The authors proposed it for the dispersive solid-phase extraction
step of the QuEChERS process for the simultaneous extraction of simazine, atrazine,
clomazone and tebuconazole, and other organic contaminants in drinking water
treatment sludge samples by employing liquid chromatography-tandem mass spec-
trometry. This sorbent has shown to be more efficient than the combination primary
secondary amine/octadecylsilane for multiclass pesticide residue analysis in matrices
such as fish liver and muscle, since it reduced background effectively without
significantly reducing recovery of lipophilic pesticides such as organochlorine and
some pyrethroids (Kaczyński et al. 2017). Moreover, it is cheaper because it is
obtained from natural sources.

Another important aspect to take into account was the co-extraction of pigments
in some samples, such as spinach and other highly pigmented vegetables. The
addition of a small amount of graphitized carbon black (as in the CEN Standard
Method EN 15662 (European Committee for Standardization 2008) combined with
primary secondary amine improved the results, although the strong affinity of
graphitized carbon black for planar molecules (chlorophyll, carotenoids or sterols)
also reduced in approximately a 25% the recovery of structurally planar pesticides
(i.e. thiabendazol, terbufos, hexachlorobenzene, etc.). An alternative to graphitized
carbon black, a cross-linked polymeric sorbent called ChloroFiltr®, was designed
that effectively eliminated chlorophyll without affecting the planar pesticides
(Łozowicka et al. 2017; Rutkowska et al. 2018). Multi-walled carbon nanotubes
have also been proposed as effective sorbents in the dispersive solid-phase extraction
step of the QuEChERS method to remove pigments from vegetables (Zhao et al.
2012) owing to its unique structure and the huge surface area (Iijima 1991; Ren et al.
1998). The method was validated for determination of 30 representative pesticides in
cabbage, spinach, grape and orange spiked at concentration levels of 0.02 and
0.2 mg kg�1. The recoveries were between 71% and 110%, with relative standard
deviations <15%.

The QuEChERS method has also been applied to the pesticide residue analysis in
high fat content foods such as almond, avocado, edible vegetable oils or olives
(Cunha et al. 2007; Lozano et al. 2014; He et al. 2017; Manav et al. 2019). In these
matrices, analytes are mainly nonpolar, so there is no need to develop analytical
methods for determining polar pesticides. The main components of vegetable oils
are lipids, pigments and fatty acids. Therefore, the sample treatment in these highly
complex matrices for pesticide residue analysis is still a challenge, since the high
molecular-mass fat from the sample has to be completely removed in order to avoid
damages to the chromatographic system. A modified QuEChERS method using
amine modified graphene (CH3NH-G) material for the dispersive solid-phase extrac-
tion step was proposed by Guan et al. (2013) and applied to the determination of
pesticide residues in four oil crops obtaining recovery percentages between 70.5%
and 100% and low limits of detection (0.1–8.3 μg kg�1). These amine modified
graphene materials have a high surface area and amine groups forming strong
hydrogen bonds with carboxylic acid groups. Therefore, they are effective cleanup
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sorbent in pesticide multiresidue analysis in high-fat (>20%) commodities and show
better performance than primary secondary amine, graphitized carbon black and
multi-walled carbon nanotubes (Hakme et al. 2018).

Recently, new sorbents based on zirconium oxide such as zirconium oxide-based
sorbent (Z-Sep), zirconium oxide-based sorbent/octadecylsilane (Z-Sep+) and yttria-
stabilized zirconium dioxide nanoparticles (ZrO2/Y2O3) have demonstrated to have
a higher capacity than primary secondary amine, octadecylsilane and graphitized
carbon black sorbents to remove fatty acids, esters of fatty acids, carboxylic acids,
sterols and pigments from high oil matrices (Lozano et al. 2014). The new lipid-
removal sorbent zirconium oxide-based sorbent/octadecylsilane (Z-Sep+) was eval-
uated for the analysis of carbamate pesticides in edible vegetable oils and high-fat
cheeses by tandem mass spectrometry combined with ultra-high performance liquid
chromatography, providing a significant removal of co-extractive interferences and
excellent recoveries (Moreno-González et al. 2014; Hamed et al. 2017). In this
commercially available product zirconium binds to the polar groups of the lipids
through Lewis acid-base interactions and octadecylsilane binds hydrophobic chains
of the lipids (Hakme et al. 2018). It is necessary to take into account that with this
type of sorbents nonpolar pesticides could also be removed in the cleanup step
(Moreno-González et al. 2014; Tuzimski and Rejczak 2016).

One of the most novel sorbents for dispersive solid-phase extraction, EMR-Lipid,
was introduced by a vendor for removing interfering lipids from samples while
leaving analytes behind. The structure of EMR-Lipid is a proprietary secret, and its
action mechanism in dispersive solid-phase extraction process involves a combina-
tion of hydrophobic interactions and size exclusion between the long chain of lipids
and the sorbent. It dissolves to saturation in the extracts and then, the lipid-EMR-
Lipid complex is precipitated out or remains in the aqueous phase during the salting-
out step (Han et al. 2016). Parrilla-Vázquez et al. (2016) and Dias et al. (2016) used
EMR-Lipid as a highly selective sorbent to remove lipids in the multiresidue
analysis of pesticides in edible vegetable oils. The proposed procedures showed
good recoveries (70–20%), low limits of quantitation (10–50 μg kg�1) and low
relative standard deviations (<20%). The EMR-Lipid showed as the only disadvan-
tage the use of a higher amount of the extract when compared to the other approaches
(primary secondary amine and zirconium oxide-based sorbent (Z-Sep)). Han et al.
(2016) also evaluated the novel commercial EMR-Lipid product for cleanup of kale,
salmon, avocado, and pork extracts for multiclass, multiresidue analysis of 65 pes-
ticides and other environmental contaminants. The sorbent efficiently removed
79–98% of co-extracted matrix compounds, providing clean extracts and low back-
ground in gas chromatography-tandem mass spectrometry analysis. Moreover, up to
a 76% of the co-extracted chlorophyll was removed without loss of co-planar
pesticides. The use of ‘Analyte Protectants’ after dispersive solid-phase extraction
with EMR-Lipid sorbent has been evaluated in order to minimize the matrix effect
during injection into the gas chromatography system. Analyses of pesticides by gas
chromatography are frequently affected by degradation problems and peak tailing
associated with the active sites on the surface of the stationary phases. ‘Analyte
Protectants’ are mixtures of compounds containing multiple hydroxyl groups, whose
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function is to mask these active sites by making hydrogen bonds through their
hydroxyl groups and thus protecting the analytes (Sanchez Costa et al. 2018).
Other novel dispersive solid-phase sorbents have been very recently developed by
different companies, such as Cleanert® NANO or LipiFiltr®, whose efficiency in the
improvement of the dispersive solid-phase step in the QuEChERS procedure will
have to be assessed in the next years.

Nowadays, the expansion of the QuEChERS method and its establishment
practically as a universal method for routine analysis of pesticide residues in food
products has led to the commercialization by several companies of the different
products involved in the procedure (salts, buffers, sorbents) in the form of kits, so
that the time of analysis is significantly reduced.

2.3.3 Matrix Solid-Phase Extraction

Matrix solid-phase dispersion was developed by Barker et al. (1989) to carry out
extraction of target analytes from solid matrices, and overcome the serious restric-
tions on solid-phase extraction methods for this kind of samples. The key charac-
teristics for the success of matrix solid-phase dispersion are its feasibility, flexibility,
versatility, low cost and rapidity and, over the past years, it has been widely used for
extraction of pesticides from both vegetable and animal matrices (Wang et al. 2015).
In this technique, the solid or semi-solid sample is mixed with an appropriate
adsorbent with the aid of a mortar and pestle, which causes the disruption and
dispersion of the analytes on the solid support. Then, the blend sample-adsorbent
is added to a column/cartridge and the analytes are eluted with an appropriate
solvent. An additional cleanup of the sample can be carried out by packing in the
bottom of the same column/cartridge another adsorbent. Thus, this technique allows
performing, on a small sample aliquot, extraction and cleanup in a single step. Even
if matrix solid-phase dispersion has many characteristics in common with classical
solid-phase extraction, the mechanism governing the two processes is quite different.
The main difference between both techniques is the physical state of samples applied
to the column, since whereas in solid-phase extraction samples are liquid (solution)
in matrix solid-phase dispersion samples are solid. Generally, after matrix solid-
phase dispersion, a liquid chromatography or gas chromatography separation is
followed by mass spectrometry determination. Although matrix solid-phase disper-
sion was initially introduced for disrupting and extracting solid samples, it has also
been applied to semi-solid and viscous samples. Otherwise from other classical
extraction methodologies, matrix solid-phase dispersion does not require a large
amount of sample, sorbents and organic solvents, is not laborious, is rapid, and more
environmentally-friendly. An additional cleanup step can be required or not after the
extraction depending on the analytes and the instrumental analytical technique used
for the analysis.

Carbon based sorbent materials such as octylsilane and octadecylsilane are the
most frequently used sorbents, since they provide a good disruption and dispersion
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of the sample because their lipophilic characteristics (Rodrigues et al. 2010). Other
adsorbents such as Florisil (Łozowicka et al. 2012), graphitized carbon black
(Barriada-Pereira et al. 2010) and silica have also been frequently used.
Aminopropyl, followed by cleanup with Florisil, has also been successfully applied
as sorbent material for multiresidue pesticide analysis in olives by gas
chromatography–mass spectrometry and liquid chromatography–tandem mass spec-
trometry determination. The most recent innovation introduced in matrix solid-phase
dispersion over the past few years has been the use of novel supporting materials,
such as multi-walled carbon nanotubes and nanomaterials (Capriotti et al. 2013).
Fang et al. (2009) decided to evaluate the efficiency of multi-walled carbon
nanotubes in matrix solid-phase dispersion applications, and they use them as
dispersant to extract 31 pesticides from agriculture samples before gas
chromatography-mass spectrometry determination. The authors found that the
extracts obtained by using multi-walled carbon nanotubes were cleaner than those
obtained by using diatomite and octadecylsilane as dispersant materials, with recov-
eries above 71% for both apple and potato samples. Another interesting alternative to
the classical matrix solid-phase dispersion is the use of hydrophobic magnetic
octadecylsilane-based nanoparticles, which was applied for the multiresidue deter-
mination of 26 pesticides in carrots (Binellas and Stalikas 2015). The magnetic
nanoparticles could be removed from the solution by n-octanol and application of a
magnetic field. The extracts were then directly analyzed by gas chromatography-
mass spectrometry without needing a previous cleanup step. The average extraction
recoveries were 77–107% and the limits of quantitation for most pesticides were in
the low μg kg�1 level. Very recently, other authors proposed, for the first time, the
integration of magnetic ionic liquids into a matrix solid-phase dispersion procedure
for the analysis of multi-class pesticide residues in potatoes and other vegetables
(Chatzimitakos et al. 2018). The viscous nature of the selected magnetic ionic liquids
assists in blending with the matrix, while their hydrophobic properties facilitate
easier separation and retrieval. Moreover, they can be removed magnetically. The
raw vegetables were analyzed without any other pretreatment prior to or after
extraction, without the need for solid dispersing materials or co-sorbent for cleanup.

Of all the features of matrix solid-phase dispersion above described, it can be
considered as a valid alternative to Soxhlet and microwave-assisted extraction, as
well as pressurized liquid extraction and supercritical fluid extraction. In fact,
compared to these techniques, matrix solid-phase dispersion requires mild extraction
conditions (room temperature and atmospheric pressure) as well as it provides
suitable yield and selectivity. Moreover, matrix solid-phase dispersion is a good
alternative to solid-phase extraction for the analysis of solid samples. Development
of new sorbent materials for improving the capacity or selectivity is still the exciting
research area in this technique.
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2.3.4 Solid-Phase Microextraction

Solid-phase microextraction is a sorption-based microextraction methodology in
which a concentration equilibrium between the target analyte(s) in a sample and a
sorptive phase occurs. It was introduced in 1990 (Arthur and Pawliszyn 1990), and
since then it has undergone a rapid development. In most traditional approaches to
solid-phase microextraction, the extraction of organic compounds can be performed
in two different modes, by immersing an externally polymer-coated fiber in sample
solution, the so-called direct immersion solid-phase microextraction, or exposing
this fiber to the headspace above the samples, the so-called headspace solid-phase
microextraction (Ai 1997). The solid-phase microextraction device is constructed of
a thin fiber (<50 μm), which is used as substrate/support for a thin layer (5–100 μm)
of a suitable sorptive (extraction) phase. Solid-phase microextraction uses a fiber
coated with a liquid (polymer), a solid (sorbent), or a combination of both. Analytes
are extracted from sample by absorption or adsorption, depending on the nature of
the fiber coating. Coating thickness determines the volume and surface area of
sorptive phase and consequently, the amount and rate of absorption. For further
chromatographic analysis, the fiber can be directly put into the injection port of a gas
chromatography instrument (thermal desorption) or immersed into an appropriate
solvent (chemical desorption) for gas chromatography or liquid chromatography
analysis. In-tube solid-phase microextraction is an automated version of solid-phase
microextraction that allows its easy coupling with liquid chromatography, and it has
proven to be a very efficient extraction method for the analysis of polar and
thermally labile pesticides (Eisert and Pawliszyn 1997). This mode of solid-phase
microextraction typically uses a gas chromatography capillary column with an
appropriate extraction phase coated on its internal surface to extract the analytes
(Gou et al. 2000).

Popularity of solid-phase microextraction within the analytical community has
been continuously increasing since its first introduction, generating applications
encompassing a multitude of compounds and matrices in a large variety of fields
(Lashgari and Yamini 2019). This technique integrates sampling, extraction, con-
centration and sample introduction into a single step. Moreover, solid-phase
microextraction requires minimal or zero amounts of solvent, which distinguishes
it a ‘greener’, more environmentally-friendly technique in comparison to other
sample preparation techniques. Therefore, solid-phase microextraction gathers
most of the required features for pesticide analysis in food and environmental
matrices, that is, to cover a wide scope of pesticide–matrix combinations, provide
a certain grade of selectivity, be rapid, and be easy to carry out (Souza-Silva et al.
2015a, b). In fact, it has become a routine technique in many laboratories due to it
can be fully automated, is easy to miniaturize, and is convenient in coupling with
chromatographic instruments.

One of the key steps in the development of a solid-phase microextraction method
for analysis of pesticides is the selection of an appropriate fiber coating based on
their nature and volatility. Thin fibers are used for pesticides with high boiling points
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and thicker fibers are suitable for volatile pesticides. Polydimethylsiloxane
(Neuwirthová et al. 2019) and poly(acrylate) (Fernandez-Alvarez et al. 2008) coated
fibers have been used for years as general-purpose sorbents for pesticide residue
analysis. Nowadays, a great variety of more specific fiber coatings based on solid
sorbents is available in the market, that include: Carbowax/template resin (Blasco
et al. 2011), polydimethylsiloxane/divinylbenzene (Ravelo-Pérez et al. 2008a;
Zhang et al. 2018), and polydimethylsiloxane/poly(acrylate) (Fernandez-Alvarez
et al. 2009) coated fibers. For over a decade since the introduction of direct
immersion solid-phase microextraction, it only could be applied to extraction of
analytes from very simple matrices or complex matrices subjected to multiple
cleanup steps, since the available coating surfaces suffered an irreversible attach-
ment of macromolecules from the matrix samples, which decreased the extraction
efficiency. Solid coatings frequently suffer from an irreversible fouling effect or
sorption of unwanted matrix components, which is less frequent in liquid coatings.
Thus, for years the liquid polydimethylsiloxane coating was the most used sorbent
for the direct immersion solid-phase microextraction of pesticide residues in food
matrices (Beltran et al. 2000). Therefore, many solid-phase microextraction appli-
cations to food and environmental samples had to be carried out by headspace solid-
phase microextraction mode since matrix compatible coatings were not available.

Liquid coatings are better than solid coatings in regards to the fouling effect, but
these latter show higher extraction efficiency because the rough morphology of their
surfaces. Moreover, liquid coatings are not good sorbents for semi-polar and polar
compounds. To overcome these limitations and take advantage of the properties of
both types of coatings, in the last years a great variety of porous sorbents have been
prepared by combining liquid and solid coatings, which can withstand direct expo-
sure to complex matrices and are described as ‘matrix compatible’ (Godage and
Gionfriddo 2019). Souza Silva and Pawliszyn (2012) developed a new type of solid-
phase microextraction fiber coating, polydimethylsiloxane/divinylbenzene/
polydimethylsiloxane, which was obtained modifying commercial solid-phase
microextraction fiber coatings by incorporation of an additional protective thin
layer of polydimethylsiloxane. This coating was more robust, prevented wicking
of matrix components and analytes into the fiber core, and allowed up to 100 extrac-
tions of triazole pesticides in water samples and grape pulp by direct immersion
solid-phase microextraction with no sample treatment. The polydimethylsiloxane/
divinylbenzene/polydimethylsiloxane coating also showed excellent robustness and
matrix compatibility with oily matrices for the extraction of multiclass pesticides and
other contaminants by direct immersion solid-phase microextraction in avocado pulp
(De Grazia et al. 2017). Its extraction efficiency remained constant for more than
100 extraction runs, whereas the extraction efficiency of divinylbenzene/
polydimethylsiloxane coating showed a severe decrease after only 20 successive
extractions. Polydimethylsiloxane/divinylbenzene/polydimethylsiloxane coating
has also been employed in the direct coupling of solid-phase microextraction to
mass spectrometry for pesticide residue analysis in food and environmental samples
(Mirabelli et al. 2018). This coating showed matrix compatibility and excellent
antifouling properties, taking into account that this coupling solid-phase
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microextraction-mass spectrometry does not involve chromatography and, therefore,
it is mandatory that the coatings prevent sorption of matrix components which could
drastically affect the ionization process.

The use of solid-phase microextraction fibers presents some other limitations:
coatings have usually poor thermal stability, so that the gas chromatography injector
temperature has to be maintained below the maximum operating temperature of the
coating (usually 240–280 �C); in organic solvents coatings are unstable and suffer
swelling, which restricts their use with liquid chromatography; and fibers have to be
conditioned before using, are fragile and have a short lifetime due to the irreversible
sorption of high molecular weight compounds. In the past decade, there has been a
growing interest in the use of polymeric ionic liquids, a novel class of solid-phase
microextraction coatings (Yu et al. 2013). These sorbents present interesting features
as high viscosity, thermal stability, and compatibility with gas chromatography.
Moreover, ionic liquids are often referred as ‘designer solvents’, since millions of
them can be formed through different combinations of anions, cations, and other
functional groups. This unique property allows developing ionic liquids with an
enhanced selectivity towards the target pesticides. In recent years, several applica-
tions of direct immersion solid-phase microextraction to analysis of pesticides in
food and environmental matrices have been reported. Recently, Zhang et al. (2012b)
reported a new ionic liquid, namely, 1-vinyl-3-hexadecylimidazolium
hexafluorophosphate, for the determination of seven pyrethroids in vegetables by
direct immersion into hexane extracts, followed by gas chromatography-electron
capture detection. Multi-walled carbon nanotubes have also found application as
solid-phase microextraction coating fibers. In a recent study, pyrethroid pesticide
residues in tea brew were extracted without prior sample treatment with multi-walled
carbon nanotubes solid-phase microextraction fibers, which were formed by a
stainless steel core coated with polyacrylonitrile solution as a binder, providing
recoveries between 94.2% and 107.3% for spiked samples (Ren et al. 2018).
Nevertheless, the matrix compatibility of this new solid-phase microextraction
coating still needs to be assessed.

The application of solid-phase microextraction for pretreatment samples with a
complex composition, as a previous step before the chromatographic analysis of
pesticides and other organic contaminants, is continuously increasing. Moreover,
solid-phase microextraction is an environmentally-friendly sample preparation tech-
nique that meets the sustainability requirements, and concretely those derived from
the application of green analytical chemistry. Owing to all these features, to its
flexibility and possibility of being combined with a great variety of analytical
techniques, it is expected that the evolution of this technique in the coming years
will not have limits.
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2.3.5 Stir Bar Sorptive Extraction

Stir bar sorptive extraction was introduced by Baltussen et al. (1999) to deliver more
sorptive-phase mass and surface area. The extraction mechanism is similar to that of
solid-phase microextraction, that is, a sorptive interaction of usually a coating of
polydimethylsiloxane deposited on a magnetic glass with the target compounds
(Fig. 2.5). Stir bar sorptive extraction was developed by Gerstel GmbH & Co. KG
(Mülheim an der Ruhr, Germany) and commercialized under the trade name
Twister®. The stir bar is immersed in the liquid sample to be analyzed, which is
shaken for a given time. While stirring, the bar adsorbs the target compounds, and
then it is removed from the sample, rinsed with deionized water and dried. Then, the
retained compounds can be desorbed with a suitable solvent for gas chromatography
or liquid chromatography analysis. On-line thermal desorption can be also used for
thermally stable semi-volatile and volatile compounds and gas chromatography
analysis.

Stir bar sorptive extraction overcomes the main drawback of solid-phase
microextraction, which is the low amount of available polydimethylsiloxane phase
(~0.5 μL; 100 μm film thickness). In stir bar sorptive extraction the amount of phase
typically coated is 24–126 μL and, consequently, much higher recoveries can be
reached and sensitivity is increased by a factor of 50 and 250, reducing detection
limits to sub-ng L�1 levels (Chaves et al. 2007). Moreover, stir bar sorptive
extraction shows good blank levels and no degradation after 100 extractions (Zuin
et al. 2006). In recent years, stir bar sorptive extraction has become one of the most
studied sample extraction techniques for analysis of organic compounds. Originally,
this extraction technique was intended to screen priority organic micro-pollutants in
water samples (León et al. 2003; Sandra et al. 2003), but over time, applications for
almost every field of analytical chemistry have been developed (Campillo et al.
2010; Li et al. 2012). Organophosphorus pesticides in vegetables were determined

Fig. 2.5 Stir bar sorptive extraction device. Sampling is done by directly introducing the device
into the aqueous sample and the solutes are extracted into a polymer coated on the stir bar. Analyte
desorption is performed by thermal desorption or alternatively by solvent desorption using a small
amount of an adequate organic solvent. PDMS polydimethylsiloxane
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by stir bar sorptive extraction and gas chromatography with thermionic specific
detection by using as extraction phase a hydroxy-terminated polydimethylsiloxane
prepared by sol–gel methodology. The linear ranges were 0.05–50 ng g�1 with
detection limits �0.15 ng g�1 (Liu et al. 2005). Sandra et al. (2001) used stir bar
sorptive extraction followed by thermal desoption or liquid desorption for the
analysis of dicarboximide fungicides in wines. A multiresidue method based on
stir bar sorptive extraction followed by gas chromatography-mass spectrometry, by
applying a new thermal desorption unit, fully automated, allowed the determination
of more than 300 pesticides in baby food, vegetables and fruits (Sandra et al. 2003).
Micellar electrokinetic chromatography–diode array analysis has also been applied
in combination with stir bar sorptive extraction for the simultaneous extraction of
pesticides (acrinathrin, bitertanol, cyproconazole, fludioxonil, flutriafol,
myclobutanil, pyriproxyfen, and tebuconazole) in vegetables samples (Juan-García
et al. 2005).

Stir bar sorptive extraction presents some drawbacks such as the limited range of
analyte polarities for the available stationary phases, the presence of strong matrix
effects, the requirement of a strict control of extraction parameters (Camino-Sánchez
et al. 2014) and the complexity in the automation of the desorption step, especially to
liquid chromatography (Chaves et al. 2007). At present, polydimethylsiloxane and
ethylene glycol-silicone are the only commercially available phases in stir bar
sorptive extraction. A formerly introduced poly(acrylate) coated Twister is no longer
commercially available, since its applicability and robustness were limited (David
et al. 2019). In order to overcome the limitations of polydimethylsiloxane phase, that
reduces its use to nonpolar analytes, new coating materials are being developed, so
widening the applicability of stir bar sorptive extraction. This interest is catalyzed in
part by the need to develop methods for more polar emerging pollutants, such as
polar pesticides. These novel materials include carbon adsorbents, molecularly
imprinted polymers, sol–gel prepared coatings, restricted access materials, ionic
liquids, microporous monoliths and dual phase materials (Abdulra’uf and Tan
2014). Unfortunately, most of the new coating materials can only be used in
combination with solvent desorption, which limits the sensitivity of the method
since only a fraction of the extract can be analyzed by gas chromatography or liquid
chromatography. Large volume injection can partly compensate for this loss.

Recently, Benedé et al. (2014) introduced the use of magnetic nanoparticles
coated dynamically with a magnetic stir bar, this technique being termed stir bar
sorptive-dispersive microextraction. It combines the principles and benefits of stir
bar sorptive extraction and dispersive solid-phase microextraction based on mag-
netic nanoparticles. At high stirring rate magnetic nanoparticles are dispersed into
the sample solution (or into the desorbing solvent) and return to the magnetic bar
when the stirring is stopped. Stir bar sorptive-dispersive microextraction with
magnetically modified graphene (G-Fe3O4) as the sorbent was applied in isolation
of seven model pesticides from water samples (boscalid, chlorpyrifos, deltamethrin,
dimethenamid-P, dimoxystrobin, metazachlor and tebuconazol) (Madej et al. 2019).
The developed method resulted more convenient than magnetic solid-phase extrac-
tion, performed in analogous conditions, in terms of sorbent collection and effective
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mixing of larger sample volumes. The multiclass pesticides analyzed could be
detected in concentration of several nanograms per milliliter. Molecularly imprinted
stir bars based upon the entrapment of modified magnetic nanoparticles within an
imprinted polymer monolith have also been proposed for the stir bar sorptive
extraction of triazines in soil sample extracts (Díaz-Álvarez et al. 2016). Although
low recoveries were obtained (2.4–8.7%), the high selectivity provided by the new
molecularly imprinted stir bars allowed reaching detection limits below 7.5 ng g�1

by liquid chromatography coupled to UV detection.
In the last decade, multiresidue methods using stir bar sorptive extraction have

been described for pesticides, together with endocrine disruptors and other priority
pollutants, either with thermal desorption combined with gas chromatography-mass
spectrometry (Camino-Sánchez et al. 2012) or liquid desorption combined with
liquid chromatography-mass spectrometry (Margoum et al. 2013) and gas
chromatography-mass spectrometry (Camino-Sánchez et al. 2012). Recently,
Lerch et al. (2018) developed a fully validated method for the analysis of pesticides
and other priority pollutants in water samples at ng L�1 to sub-ng L�1 levels,
according to the European Union Water Framework Directives (European Union
2008, 2013, 2015).

By comparing solid-phase microextraction and stir bar sorptive extraction, apart
from other advantages, we can conclude that these solventless techniques combine
simultaneously extraction and concentration of the analytes in a single step, present
easy and fast manipulation, require low sample volume, allow reutilization, can
operate overnight, do not present the breakthrough phenomena, are cost-effective,
can be easily combined with modern analytical instrumentation and have demon-
strated their applicability to a wide range of samples (Nogueira 2015). Although
solid-phase microextraction has lower capacity due the limited amount of sorbent
phase, it is definitely more appropriate for analysis of semi-volatile to volatile
analytes than stir bar sorptive extraction when the headspace mode followed by
gas chromatography is used.

2.4 Gel Permeation Chromatography

Gel permeation chromatography is an efficient technique that was first used in 1970s
for extraction and cleanup of pesticides (Holding 1984). The gel permeation chro-
matography separation mechanism is based on the principle of size exclusion where
larger molecules are eluted from the stationary phase (gel), followed by smaller
molecules. Gel permeation chromatography columns are packed with a cross-linked
polymer material that is very porous, so that small molecules can get into the pores
and are thus retained for longer periods of time on the column, whereas large
molecules cannot and therefore pass through the column very quickly. Cross-linked
dextrans such as Sephadex or agarose are commonly used materials. Because of the
robustness, rapidity, convenience, and cleanup efficiency, gel permeation chroma-
tography has been used as a universal technique for the pretreatment of complex
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samples before multiresidue pesticide analysis (Huang et al. 2007; Cajka et al. 2008),
and especially to purify fat-rich extracts, such as those coming from olive oil
(Guardia-Rubio et al. 2006), milk (Zheng et al. 2014), avocado (Fernández Moreno
et al. 2006), or pork and lamb meat (Garrido Frenich et al. 2006). Lipids, which are
often co-extracted along with pesticides, may jam in the injector and at the top of the
column of gas chromatography. However, lipids are too big and cannot go through
the pores of the gel, so that they are eluted first from the column. Different mobile
phases can be used for the gel permeation chromatography cleanup: ethyl acetate-
cyclohexane (Cajka et al. 2008) or acetone-cyclohexane and hexane-ethyl acetate
(Huang et al. 2007).

The analysis of pesticides in oil samples by gas chromatography requires a
complete removal of the high molecular weight fat components to lengthen the life
of the columns and keep the chromatographic system working properly. Gel perme-
ation chromatography has demonstrated to be a very useful technique to separate the
main components of oils (triglycerides) from the low molecular weight of pesticides,
being one of the more widely spread techniques (Sánchez et al. 2006; Garrido
Frenich et al. 2007). It is generally used after a preliminary solvent partitioning
with acetonitrile for the subsequent gas chromatography analysis (Guardia-Rubio
et al. 2006). However, there are methods based on direct extraction and cleanup of
pesticides from olive oil without a liquid-liquid partition step, using only gel
permeation chromatography (Patel et al. 2005). In most cases, the recoveries in gel
permeation chromatography are satisfactory and it is applicable to both polar and
nonpolar pesticides within the same injection on a fully automated system. A
drawback of this technique is the partial overlapping between the pesticide fraction
and the components of the matrix (mainly triglycerides), which results in loss of
some nonpolar pesticides such as bromopropylate, phenotrin and acrinatrin (Hakme
et al. 2018). Therefore, an additional cleanup step is usually included after gel
permeation chromatography before chromatographic analysis, for example by
solid-phase extraction (Huang et al. 2007). Other drawbacks of gel permeation
chromatography are the use of large volumes of organic toxic solvents, the require-
ment of an additional instrumentation, and that it is time-consuming.

2.5 Conclusions and Perspectives

In most analytical methods, the complexity of sample and/or the concentration and
nature of analyte(s) make the sample treatment an unavoidable step, so that sample
preparation remains the weakest and time-determining stage of the analysis. In many
cases, extraction and cleanup techniques are labor intensive, involve the use of
organic solvents, energy, and most of them are hazardous to both, laboratory
workers and the environment. The particular case of solid samples usually requires,
especially for trace analysis, the use of an extraction process to dissolve the target
analyte(s) in an aqueous or organic solvent solution previous to analyte
pre-concentration.
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In the last years, improvements in sample preparation techniques are the result of
modifying existing techniques and developing new techniques, always with the aim
of saving time and reducing consumption of chemicals and waste generation, and
thus to improve overall process performance. High efficacy extraction approaches
for solid samples have been developed, such as matrix solid-phase dispersion,
microwave-assisted extraction, pressurized liquid extraction, and supercritical fluid
extraction. Nevertheless, some of these techniques usually involve a treatment at
high temperature and pressure to improve the extraction yield with reduced time and
solvent consumption. A special attention deserves the use of headspace extraction
for analysis of volatile compounds from solid samples, which is solvent-free, carried
out at moderate temperature, and can be combined with solid-phase microextraction
for significantly improving extraction efficacy. All these techniques have grown in
their maturity with increased applications to pesticide residue analysis in food and
environmental samples.

Regarding liquid or dissolved samples, the miniaturization of liquid-liquid extrac-
tion has resulted in more efficient extraction techniques with solvent and time
savings. Single-drop microextraction, hollow-fiber membrane liquid-phase
microextraction, and dispersive liquid-liquid microextraction offer green alternatives
to solve problems of sensitivity and/or selectivity of methods to be applied directly to
analyze complex samples. Moreover, the use of alternative extractants like ionic
liquids, with high solvation properties and versatility, has been explored as potential
candidates to replace conventional solvents in a green perspective. As a conse-
quence, and due to the advantageous features they present compared to conventional
techniques, currently liquid-phase microextraction techniques play a very important
role in sample preparation for analysis, and specifically in pesticide analysis. This is
evident from the relatively large number of publications in this regard in recent
years.

Other strategies based on the miniaturization of solid-phase extraction, such as
solid-phase microextraction and stir bar sorptive extraction have been developed in
the last years to reduce substantially sample and solvent consumption. The use of
new solid sorbents, such as molecularly imprinted polymers or carbon nanotubes has
allowed the development of high selective extraction methods and contributed to
reduce the number of steps of analytical procedures. On the other hand, the intro-
duction of magnetic materials has contributed to the development of solid-phase
extraction procedures simpler, faster than the conventional methods, achieving
sorbent separation by the use of a magnet, which reduces time and energy consump-
tion. On the other hand, QuEChERs method has become in one of the sample
treatment mostly applied, not only for extraction of pesticides from food samples,
but also from environmental matrices, since it allows performing extraction and
cleanup in a single step. This is evident from the fact that important international
organizations, the AOAC International and the European Committee for Standard-
ization, have approved two different official methods based on method QuEChERs
for pesticide analysis.

In the future, it is expected that the development of new techniques as well as all
improvements in current sample preparation techniques will be aimed at improving
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the efficiency of extraction and removal of matrix co-extractives, increasing through-
put, and reducing the use of organic solvents. Therefore, as a general rule, these
improvements should be directed towards the miniaturization and automation of the
analytical process.
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Chapter 3
Analysis of Pesticide Residues by on Line
Coupled Liquid Chromatography-Gas
Chromatography Using the Through Oven
Transfer Adsorption Desorption Interface

Rosa M. Toledano Torres , Jesús Villén Altamirano , and
Ana M. Vázquez Moliní

Abstract Pesticides, compounds of many different chemical natures, are used to
protect crops from pests, and more than 800 are currently in use all over the word.
However, while pesticides help improve crop production, the presence of pesticide
residues in the environment and food cause harm to both the environment itself and
human health. For this reason, pesticide residues need to be monitored and con-
trolled in food and in the environment by sensitive and, if possible, rapid analytical
methods. Gas Chromatography has been the most widely used technique to date,
while large volume injection and on line coupled liquid chromatography-gas chro-
matography are considered suitable to reduce the time needed for analysis and
increase sensitivity. For its part, the Through Oven Transfer Adsorption Desorption
interface can be used to inject large volume of polar and non-polar solvents and also
on line coupled liquid chromatography-gas chromatography when liquid chroma-
tography is carried out in normal or reversed phase.

Using this interface, several methods have been developed to analyse pesticide
residues in food and environmental samples by Large Volume Injection or by on line
coupled liquid chromatography-gas chromatography. This chapter focuses on these
methods, after presenting a description of the Through Oven Transfer Adsorption
Desorption interface and its operation mode. All the presented methods practically
eliminate the time-consuming sample preparation step and provide high sensitivity
and good repeatability.
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desorption Interface · Mass-spectrometry

3.1 Introduction

With global population projected to increase to above 9 billion by 2050, producing
food and taking steps to ensure food safety to feed this growing population is a
challenge (Carvalho 2006).

Pesticides are compounds with varying chemical natures that are used to protect
crops and reduce losses caused by pests, pathogens and weeds, increasing crop
productivity and so helping feed the world’s population. Nowadays, around
800 diferrent molecules are used as pesticides all over the word (Picó et al. 2006).
However, the use of pesticides in crop protection may lead to the appearance of
residues, that is, chemical substances resulting from the use of the agrochemicals,
including their metabolites and the compounds obtained in their degradation or
reaction.

Pesticides residues cause harm to both the environment itself and human health.
The main source of people exposure to pesticides are the food and the water we
consume that may be contaminated due to wrong pesticide application in agriculture,
the use of overdoses and harvest collection before the necessary time for their
elimination (Chen et al. 2011; Bakirci et al. 2014; Handford et al. 2015).

Pesticide residues, especially those from organochlorine and organophosphorous
compounds, are also found in soils, the atmosphere and in the aquatic environment in
relatively high concentrations (Carvalho et al. 1997). Consequently, controlling their
presence in food (Ahmed 2001; Hogendoorn and van Zoonen 2000; Tadeo et al.
2000, 2004) or the environment plays an important role in human health and
biodiversity protection. Worldwide laboratories carry out more than 20,000 analyses
every day to monitor pesticide residues in food, which are regulated by many
legislative authorities throughout the world, all of which are concerned with the
quality, efficacy, and safety in the use of pesticides (Picó et al. 2006). For instance,
maximum residue levels for pesticides in food and water have been set by the
European Union for more than 150 products (Harris 2002). In general, maximum
residue levels are in the range of 0.01–10 mg/kg; for example, the maximum
permitted concentration of pesticides in drinking water set by the European Union
is 0.1 mg/l (EC 98/83/EC, 1998 Directive 80/778/EEC). However, it goes without
saying that reliable analytical methods are necessary to enforce legal maximum
residue levels.

One separation technique that is commonly used for the analysis of pesticide
residues is gas chromatography because of its high power of separation. The
availability of a variety of sensitive and selective detectors, such as electron capture
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detector and nitrogen-phosphorus detector adds to its attractions, while mass spec-
trometry provides structural information to recognise non-target contaminants,
increases the specificity of target-pesticide identification and permits highly sensitive
trace-level determination (García-Reyes et al. 2007; Picó et al. 2000, 2004). How-
ever, the sample cannot be introduced directly into the chromatography system, and
must first be submitted to a preparation procedure, including extraction, clean-up and
concentration. Sample treatment depends on the composition of the matrix and the
polarity of the pesticide being analysed. There is no suitable method for extracting all
pesticides from all matrices, and sample preparation normally requires the use of
large amounts of organic solvents. Moreover, the sample preparation step is the
principal source of error and consumes most of the analytical process time (Xu et al.
2017).

In analytical chemistry manual sample pre-treatment for analyte detection is
increasingly cut to a minimum by the use of fully automated methods, such as
large volume injection and on-line coupled liquid chromatography-gas chromatog-
raphy. Many hundred microlitres can be introduced into gas chromatography when
using large volume injection (López et al. 1998), which increases sensitivity and/or
reduces the need for extract or sample concentration steps (Hoh and Mastovska
2008). In on-line coupled liquid chromatography-gas chromatography, the specific
components of a complex matrix are pre-fractionated using liquid chromatography
before being transferred on-line to the very efficient and sensitive gas chromatogra-
phy system for analytical separation. Liquid chromatography deals with sample
preparation, including extraction, clean up and preconcentration, and the final
separation is carried out by the more efficient gas chromatography (Toledano et al.
2010).

The main drawback of large volume injection and on-line coupled liquid
chromatography-gas chromatography is basically the same: how to inject into the
gas chromatograph a volume much higher than that usually introduced in this
chromatographic system. The problem is the same without regard the origin of the
volume: from the sample, the extract or the eluent from the liquid chromatography.
This critical problem is the huge solvent vapour volume resulting from the expansion
of the large liquid volume of the injected solvent. To overcome this drawback a
robust and, if possible, automated interface is required. Any such interface should
fulfil some requirements: do no cause losses or contaminations of the analytes when
transferring then from the liquid chromatography to the gas chromatography, be able
to remove practically the totally of the eluent of liquid chromatography and refocuse
the analytes at the head of the gas chromatography column to obtain sharp peaks in
the gas chromatography chromatogram (Cortés et al. 2010). The Through Oven
Transfer Adsorption Desorption interface, first described by Villen et al. in 1999
(Pérez et al. 1999), allows the large volume injection of polar and non-polar solvents.
On-line coupled liquid chromatography-gas chromatography can then be used, with
liquid chromatography in normal or reversed phase. The Through Oven Transfer
Adsorption Desorption interface allows the injection of much larger volumes than
other injection systems, while maintaining good chromatographic conditions. Sev-
eral analytical methods for analysing pesticide residues in food and environmental
samples have been developed using this interface with large volume injection or on
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line coupled liquid chromatography-gas chromatography. This chapter focuses on
these methods, but first a description of the Through Oven Transfer Adsorption
Desorption interface and its operation mode is presented.

3.2 Through Oven Transfer Adsorption Desorption
Interface

Several methods to analyse pesticides at trace level concentrations in different
complex matrices have been developed using the Through Oven Transfer Adsorp-
tion Desorption interface (De la Peña et al. 2010).

The Through Oven Transfer Adsorption Desorption interface, is based on a
widely modified programmed temperature vaporizer injector (Pérez et al. 1999,
2000). The changes introduced affect the pneumatic systems, sample introduction,
solvent elimination and the operation mode. See Fig. 3.1 for a scheme of the
Through Oven Transfer Adsorption Desorption interface. As can be seen, the
modified programmed temperature vaporizer injector constitutes the body of the
interface. A standard glass insert (liner) packed with an adsorbent or absorbent
material held at both ends with silanized glass wool is placed inside the body of
the interface. Two electro valves and a six-port valve also form part of the interface.

Fig. 3.1 Scheme of the Through Oven Transfer Adsorption Desorption interface during the
injection step. Symbols: (1) sorbent (Tenax TA); (2) glass wool; (3) six-port valve; (4) heated
cover; (EV1 and EV2) electrovalves 1 and 2; (EPC) electronic pressure control; (PR) pressure
regulator; (FR) flow regulator; (solid arrows) gas flow; (dotted arrows) liquid flow; (ST) stainless
steel tubing, 0.25 mm I.D., to transfer eluent from the liquid chromatograph to the six-port valve;
(WT) waste tubing, to allow the exit of liquids and gases; (SCT) silica capillary tubing, 0.32 mm I.
D.; NV (⊥) needle valve
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The liquid chromatograph exit is connected to a six-port valve, which, is connected
to waste through two of its ports, one of them with an electro valve called
electrovalve 1. Another port is connected by a silica capillary tube to the body of
the interface through the gas chromatography oven. The gas chromatography col-
umn is introduced through this side into the body of the interface. The gas chroma-
tography column is placed less deeply in the body of the interface than the capillary
tube which is connected to the six-port valve. On the other side of the body of the
interface a waste tube, with an electrovalve called electrovalve 2, eliminates liquid
and vapour to the waste when it is open. The interface has two gas inlets, one that is
commonly found in a programmed temperature vaporizer injector (A) and another
one that is normally used as split exit (B) in a programmed temperature vaporizer
injector. At the beginning of the liquid chromatography process, the eluent is sent to
waste through the six-port valve, while the carrier gas enters in the body of the
interface through the two gas inlets mentioned above. Most of the carrier gas enters
through gas inlet B, passes through the liner and exits through the waste tube. This
gas flows in the opposite direction to the carrier gas into the gas chromatography
column. A portion of this gas passes to the gas chromatography column. When the
liquid chromatography fraction containing the target analyte reaches the six-port
valve, it is switched and the liquid chromatography eluent is sent to the body of the
interface. The adsorbent or absorbent material inside the liner retains the analytes,
while the solvent is eliminated to the waste by the carrier gas that passes through the
liner. The carrier gas entering through the usual inlet (A) prevents the solvent from
condensing in the upper part of the body of the interface. The solvent is prevented
from entering the gas chromatography column because the column is placed less
deeply inside the liner than the silica capillary tube.

With the analytes retained in the liner, the six-port valve is switched and the
electrovalve 1 is opened, so that the eluent from the liquid chromatography is sent to
waste and the solvent remaining in the capillary tube is impelled by the gas pressure
into the body of the interface. At the same time, the gas entering by the split exit
(B) evaporates and drags the solvent through the liner to the waste. Once all the
remaining solvent has been eliminated, electrovalves 1 and 2 are closed and the
carrier gas entering the split exit (B) is closed. The carrier gas can now only enter
through the usual inlet (A) and while it exits through the gas chromatography
column. In these conditions, the body of the interface is heated to carry out the
thermal desorption of the retained analytes. The carrier gas impels the analytes to the
column, where they are separated and analysed (Cortés et al. 2010).

3.3 Pesticide Residue Analysis

Our research group has developed several analytical methods to determine pesticide
residues in vegetable, edible oils, river water and nuts, using the above described
Through Oven Transfer Adsorption Desorption interface by large volume injection
into the gas chromatography and/or by on line coupled liquid chromatography-gas
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chromatography, depending on the nature of the matrix. Both techniques have a high
sensitivity because they substantially increase the volume introduced into the gas
chromatograph. However, while large volume injection allows any volume of
sample or extract to be introduced, the volume injected using on line coupled liquid
chromatography-gas chromatography depends on the load capacity of the liquid
chromatography column. On line coupled liquid chromatography-gas chromatogra-
phy eliminates the matrix components and therefore possible interfering substances
in the liquid chromatography step, but in large volume injection possible interfering
substances are concentrated, together with the analytes, into the body of the interface
and consequently non-volatile compounds can be introduced into the system. Bear-
ing this in mind, large volume injection can be regarded as a suitable technique for
analysing pesticide residues present at trace level in a simple matrix, whereas on line
coupled liquid chromatography-gas chromatography is more suitable for more
complex matrixes.

Since vegetables are solid matrixes their analysis requires an extraction procedure
to be carried out prior to chromatographic analysis, and as the obtained extract is
quite clean, it can be analysed by large volume injection. In the case of river water
samples, however, there are two possible courses of action: the samples used in this
study came from the upper reaches of the river and so were relatively clean, making
it possible to analyse them by direct injection using large volume injection. How-
ever, for samples taken from very contaminated river zones (for example, from
stretches near cities or cultivated fields), large volume injection is not suitable and on
line coupled liquid chromatography-gas chromatography should be used.

Edible oils are liquid samples with a high content of fat (98–99%) and they must
be analysed by on line liquid chromatography-gas chromatography so that lipids
from the matrix can be separated from the pesticides in the liquid
chromatography step.

Nuts are solid samples with a high fat content (50–70%), so it is necessary to
carry out a prior extraction procedure and then analyse the obtained extract by on
line liquid chromatography-gas chromatography because the extract will usually be
contaminated with small quantities of fat that must be separated from the pesticide
before the gas chromatography analysis.

3.4 Pesticide Residue Analysis by Large Volume Injection

Large volume injection techniques allow the introduction of much higher volumes
than are usually injected in gas chromatography, that is 1–2 μl (Teske and Engewald
2002). These techniques are very useful for analysing compounds at very low
concentration levels because sensitivity is increased due to the higher amount of
analyte that reaches the detector (Hoh and Mastovska 2008). Another advantage of
large volume injection is that it reduces or even eliminates the extraction/concentra-
tion steps. Several authors have described the different techniques and methods
possible with large volume injection in capillary gas chromatography, along with
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their advantages and disadvantages (Santos et al. 2019; Ferrari and Caldas 2018;
Kurth et al. 2017). A sample or an extract can be injected. The most critical problem
in large volume injection is the large amount of solvent vapour resulting from the
large liquid volume injected. The vapour volume obtained from polar solvents is
much greater than that obtained from non-polar solvent, meaning that large volume
injection is more difficult with the former. For its part the Through Oven Transfer
Adsorption Desorption interface allows the injection of up to several millilitres of
sample or extract and it does not matter whether the solvent is non-polar or polar
(Alario et al. 2001; Aragón et al. 2015).

3.4.1 Pesticide Residue Analysis in Vegetables

In this method, a small amount of sample (2.5 g) is mixed with 5 ml of ethyl acetate
and 2 g of anhydrous sodium sulphate. After extracting for 1 min using a high-speed
blender, the extract is filtered and then injected into the gas chromatograph by large
volume injection using the Through Oven Transfer Adsorption Desorption interface.
Using such a small sample size (in this case 2.5 g) means that a very small quantity of
solvent (5 ml) is necessary for the extraction (Cortés et al. 2006a), whereas the
majority of multiresidue methods use a 50–100 g sample, so that the volume of
solvent used must be greater (about 100–250 ml). This provide an extract volume
that then must be concentrated (up to 1 ml) to obtain the sensitivity necessary if only
about 1 μl is to be sampled in the gas chromatograph (Podhorniak et al. 2001;
Lehotay 2008; Gamón et al. 2001). The amount of solvent cannot be lower because
of the difficulty in handling volumes of concentrated extract below 1 ml. The
problem is that 99% of the analyte is wasted in such methods because it is not
injected into the gas chromatography system, while in the analytical method devel-
oped by our research group, only 5 ml of extracting solvent is used because there is
no concentration step after the extraction and the whole extract can be injected into
the gas chromatograph.

A tomato and a cucumber sample fortified at 10 mg/kg together with a blanck
trace provided the chromatograms shown in Fig. 3.2 when the flame ionisation
detector was used. One peak, corresponding to malathion, eluted at the same
retention time as another peak that corresponded to a matrix compound, suggesting
that this pesticide might give a false positive if a flame ionisation detector is used.
However, a nitrogen-phosphorus detector can be used to avoid this problem because
of its greater selectivity. Figure 3.3 shows the chromatogram obtained when a
tomato sample fortified at 0.05 mg/kg was analysed using an nitrogen phosphorus
detector. The improvement in selectivity is clear from Figs. 3.2 to 3.3. Another
important parameter to consider in the determination of pesticide residue is sensi-
tivity, which increases with the volume injected. When a 50 μl extract was sampled
the limit of detection was sufficient to monitor the pesticides at maximum residue
levels. Table 3.1 shows the validation parameters when using an nitrogen phospho-
rus detector. As can be seen, good linearity was found for all the pesticides, the
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determination coefficients ranging from 0.969 to 0.996. The coefficients of variation
described in Table 3.1 correspond to the whole analytical procedure (extraction and
gas chromatography analysis) and can be considered extremely good. Other vege-
tables (eggplant, lettuce, pepper, and cucumber) were also analysed using this
procedure. The fact that the gas chromatography chromatograms were very similar
to that of the tomato sample means that the matrix effect was low suggesting that the
proposed method can be applied to different vegetables without having to be
modified.

When the method was applied to the analysis of real tomato samples harvested
from an experimental plot that had been treated with pesticides (Cortés et al. 2006a),
the following pesticides were identified (μg/kg): dimethoate (13), diazinon (62),
fenitrothion (24), chlorpyrifos (73), and methidathion (14). However, all were

Fig. 3.2 Gas Chromatography chromatograms obtained in the Large Volume Injection-Gas Chro-
matography-Flame Ionisation Detector analysis of vegetal samples. On the left, the gas chroma-
tography chromatograms correspond to (a) a tomato sample fortified at 10 mg/kg and (b) a blank
trace. On the right the gas chromatography chromatograms correspond to (c) a cucumber sample
fortified at 10 mg/kg and (d) a blank trace. The peaks identified correspond to the following:
1, dimethoate; 2, diazinon; 3, fenitrothion; 4, malathion plus matrix compounds; 5, fenthion;
6, chlorpyrifos; 7, chlorfenvinphos; 8, methidathion; 9, tetraclorvinphos. In both cases the volume
of extract injected was 20 μL. Reprinted from Cortés et al. (2006a) with permission of ACS
Publications and Copyright Clearance Center
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present at lower concentrations than the maximum residues limits established by
Spanish legislation Royal Decree 280/1994 (BOE 1994). When samples purchased
from a local market were analysed, no residues of the target pesticides were found.
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Fig. 3.3 (a) Gas Chromatography chromatogram obtained in the Large Volume Injection-Gas
Chromatography-Nitrogen Phosphorus Detector analysis of a tomato sample fortified at 0.05 mg/
kg. (b) Gas Chromatography chromatogram obtained in the analysis of a real tomato sample
containing some pesticide residues. The identification of the peaks is the same as in Fig. 3.2. The
volume of extract injected is 50 μL. Reprinted from Cortés et al. (2006a) with permission of ACS
Publications and Copyright Clearance Center

Table 3.1 The coefficients of variation (CV) from the Absolute Peak Areas and from the Retention
Times, repetition 3 times, of a Tomato Sample Fortified at 0.05 mg/kg with each pesticide, for the
whole analytical procedure (Extraction and Gas Chromatography Analysis) when an Nitrogen
Phosphorus Detector was useda

Pesticide CV (Area) CV (tr) LOD (μg/kg) R2

Dimethoate 2.4 0.16 0.07 0.996

Diazinon 0.3 0.17 0.07 0.977

Fenitrothion 4.4 0.20 0.08 0.969

Malathion 3.6 0.21 0.07 0.991

Fenthion 8.4 0.21 0.06 0.969

Chlorpyrifos 2.0 0.20 0.06 0.977

Chlorfenvinphos 4.7 0.19 0.10 0.989

Methidathion 4.3 0.20 0.15 0.987

Tetrachlorvinphos 2.4 0.17 0.34 0.988
aDetection limits (LODs) calculated as the amount of product giving a signal equal to 5 times the
background noise and correlation coefficients for the linear calibration (R2)
Reprinted from Cortés et al. (2006a) with permission of ACS Publications and Copyright Clearance
Center
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3.4.2 Pesticide Residue Analysis in River Water

Large volume injection can be used to analyse pesticide residues in river water if it is
not very contaminated. To reach the detection limits required (normally expressed in
parts-per-billion), at least 0.1 to 1 ml of water needs to be introduced into the gas
chromatography system, but the polar nature of water makes the injection of such a
high volume much more difficult than is the case with non-polar solvents. Fortu-
nately, with the Through Oven Transfer Adsorption Desorption interface, 1 ml of
water (and even higher volumes) can be injected, since the solvent is eliminated in
evaporative and non-evaporative mode. The only condition is that the water has to be
filtered prior to injection into the gas chromatography system (Alario et al. 2001).
Figure 3.4 shows the chromatogram obtained when sampling 1 mL of a standard
solution containing 10 μg/L of each pesticide. The small solvent peak in the
chromatogram demonstrates that solvent elimination is almost complete. This
means that a water-sensitive detector, such as an nitrogen phosphorus detector or
even a mass spectrometry detector, can be used. The limits of detection, which
ranged from 0.5 to 8.1 ng/l are much lower than the maximum concentration allowed
for drinking water by European Union legislation (0.1 μg/l) (EC 98/83/EC, 1998).
The coefficients of variations for the absolute peak areas varied from 5.7% to 11.7%,
although this can be improved by 0.7–10.7% if normalized areas are considered.

Fig. 3.4 Chromatogram obtained by sampling 1 ml of a standard solution containing 10 μg/l of
each pesticide in methanol-water (10:90). Reprinted from Alario et al. (2001) with permission of
Oxford University Press and Copyright Clearance Center
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Because it provides unambiguous identification of pesticides, an mass spectrom-
etry detector should be used whenever possible. However, it is important to totally
eliminate the water because of its high degree of reactivity even a very small
amounts, which can damage the mass spectrometer. A multiresidue analysis of
pesticides in water by large volume injection in gas chromatography-mass spec-
trometry using the Through Oven Transfer Adsorption Desorption interface has been
developed (Toledano et al. 2010), in which organophosphorus, organochlorine and
triazine can determined in one run. As an mass spectrometry detector is less sensitive
than an nitrogen phosphorus detector, a larger volume of water had to be injected.
There was no problem with the volume injected even when a great volume of water
(up to 5 mL) was injected, no solvent peak was observed. Figure 3.5 shows the
chromatogram obtained in full scan mode and in selected-ion monitoring mode for
some of the pesticides.

Fig. 3.5 Chromatograms obtained by Large Volume Injection-Gas Chromatography-Mass Spec-
trometry from a water sample spiked at 50 g/l of each pesticide: (1) atrazine, (2) diazinon,
(3) terbutryne, (4) fenitrothion, (5) malathion, (6) parathion, (7) phenthoate, (8) methidathion and
(9) Dichloro diphenil trichloroethane (DDT). Volume injected 5 ml. (a) Full scan mode and
(b) Selected ion monitoring mode used for pesticide quantification for atrazine, diazinon, terbutryne
and malathion. Reprinted from Toledano et al. (2010) with permission of Elservier and Copyright
Clearance Center
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3.5 Pesticide Residue Analysis by on Line Coupled Liquid
Chromatography-Gas Chromatography

On line coupled liquid chromagraphy-gas chromatography is a multidimensional
chromatographic technique that combines the effectiveness of pre-separation by
liquid chromatography with the high efficiency of gas chromatography (Grob
1991). In the hyphenation of liquid chromatography and gas chromatography, in a
heartcut system, the liquid chromatography process acts as a sample preparation step
and target analytes are separated from the bulk of the complex matrix for selective
clean-up, concentration or fractionation of the sample (Purcaro et al. 2013). The
liquid chromatography fractions containing the compounds of interest are selected
and then transferred to the gas chromatography system, avoiding the presence of
non-volatile components in the gas chromatography system. To couple liquid
chromatography to gas chromatography it is necessary to connect both chromato-
graphic systems through an interface (Sciarrone et al. 2012). Such an interface
should allow transfer of the analytes of interest included in the fraction from liquid
chromatography, eliminate the eluent or solvent used in liquid chromatography with
a volume varying from a few microlitres up to several millilitres, retain the analytes
and transfer them to the gas chromatography system. However, if reversed phase is
used in the liquid chromatography process, the polar nature of the solvent used
makes it difficult to remove (Hyötyläinen and Riekkola 1998). For these reasons,
most applications of on-line liquid chromatography-gas chromatography use normal
phase liquid chromatography (Qi et al. 2014; Purcaro et al. 2012; Grob 2000).
However, the majority of the liquid chromatography separation (70–80%) is
performed in reversed-phase mode and, anyway, for the analysis of aqueous samples
it is essential to use the reversed phase mode in the liquid chromatography system.
The advantage of the Through Oven Transfer Adsorption Desorption interface is that
it allows on-line coupled liquid chromatography-gas chromatography when liquid
chromatography is carried out in normal (Aragón et al. 2011), as well in reversed
phase (Flores et al. 2008; Cortés et al. 2006b).

On line coupled liquid chromatography-gas chromatography is a very
appropieate techniques for the analysis trace level compounds in complex matrices.
Liquid chromatography step allows to carry out the clean-up and the fractionation of
the sample without the manipulation of the sample decreasing the risck of contam-
ination and analyte losses (Hyötyläinen and Riekkola 2003; Purcaro et al. 2013).

3.5.1 Pesticide Residue Analysis in Water

To illustrate the applicability of the Through Oven Transfer Adsorption Desorption
interface for analysing pesticide residues in water a method to analyse parathion was
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developed. The analysis involves off-line solid phase extraction and on-line reversed
phase liquid chromatography-gas chromatography (Pérez et al. 1999). Figure 3.6
shows the gas chromatography chromatogram obtained when analysing a real water
sample from the Ebro (a polluted Spanish river), in which parathion was quantified at
4 ng/l. Later, more pesticides were analysed (Pérez et al. 2000), fortifying real water
samples collected from the River Ebro with the pesticides in question before carrying
out solid phase extraction. When the solid phase extraction extract was directly
injected into the gas chromatograph by large volume injection, the chromatogram
obtained presented many peaks other than pesticides, which interfered with the
analysis. In the analysis of dirty water sample, an on-line liquid chromatography-
gas chromatography system must be used, because other volatile contaminants
interfere in the analysis if large volume injection is used. On line coupled liquid
chromatography-gas chromatography provides better separation of the pesticides
from interference on the part of the matrix. The liquid chromatography step is not
used as an analytical step, but as sample preparation. The first step is to establish the
start and end times of the fraction to be transferred from liquid chromatography to
gas chromatography in the liquid chromatography chromatogram. Figure 3.7 shows
the liquid chromatography chromatogram obtained when 50 μl of a standard solution
containing 100 mg/l of the target pesticides was analysed. This high concentration
was necessary for the pesticides to be detected by the ultraviolet detector. The eluent
volume transferred was calculated based on the flow rate in the liquid chromatog-
raphy system (1 ml/min). In this case, volumes ranging from 500 to 1400 μl could be
used, with methanol/water (70/30) as solvent. Since lowering the sample introduc-
tion rate increases sensitivity (Villén et al. 1999), the flow rate was reduced to 0.1 ml/
min for the transfer step in order achieve the necessary sensitivity. In this way, the
transfer time ranged from 5 to 14 min. The liquid chromatography chromatogram
(Fig. 3.7) shows that atrazine eluted alone, and consequently the peak corresponding
to this pesticide was the only important peak in the gas chromatography chromato-
gram when the liquid chromatography fraction containing atrazine was transferred to
gas chromatography (Fig. 3.8a). However, in the liquid chromatography chromato-
gram, the peaks corresponding to phenthoate and parathion partially overlapped
(Fig. 3.7). If only phenthoate is transferred to the gas chromatograph, the peak of this
pesticide is the highest, although the parathion peak is still evident (Fig. 3.8b). If the
selected cut corresponds to parathion, its peak is the highest, but phenthoate is also
eluted (Fig. 3.8c). The retention times of diazinon and fenthion totally overlap in the
liquid chromatography chromatogram while, two peaks of similar height can be seen
in the gas chromatography chromatogram (Fig. 3.8d). The use of a multidimensional
chromatographic system allows the peaks that overlap or elute together in the first
dimension (liquid chromatography) to be separated in the second dimension of the
system (gas chromatography).

The detection limits for the pesticides analysed ranged from 0.04 to 0.33 ng/l,
except in the case of fenitrothion (1.54 ng/l). The injection of 50 μl of the solid phase
extraction extract into the liquid chromatography system and then using on line
liquid chromatography-gas chromatography for the analysis resulted in a high
degree of high sensitivity, although the solid phase extraction step can be omitted

3 Analysis of Pesticide Residues by on Line Coupled Liquid Chromatography-Gas. . . 141



Fig. 3.6 Liquid and gas chromatograms of real water samples analysed by off-line solid phase
extraction and on-line reversed phase liquid chromatography-gas chromatography. The parathion
peak cannot be seen in the liquid chromatography chromatograms. The line below the liquid
chromatography chromatogram indicates the fraction containing parathion, which was transferred
to the gas chromatography. (a) Sample collected near the mouth of the River Ebro (Parathion gas
chromatography peak corresponds to 4 ng/l). (b) The same SPE extract spiked with 50 μg/l of
parathion. (c) sample collected upstream of the same river. Reprinted from Pérez et al. (1999) with
permission of John Wiley and Sons and Copyright Clearance Center
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if lower sensitivity is required. The gas chromatography retention time did not vary
from one liquid chromatography-gas chromatography analysis to another when the
Through Oven Transfer Adsorption Desorption interface was used, but did vary
when other interfaces were used (Grob 1991).

3.5.2 Pesticides Residue analysis in Edible Oils

Many of the pesticides used in the control of pests in olive trees are fat-soluble and
non-polar and tend to concentrate in the oil. Analysing pesticide residues in edible
oils is a difficult task because of the complexity of the matrix, which is mainly
composed of triglycerides. Although many multiresidue methods have been devel-
oped (García-Reyes et al. 2007), most of them use an extraction procedure (solid
phase extraction; gel permeation chromatography; liquid extraction; matrix solid
phase dispersion). However, this produces a dirty extract containing small amount of
fat and an additional clean-up step, usually based on liquid-liquid partitioning or
gel-permeation chromatography, is required prior to the analytical process (Guardia-
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Fig. 3.7 Liquid chromatogram of a standard solution containing 100 mg/l of each of the nine
pesticides selected for the experimentation. The phenthoate peak appears as a shoulder of the
parathion peak. The thick lines between the time axis and the chromatogram indicate the liquid
chromatography fractions which have been transferred from the liquid chromatograph to the gas
chromatograph. Reprinted from Pérez et al. (2000) with permission of ACS Publications and
Copyright Clearance Center
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Fig. 3.8 Gas
chromatograms of real-
water samples from the
River Ebro analysed by
off-line solid phase
extraction and on-line
reversed phase liquid
chromatography-gas
chromatography:
(a) atrazine analysis;
(b) phenthoate analysis;
(c) parathion analysis;
(d) diazinon and fenthion
analysis. Reprinted from
Pérez et al. (2000) with
permission of ACS
Publications and Copyright
Clearance Center
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Rubio et al. 2006; Barrek et al. 2003). It is crucial that the analytical proceeding
should be able to separate the pesticide residues from the lipidic fraction which
constitutes the greater part of the matrix due to even very small quantities of lipids
will spoil the gas chromatography system.

On line liquid chromatography-gas chromatography methods for analysing pes-
ticide residues in edible oils have been developed but, due to solvent compatibility,
most of them use normal phase in the liquid chromatography separation step (Grob
and Kaelin 1991; Jongenotter et al. 1999; Qi et al. 2014). One of the problems when
normal phase liquid chromatography is used is that the triglyceride fraction elutes
before the pesticide fraction and, owing to the high tailing peak of the triglycerides,
some fat is transferred to the gas chromatograph, harming the gas chromatography
systems.

Reverse phase liquid chromatography is an interesting alternative but transferring
a polar solvent to gas chromatography is difficult due to the large volume of vapour
generated during the transfer of a water-based eluent from the liquid chromatogra-
phy to the gas chromatography. The Through Oven Transfer Adsorption Desorption
interface eliminates this high volume of vapour in both evaporative and
non-evaporative mode. When reverse phase liquid chromatography and short col-
umns (C4, 50 x 4.6 mm) are used, the pesticides elute in the first 2 minutes, and
reverse phase liquid chromatography pre-separation guarantees the complete sepa-
ration of the pesticides from the triglyceride fraction.

Figure 3.9 shows the liquid chromatography and gas chromatography chromato-
grams obtained for the direct analysis of an olive oil sample by reverse phase liquid
chromatography-gas chromatography using the Through Oven Transfer Adsorption
Desorption interface. A flame ionization detector was used (Sánchez et al. 2003,
2004), although this has two drawbacks: flame ionization detector is neither sensitive
nor selective. In the gas chromatography chromatogram can be observed that peaks
other than the pesticide peaks appear but do not match those of the target pesticides,
enabling the pesticides to be quantified. The gas chromatography retention time of
parathion and chlorpyrifos overlap. Both pesticides may be quantified together, or
they can be quantified separately by transferring the liquid chromatography fraction
of each pesticide to the gas chromatography individually because the on line couple
liquid chromatography-gas chromatography is a multidimensional system and the
peaks do not overlap in the liquid chromatography chromatogram. Figure 3.10
shows the chromatograms obtained when either the parathion fraction or the chlor-
pyrifos fraction is transferred. As can be seen, solvent elimination is almost com-
plete, meaning that a water-sensitive detector can be used. The use of a more
selective detector such as a nitrogen phosphorus detector provides a cleaner chro-
matogram (Fig. 3.11) and lower detection limits. When a volume of 20 μl was
injected into the liquid chromatograph and the flow rate during the transfer step was
0.1 ml/min, the limits of detection obtained were lower than 7.0 μg/l for the triazines
and 0.4 μg/l in the case of organophosphorus pesticides (Sánchez et al. 2005). When
an electron capture detector was used to determine endosulfan (Sánchez et al.
2006b), the limits of detection obtained were 7 μg/l for α and β endosulfan and
134 μg/l for endosulfan sulphate. These low limits of detection (much lower than the
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maximum residue levels established in the legislation) means that the flux at the end
of the gas chromatography column can be divided by means of a “Y” piece in order
to use two different detectors simultaneously. Organophosphorus, organochlorine
and triazines were determined in a single run using an nitrogen phosphorus detector
and an electron capture detector acting simultaneously (Díaz-Plaza et al. 2007). The
electron capture detector detected organochlorines pesticides, while the nitrogen
phosphorus detector detected organophosphorus and triazines.

These methods were used to analyse the olive oil obtained from olives from a
grove treated with some of the most frequently used pesticides in olive trees
(Sánchez et al. 2006a, b). The aim of the study was to determine the effect of the
pesticide dose and the date of treatment on the residues present in the oil. The olive
trees were treated in summer (June–July) and/or in autumn (October–November) at
the recommended doses and twice the recommended doses. No residues of the
water-soluble pesticides (dimethoate and trichlorphon) were detected because they
passed into the aqueous phase during the extraction of the oil (Lentza-Rizos and
Avramides 1995). Clorfenvinphos was not detected probably due to its rapid deg-
radation. The fat-soluble pesticides used tended to concentrate in the oil. Treatments
at the recommended dose carried out in summer did not leave residues higher than

Fig. 3.9 Liquid and gas chromatogram obtained from the direct on line coupled liquid
chromatography-gas chromatography-Flame Ionisation Detector analysis of (a) an olive oil sample
spiked with diazinon, fenitrothion, fention, parathion and chlorpyrifos at 1 mg/l; (b) and an
unfortfied olive oil sample. 20 μl olive oil was injected into the liquid chromatograph. The thick
line between the time axis and the chromatogram indicates the liquid chromatography fraction that
has been transferred from the liquid chromatograph to gas chromatograph. Reprinted from Sánchez
et al. (2005) with permission of Jennifer Diatz (Director of Publications, AOAC International)
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the maximum residue levels. Malathion showed the lowest residue values in the oil,
and olives with two treatments presented more pesticides residues in the oil than
those with one treatment.

3.5.3 Pesticide Residue Analysis in Nuts

Nuts, like oils, have a lipidic matrix (fat content 50–70%) and tend to concentrate the
hydrophobic pesticides used in their cultivation. Unlike the oil, nuts are solid so,
likewise vegetable samples, an extraction procedure must be carried out before gas
chromatography analysis. As mentioned above (see Sect. 4.1), vegetable samples
can be analysed by large volume injection after an extraction step but, in this case,
the fatty nature of nuts means that the extract contains a large amount of fat, and so
large volume injection cannot be used. Instead, samples are subjected to an

Fig. 3.10 Liquid and gas chromatograms resulting from the direct on line coupled liquid chroma-
tography-gas chromatography-Flame Ionisation Detector analysis of an olive oil spiked with
parathion and chlorpyrifos at 1 mg/l. The thick lines in the liquid chromatogram indicate the two
different fractions transferred to the gas chromatograph: (a) Parathion LC fraction transferred to the
GC (b) Chlorpyrifos LC fraction transferred to the GC. 20 μl olive oil was injected into the liquid
chromatograph. Reprinted from Sánchez et al. (2005) with permission of Jennifer Diatz (Director of
Publications, AOAC International)
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extraction procedure similar to that described for vegetable samples and the extract is
analysed by on line reverse phase liquid chromatography-gas chromatography
(Cortés et al. 2008). The liquid chromatography step replaces the clean-up and
concentrations steps and the pesticide residues are separated from the co-extracted
fatty material. The pesticide residues elute in the first minute and the fatty material
elutes after 2 min because it is more strongly retained since reversed phase is used.
The pesticides liquid chromatography fraction is automatically transferred to the gas
chromatograph for analysis. Organophosphorus pesticides can be detected using an
nitrogen phosphorus detector and organochlorine pesticides using an electron cap-
ture detector. When 50 μl of extract was injected into the liquid chromatograph and
the flow during the transfer step was 0.1 ml/min, the limits of detection obtained for
organophosphorus pesticides were lower than for organochlorine pesticides, but, in
all cases, the maximum residue levels established by European legislation are much
higher. Figure 3.12 shows the gas chromatography chromatograms obtained for the
analysis of different nuts: walnuts, hazelnuts, peanuts and sunflower seeds.

Fig. 3.11 Liquid and gas chromatogram obtained from the direct on line coupled liquid
chromatography-gas chromatography-Nitrogen Phosphorus Detector analysis of (a) an olive oil
sample spiked with each organophosphorus pesticide at 0.1 mg/l and each triazine at 1 mg/l.
(b) reagent blank. The thick line situated between the time axis and the chromatogram indicated
the liquid chromatography fraction that has been transferred from the liquid chromatograph to gas
chromatograph. Reprinted from Sánchez et al. (2005) with permission of Jennifer Diatz (Director of
Publications, AOAC International)
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Chapter 4
Detectors for the Analysis of Pesticides
Residues

Hitika Patel

Abstract The modern crop-farming has raised demands for the increasing use of
synthetic pesticides. These newly introduced pesticides have exhibited an enhanced
specific action, polarity, and portray a reduced persistence. These have paved the
way for their augmented use. Pesticides penetrate the atmosphere when they are
poorly adsorbed onto the applied surface of the soil. This partial adsorption leads to
the presence of these pesticides in the surrounding water bodies and plants. These
find their way up the food chain and reach the food products. Pesticides exist in
either ppt or ppb levels. Subsequently, a highly specific analytical procedure needs to
be applied for the target pesticides to be detected in a single run.

We reviewed that, currently, gas chromatography (GC), gas chromatography-
mass spectrometry (GC-MS), gas chromatography-ion trap mass spectrometry
(GC-ITMS) and gas chromatography-tandem mass spectrometry (GC–MS-MS)
are the most preferred methods due to their noteworthy selectivity, specificity and
separation ability. Supplementary to the gas chromatography-mass spectrometry
(GC-MS) methods, there exist quantification methods like liquid chromatography-
mass spectrometry (LC-MS), liquid chromatography-tandem mass spectrometry
(LC–MS-MS), high-performance liquid chromatography (HPLC) and low-pressure
gas chromatography-mass spectrometry (LP–GC/MS). Conclusively, the pesticide
residues can be resolved only up to an extent by gas chromatography or liquid
chromatography-based technique. There is a need to develop more efficient tech-
niques while keeping these techniques still in use, for the satisfactory separation of
the pesticide residues.
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Abbreviations

CE Capillary electrophoresis
CEC Capillary electrochromatography
GC Gas chromatography
GC-MS Gas chromatography-mass spectrometry
HILIC Hydrophilic interaction liquid chromatography
HPLC High-performance liquid chromatography
HPLC-MS High-performance liquid chromatography-mass spectrometry
IA Immunoassays
LC Liquid chromatography
LC-GC Liquid chromatography-gas chromatography
MRM Multiple-reaction monitoring
QqQ Triple quadrupole
TLC Thin-layer chromatography
UPLC Ultra-performance liquid chromatography

4.1 Introduction

After World War II, the pesticide usage in agriculture accelerated due to an increase
in world food production. Ordinarily, insecticides and herbicides have been used
before harvesting of a crop, rodenticides during post-harvest phase, while the
application of fungicides is random and controlled by the nature of the crop.
Herbicides are the most commonly used pesticides, followed by insecticides, fungi-
cides and the rest follow. The contemporary intensive crop-based agriculture has led
to the need for an augmented use of synthetic pesticides. (Jones and De Voogt 1999).

However, pesticides were used not only in food production but also for a variety
of other uses. The most common organochlorine pesticide, 1, 1, 1-Trichloro-2, 2-bis
(4-chlorophenyl) ethane (DDT), was used in preventing the outbreak of malaria
along with some vector-borne diseases such as leishmaniasis and dengue, by
preventing the mosquito growth. Lindane was another extensively organochlorine
pesticide that was used in the treatment of children with head lice (Jones and De
Voogt 1999).

Pesticides enter the atmosphere due to the poor adsorption onto the applied
surface, because of the spray drift, through post-application processes like
re-entrainment of soil particles onto the plant surfaces or by volatilization. Due to
the partial adsorption of pesticides on the surface of the soil, the residues are
commonly found scattered in food products, water bodies and soil (Picó et al.
2007; Morais et al. 2009; Andreu and Picó 2004). Additionally, when the industrial
emissions from the production of pesticides reach the atmosphere, the traces of these
residues can be found in the fruits, vegetables, and crops as well. In recent years, new
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pesticides that exhibit a greater specific action and have an enhanced polarity and
reduced persistence than the old ones have come into existence (Bai et al. 2006).

Over 800 pesticides of numerous chemical groups and functions have been
registered to restrict the growth of the unwanted pests and weeds on the crops.
Pesticides can be classified based on the functional groups in their molecular
structure and of their specific biological activity on the target compounds. This is
shown in Fig. 4.1. Thus, pesticides have diverse physical and chemical properties.
For a wide variety of the pesticide and food commodity combinations, the European
Union has set Maximum Residue Limits (MRLs) to address the health concerns on
exposure to these chemicals (Kosikowska and Biziuk 2010). The presence of
agrochemical compounds in the farmer’s blood has also been used as an indicator
to estimate the occupational exposure to these compounds (Dagnac et al. 2002).

Pesticides can be altered into the environment into a vast number of degradation
products that may also be known as transformation products. When compared to the
original compound, the transformation products show greater insecticidal activity,
are more polar, less volatile and they are also thermolabile. These can also be more
toxic and persistent than the parent compound, for instance, carbamates or certain
other organophosphorus pesticides like Malathion and fenitrothion (Uygun et al.

Fig. 4.1 Pesticides can be classified based on the functional groups in their molecular structure and
on the basis of their specific biological activity on the target compounds
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2007). As a matter of fact, these transformation products can have additional
properties that enable them to reach the environmental areas not reached by the
parent compound itself. For instance, some of the degradation products can access
the groundwater effectively than the parent compound due to their enhanced soil-
water mobility (Belfroid et al. 1998).

From the agricultural and the environmental point of view, the organophosphorus
insecticides like chlorpyrifos-methyl, chlorpyrifos or chlorfenvinphos and triazine
herbicides such as simazine, atrazine, and metribuzin are the most routinely used
pesticides (Carro and Lorenzo 2001). Although the use of chlorinated pesticides has
been restricted long ago, their use is still prevalent in the remote regions where their
residues have been found (Manirakiza et al. 2001). These residues are of great
concern because these pesticides are the most toxic and remain persistent in the
environment. Organophosphorus pesticides too are routinely used. Studies indicate
that these are found to be mutagenic, genotoxic, cytotoxic, carcinogenic, teratogenic
and immunotoxic (Hercegová et al. 2007; Sarabia et al. 2009).

Pesticides exist within the bounds of the environment in trace amounts of parts
per trillion (ppt) or parts per billion (ppb) levels. Hence, to detect them in any
sample, a specific analytical procedure corresponding to the target compound needs
to be applied. For most of the products, the pesticide residues need to be first isolated
from the complex-matrix and then cleaned and pre-concentrated for further deter-
mination. For enhanced efficiency, the analysis of target compounds in agricultural
products is brought about by the multiresidue methods (MRMs) than the single-
residue methods (SRMs). This ensures that numerous compounds are detected in a
single run. Multiresidue methods (MRMs) can be run in two modes. First is the
multiclass Multiresidue Method mode wherein the residues of numerous groups of
pesticides are covered. Secondly, the numerous residues of chemically related
pesticides such as carboxylic acids, N-methyl carbamate pesticides (NMCs), and
phenols, are taken into consideration (Kosikowska and Biziuk 2010).

Of late, gas chromatography (GC), gas chromatography-ion trap mass spectrom-
etry (GC-ITMS), gas chromatography-mass spectrometry (GC-MS), and gas
chromatography-tandem mass spectrometry (GC–MS-MS) have paved their way
in the field of scanning pesticides because of their effective selectivity, separation
capabilities and identification powers of mass spectrometry (Vidal et al. 2002;
Arrebola et al. 2003). Supplementary to the gas chromatography-mass spectrometry
(GC-MS) methods, there exist quantification methods like high-performance liquid
chromatography (HPLC), liquid chromatography-tandem mass spectrometry (LC–
MS-MS), low-pressure gas chromatography-mass spectrometry (LP–GC-MS), and
liquid chromatography-mass spectrometry (LC-MS) (López-Blanco et al. 2002;
Hernández et al. 2006; Mol et al. 2003; Walorczyk and Gnusowski 2006). The
commonly used detectors in Gas chromatography, Liquid chromatography, and
Mass Spectrometry are summarized in Table 4.1.
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This review has been compiled to summarize the current analytical techniques
available to detect the pesticides that are being used heavily in recent times. The
routinely used quantification procedures have been described below in general. The
subsequent sections give an insight into the specific and additional detection
methods employed for water, air, soil, and food products.

Table 4.1 The commonly used detectors in gas chromatography, liquid chromatography, and mass
spectrometry are tabulated here along with their specific targets

Types of detectors employed Uses

Gas chromatography (GC) Electron capture detector
(ECD) and electrolytic con-
ductivity detection (ELCD)

For the detection of haloge-
nated compounds

Nitrogen-phosphorus detec-
tor (NPD)

For the detection of nitrogen-
and phosphorus-containing
pesticides

Flame photometric detection
(FPD)

For the detection of sulfur or
phosphorus-containing
pesticides

Atomic emission detector
(AED)

For the detection of metallic
and non-metallic organic
pesticides

Microwave induced plasma
atomic emission detection

For the detection of haloge-
nated hydrocarbons in pesti-
cide containing water samples

Liquid chromatography
(LC) and high performance
liquid chromatography
(HPLC)

UV/Vis detector For the detection of com-
pounds with UV chromophore

Fluorescence detector (FI) For the detection of groups
with native fluorescence or a
fluorescence tag in pesticides

Electrochemical detector For the detection of electro-
active groups in pesticides

Mass spectrometry (MS) Single quadrupole detector For pesticide analysis in food
and water

Time of flight (TOF) and
quadrupole time of flight
(QqTOF)

For pesticide analysis in food
and water

Triple quadrupole (QqQ)
detector

For pesticide analysis in food
and water

Quadrupole ion trap (IT) and
triple quadrupole linear ion
trap (QqLIT)

For pesticide analysis in food
and water

Orbitrap mass spectrometer For pesticide analysis in food
and water
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4.2 General Methods of Detection for Pesticides

4.2.1 Gas Chromatography (GC)

The pesticides that possess low-polarity, are volatile or have thermal stability are
readily detected by gas chromatography. The column here is selected depending on
the nature of the pesticide to be identified (Ahmed 2001). Largely, organochlorine
pesticides occur in a non-ionic form along with being highly volatile. Thus, gas
chromatography can be the best suited in the determination of these. The commonly
used stationary phases for the organochlorine pesticides detection include 100%
dimethylpolysiloxane, methyl polysiloxane containing 5, 35 or 50% phenyl
polysiloxane or 14 or 50% cyanopropyl phenyl polysiloxane. The non-polar station-
ary phases are favored due to their stability (Chung and Chen 2011).

Furthermore, a variety of conventional and sensitive detectors coupled to gas
chromatography improved the quantification procedures of pesticide residues from
different matrices and enhanced the detection. For instance, electron capture detec-
tion (ECD) is the approach for detecting compounds that are organochlorine, since
they have a noteworthy response for this pesticides’ group. Nitrogen-phosphorus
detector (NPD) or a flame photometric detector (FPD) is preferably used over
electron capture detection because of the increasingly sensitive and specific response
obtained. Electron capture detection possesses a reduced selectivity and thus neces-
sitates the confirmation of the identity of the residue to discard the false-positive
residue, particularly the ones at low levels in juices and beverages. (Salvador et al.
2006; Gebara et al. 2005; Parveen et al. 2005).

The detectors are occasionally connected in parallel to produce results with a
single injection. In capillary gas chromatography, the injector used for analyzing the
pesticides can be either operated in a split mode, in which the gas stream is divided,
or a splitless mode wherein the gas stream is not divided. Although the split injection
mode is widely used, there is a considerable loss of sample and hence the trace
analysis of pesticides in the air cannot be accomplished. Here, the splitless injection
is more suitable where the entire sample is introduced for analysis. Nonetheless,
there is a much notable thermal degradation as compared to that of a split injection,
since the sample is in the heated inlet for a longer time. An on-column injector
provides the substitute as the samples of known volumes can be directly injected
onto the column. Subsequently, the chances of discrimination and thermal degrada-
tion are highly reduced. The splitless injection technique is picked over the
on-column injection of the sample into the gas chromatography due to its cleanli-
ness. The recently introduced autosamplers allow for the introduction of large
volumes of extracts to be introduced at lower speeds and produce enhanced resolu-
tions (Kosikowska and Biziuk 2010).

In addition to these conventionally accessible element-specific detection
methods, gas chromatography hyphened with mass spectrometry detections include
ion trap, single quadrupole, as well as triple quadrupole mass spectrometers. Their
adoption particularly involves the pesticide residue analysis in foods of animal origin
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(Ahmed 2001). Nowadays, mass spectrometry coupled to gas chromatography has
been used to analyze pesticides of different classes at trace levels. Mass spectrometry
detection helps provide a full scan as a universal detector including specific detector
operating with the selected ion monitoring (SIM) mode. When specific major ions of
a mass spectrum of pesticide are supplemented to a certain retention time in gas
chromatography selective to every complex, an excellent confirmation of the identity
of residue is obtained. These can also provide the identity of its metabolism products
as well as the products of deterioration while in the same acquisition run.

Two-dimensional gas chromatography segregation- Two-dimensional gas chro-
matography (GC�GC), also known as comprehensive gas chromatography,
achieves dissociation of targeted compounds after placing the two capillary columns
orthogonally, wherein the succeeding column has a shorter length and is smaller in
diameter. Henceforth, the co-eluting peaks resulting from the preceding column are
efficiently split up by the succeeding column. Subsequently, sharper peaks with
higher intensity and smaller peak width are obtained (Tadeo et al. 2004).

There are limited numbers of applications of two-dimensional gas
chromatography –mass spectrometry (GCxGC-MS) methods for pesticide detection
in food and water since the two-dimensional gas chromatography (GC�GC) instru-
mentation is complex, requires high maintenance, and is expensive. Along with the
operation being complicated, the two-dimensional gas chromatography (GC�GC)
tool gives chromatographic peaks that are very narrow and thus high acquisition
rates provided by high-speed time of flight (TOF) can be integrated with
it. Enhanced resolution by the two-dimensional gas chromatography (GC�GC)
would reduce if mass spectrometry detection is employed (Górecki et al. 2006;
Mondello et al. 2008). For satisfactory separation of all organochlorine pesticides
analytes, two-dimensional gas chromatography (GC�GC) conditions need devel-
opment by repositioning modulation time as well as hot and cold-pulse duration.
One column has been generally used for the same class of pesticides. However, a
pair of columns with varying polarities along with distinct geometric parameters
with similar or different chromatographic conditions can also be used. Recurrently,
the preceding column has been used in analytical determination, while the
succeeding column helps to confirm the identification of the peak (Dasgupta et al.
2010).

4.2.2 Liquid Chromatography (LC) and High-Performance
Liquid Chromatography (HPLC)

The high-performance liquid chromatography (HPLC) can be operated in either
normal-phase or reversed-phase. The normal-phase uses a polar stationary phase
like that of organic moieties with cyano and amino functional groups or silica. The
mobile phase is non-polar consisting of a very non- polar solvent of hexane or
heptane mixed with a slightly more polar solvent of isopropanol, ethyl acetate or
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chloroform. To determine the analytes that can easily be soluble in non-ionic
medium, operating the high-performance liquid chromatography (HPLC) in this
mode is adequate.

Pesticides which are thermally labile or non-volatile like triazines and carba-
mates, along with their metabolism products and products of degradation, are
determined by high-performance liquid chromatography (HPLC). Since their detec-
tion is hindered by gas chromatography, they are detected by the application of a
reverse-phase high-performance liquid chromatography comprising of a non-polar
C18 stationary phase bonded to silica and composite containing acetonitrile or
tetrahydrofuran or methanol with water being the mobile phase. C8-bonded mate-
rials on silica stationary phases are used only to an extent. The compounds that elute
at high organic solvent concentration have an enhanced sensitivity due to the
enhancement of the ionization efficiency by the organic solvent composition
(Kostiainen and Kauppila 2009).

Ultraviolet-visible (UV), diode-array detection (DAD) or fluorescence detection
(FLD) is a part of the liquid chromatography based detectors for the determination of
parent as well as its transformation products (Alder et al. 2006). Additionally, the
compounds that fluoresce can be detected with a fluorescence detector
(FD) encompassing higher sensitivity and selectivity. Recently, liquid chromatog-
raphy has been coupled to numerous mass spectrometry detectors, for determining
pesticide residue levels and to resolve their structures in solid and liquid samples in
the environment along with baby food and foods of plant origin (Ahmed 2001).
Tandem MS-MS integrated with high-performance liquid chromatography (HPLC)
improves the selectivity of the detection while allowing the verification of trace level
residues. This is ensured by eradicating the interferences through parent ion segre-
gation and the underlying fragmentation before ion measurement (Tadeo et al.
2004). This analytical technique has replaced various specific, burdensome methods
for the analysis of N-methyl carbamates, by encompassing the target compounds in a
multiresidue method (Pihlström et al. 2007).

High-performance liquid chromatography (HPLC) is presently being used for
multiple reaction monitoring (MRMs) of compounds that have low volatility like
bipyridylium herbicides as well as heat-sensitive compounds like NMCs or
benzoylurea. These no more require extensive clean-up procedures or derivatization.
The limits of detection (LOD) are in the range of μg/kg or even lower when various
detectors are employed. These particularly depend on the combination of pesticide
and matrix and the employed detection technique. The limits of detection are
lowered and the selectivity is highly enhanced when mass spectrometry or tandem
MS-MS detection is used (Tadeo et al. 2004).

The development of new liquid chromatography packing material for the column
has led to the development of immunoaffinity sorbents, molecularly imprinted
polymer, and restricted access medium columns. Owing to their feasibility, stability,
and ease of preparation; molecularly imprinted polymer materials have gained much
popularity. The affinities and selectivity obtained by the binding of the prepared
polymeric receptors to that of the small molecules in these columns are similar to
those of the immuno-based interactions. Thus, the target analyte can be selected and
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retained in the course of the imprinting process. The principle holding the restricted
access medium columns is the analyte retention. There is the plausibility of an
enhanced screening using the Ultra-Violet detection in reversed-phase Liquid chro-
matography of the polar pesticides when using these recently developed columns
(Ahmed 2001).

Apart from the use of conventional Liquid chromatography or ultra-performance
liquid chromatography (UHPLC), there exist other methods for the distinct separa-
tion of transformation products. As these transformation products are small ionic
compounds, their separation becomes difficult using the typical reversed-phase
liquid chromatography. The use of ionic or ion pair chromatography is the best
suited for such ionic compounds like dialkyl phosphates, that is only partially
separated by Liquid chromatography. This results in a very efficient separation
(Botitsi et al. 2011).

4.2.3 Gas Chromatography-Mass Spectrometry (GC-MS)
and High-Performance Liquid Chromatography-Mass
Spectrometry (HPLC-MS)

The determination of both the pesticide residues and its transformation products
requires that chromatographic techniques hyphenated to mass spectrometry as the
detection system is used. Mass spectrometry can work in a hyphenated system with
gas chromatography or liquid chromatography to give more sensitive analytical
techniques of gas chromatography-mass spectrometry (GC-MS) and liquid
chromatography-mass spectrometry (LC-MS) (Botitsi et al. 2011). These can deter-
mine a wider range of concentrations. Further sensitivity can be increased by the use
of tandem mass spectrometry like LC–MS-MS and GC–MS-MS (Kosikowska and
Biziuk 2010). Mass spectrometry has been a robust detection tool which may use
several analyzers, as shown in Table 4.1, for the identification, quantification,
detection, and confirmation of the pesticide residues and its transformation products.
The development of a robust technique of ion trap MS-MS provides a substitute in
determination as well as verification of pesticides present in minute quantities.
Tandem mass spectrometry reduces intrusion by matrix, enhances selectivity, attains
higher signal-to-noise ratio and consequently enhances the limit of detection (Chung
and Chen 2011).

Two categories of bench-top mass spectrometry detectors are used together with
capillary gas chromatography, a quadrupole mass spectrometry and, an ion trap.
These offer the capabilities of commonly used GC–MS-MS without the added cost
and offer the unambiguous identification and quantification of numerous compounds
in complex fatty matrixes. Thus, the prevailing methods use mass spectrometry in
the analysis of trace residues due to its inherent capabilities like selectivity, sensi-
tivity, avoidable need for derivatization and identification-confirmation capability in
a single step in different types of complex matrices. The amalgamation of HPLC
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with mass spectrometry (HPLC-MS) has overcome the disadvantages of high
performance liquid chromatography (HPLC) detectors having reduced sensitivity
and selectivity (Lehotay 2006).

Liquid chromatography –mass spectrometry (LC-MS) has been employed in the
detection of non-volatile, ionic compounds like triazines, chlorinated phenoxy acids,
and carbamates that are readily available for thermal degradation or cannot be
vaporized in gas chromatography separations (Chaves et al. 2008). Some of the
modern pesticides are not amenable to gas chromatography and if they do not
contain any strong chromophore for ultraviolet or visible absorption or if they do
not fluoresce, then LC–MS-MS becomes the only choice to detect the pesticide in its
unmodified form. Liquid chromatography –mass spectrometry (LC-MS) can provide
constitutional make-up too, for the verification of the identity of a sample analyte
(Rosen 2007). A selected ion from the target compound can be fragmented by
collision and hence all of the potential interferences from the matrix of sample,
stationary and mobile phases can be eliminated (Rodrigues et al. 2007).

Diode array detection, when used in a multi-wavelength scanning program, may
register spectra from 190 to 400 nm concurrently. This helps ensuring the detection
of all of the UV-Vis absorbing constituents. The introduction of Atmospheric
pressure photoionization (APPI) technology is enabling liquid chromatography –

mass spectrometry (LC-MS) in turning out to be amenable to non-polar compounds.
LC–MS-MS has been a potent mechanism in the detection of pesticide residues in
numerous complex matrices due to its distinguished advantages. Some of them
include the enhanced sensitivity and selectivity, reduction in sample pre-treatment
steps, satisfactory quantification and the reliable confirmation that can be achieved
even for trace amounts of pesticides. Until now, all organochlorine pesticides and
their degradation products were analyzed by coupling with a selective detector or
mass spectrometry detector. Anyhow, chlordecone is insensitive even with GC–MS-
MS. Thus, LC–MS-MS might be taken into consideration while determining
chlordecone (Chung and Chen 2011).

The newly developed ambient-ionization mass spectrometry techniques like
desorption electrospray ionization (DESI) and direct analysis in real time (DART),
hyphenated with high-resolution mass spectrometry platforms without liquid chro-
matographic separation, require minimum pretreatment. Conclusively, these have
shown potential for the screening of pesticide residues (Botitsi et al. 2011). Although
numerous pesticides can be analyzed by both gas chromatography –mass spectrom-
etry (GC-MS) and liquid chromatography –mass spectrometry (LC-MS) techniques,
a wider scope is provided by the methods applied in GC-MS. This is because a few
pesticide composites make their determination by LC-MS a tedious task. The use of
capillary gas chromatography coupled to MS-MS has achieved appreciable sensi-
tivity when complex matrices are considered since they eliminate the interferences
prior to the ion measurement. GC-MS is beneficial for the organochlorines, as these
have low polarity and are non-ionizable and hence cannot be used in LC-MS
(LeDoux 2011).

The mass spectrometers that can be commonly used in combination with gas
chromatography include:
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1. Triple quadrupole (QqQ) - Owing to the increased specificity, sensitivity, preci-
sion, and a wider linear range, the approaches employing triple quadrupole
(QqQs) detectors have been extensively utilized in pesticide determination of
food and water. Multiple-reaction monitoring (MRM) monitoring introduces an
additional advantage of greater specificity by detecting both the source ion as well
as any of its pre-determined fragments (Rosen 2007). These made the identifica-
tion and subsequent quantification of the different pesticides possible in a single
analysis. It aids in identifying isobaric species efficiently (Wołejko et al. 2016).
Nonetheless, these compounds require an extensive instrument parameter opti-
mization depending on the compounds and cannot identify the non-targeted
compounds. Additionally, a set of standards have to be run to prepare the
calibration curves of the standards for the identification and quantification of
the standards present in the pesticides for each batch of samples (Wang et al.
2019).

2. Times of flight (TOF) - Presently accessible liquid chromatography –time of
flight -mass spectrometry (LC-TOF-MS) along with LCQqTOF- MS platforms
are undeveloped for pesticide residue detection (Lacorte and Fernandez-Alba
2006). Pesticide detection in food together with water widely use the TOF-MS
detectors (Fernández-Alba and García-Reyes 2008; Ibáñez et al. 2008). TOF tools
estimate mass-to-charge ratios relying upon distinction in the timings of the flight
that is dependent on mass from the analyzer to a detector with high sensitivity,
high mass resolution (more than 5000 FWHM) and high-mass accuracy for the
pesticide analysis (Fernández-Alba and García-Reyes 2008). LC-TOF-MS is
profitable by providing the primary configuration of the source as well as
fragmented ions that might be employed for discerning or verification of target
compounds. Their use can also be extended for the recognition of unspecified
composites for non-target analysis. Full scan techniques like TOF-MS prove to be
beneficial as compared to the targeted acquisition by MS-MS detection when an
exhaustive screening of pesticide residues is being considered. The increased
selectivity helps discriminate between the target pesticides by MS-MS detection
that was only slightly separated by liquid chromatography (Garcia-Reyes et al.
2007).

3. Ion trap (IT) and triple quadrupole linear ion trap (QqLIT)- The ion trap
(IT) mechanism by virtue of its multiple stages fragmentation (MSn) ability,
can allow the continuous segregation of parent ions at variable stages, trapping,
fragmentation, and mass examination as a function of time and in the same space.
As a result of this, they have been widely used in pesticide residue detection for
gratifying full scan sensitivity. These features cannot be availed in the triple
quadrupole (QqQ) and QqTOF instruments. However, when IT-MS is operated
in the multiple-reaction monitoring (MRM) mode, they display reduced sensitiv-
ity, lower linear dynamic range, along with reduced quantification ability when
compared with the triple quadrupole (QqQ) complex running in the multiple-
reaction monitoring (MRM) approach. The inherent sensitivity and MSn preci-
sion and spectral quality are compromised due to the plausibility of only 10–30
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ions being monitored simultaneously. This can be attributed to the space charge
effects (Soler and Pico 2007; Kuster et al. 2006).

4. Quadrupole time of flight (QqTOF) - When conventional TOF-MS leads up to
quadrupole and a collision cell, there is an increased resolution and an enhanced
sensitivity with mass accuracy in the QqTOF-MS platform. This leads to an
effective determination of the pesticide residues and their altered compounds
(Kuster et al. 2009; Hernández et al. 2008; Barceló and Petrovic 2007; Petrovic
and Barceló 2006). The hybrid quadrupole time of flight mass spectrometry
(QqTOF-MS) is being effectively employed in the detection of photo-degraded
or the hydrolyzed products of pesticides found in environmental waters. These
display high resolution and possess accurate mass capability (Hernández et al.
2008).

5. Orbitrap mass spectrometer- The recent development is the use of a single-stage
mass spectrometer in the form of orbitrap technology for the analysis of pesticides
to ensure food safety. The orbitrap hybrid mass spectrometer is an amalgam of
techniques used in linear ion trap-MS (LIT-MS) together with orbitrap mass
analyzer possessing sharp resolution as well as mass precision capacity (Makarov
et al. 2006; Perry et al. 2008).

An enhanced selectivity, sensitivity and remarkable degree of confirmation are
achieved when liquid chromatography - gas chromatography (LC-GC) is coupled. In
this technology, certain specific components are prefractionated by liquid chroma-
tography and then sent to the gas chromatography to segregate the analyte followed
by its determination. The subsequent on-line transfer leads to the replacement by the
liquid chromatography step of the sample formation procedures like extraction,
clean-up, and concentration. The disparate techniques used for each stage in the
sample preparation steps are summarized in Fig. 4.2. This helps save time and the
use of voluminous toxic organic solvents which frequently lead to errors and analyte
loss. Automation in the liquid chromatography - gas chromatography (LC-GC)
systems is an asset when equated to the alternate procedures, especially in cases of
larger sample volumes. Anyhow, the solvent utilization is again more when com-
pared to the amount desired along with the high-priced apparatus owing to the
compounded assembly (Cortés et al. 2008; Flores et al. 2008; Sanchez et al. 2006).

4.2.4 Thin-Layer Chromatography (TLC)

This technique is often used for the determination of pesticides like N-methyl
carbamate pesticides (NMCs), pyrethrins or pyrethroids together with their metab-
olites. Owing to its lower detection limit, it is less widely used than high perfor-
mance liquid chromatography (HPLC) and capillary gas chromatography. The
availability of automated multiple developments of the TLC plate for analysis of
pesticide residues makes even the formation of a gradient elution possible. Here, the
detections are usually carried out by employing a thin-layer chromatography (TLC)

166 H. Patel



scanner for measuring the ultraviolet (UV) absorbency for as many as six wave-
lengths (Ahmed 2001).

4.2.5 Capillary Electrophoresis (CE) and Capillary
Electrochromatography (CEC)

This account for the recent scientific methodologies which are being employed for
pesticide residues detection. The increased resolution, accelerated analysis and
reduced solvent consumption are the assets of this technique. In capillary electro-
phoresis, an electrolytic suspension called running buffer like sodium phosphate fills
up the fused silica capillary. The sodium salt of octakis (2, 3-diacetyl-6-sulfo)-Q-
cyclodextrin is being employed as the resolving tool in the effective capillary
electrophoresis separation of organophosphate enantiomers that possess a
phosphorus-based stereogenic center. Micellar electrokinetic chromatography

Fig. 4.2 The disparate techniques used for each stage in the sample preparation steps have been
summarized in this figure. The sample preparation steps include extraction, enrichment, and
concentration of the pesticides in the sample
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(MEKC) is the familiar mode of capillary electrophoresis. Here, the surfactants that
have concentrations higher than the critical micellar concentration are pushed into
the background electrolyte. Subsequently, micelles are formed. On interaction with
the micelles, the neutral and comparable structured compounds are separated. The
surfactants used here may be anionic such as sodium dodecyl sulfate or cationic or
zwitterionic. Bile acids and vancomycin may also be used. The substitute technique
of MEKC is capillary electrochromatography (CEC). Herein, the micellar pseudo-
stationary phase is replaced by a stationary phase of C18. This technique is a
combination of the separation adequacy of capillary electrophoresis and the selec-
tivity of high performance liquid chromatography (HPLC) (Ahmed 2001).

4.2.6 Immunoassays (IA)

Immunoassay technique is preferred because it is feasible, non-strenuous, can be
performed without any high-tech instrumentation and do not require any tedious
sample cleanup and extraction procedures. These methods are favored when huge
sample quantities are screened simultaneously for a sole analyte in brief period.
Majorly employed immunoassay in pesticide determination is immunosensors (IS),
immunolabeling and enzyme-linked immunosorbent assay (ELISA). ELISA tech-
nique has been booming for pesticide measurement (Bhand et al. 2005). However,
these require certain amendments to be made. When a parallel is drawn between
chromatography and immunosensors, it can be seen that the immunosensors are
highly selective, sensitive, can be used for in-field detection and can work with
complete automation to produce results within a short period (Jiang et al. 2008).
However, the application of ELISA is limited to single pesticide or some class-
specific immunoassay and cannot perform multiresidue pesticide analysis. Afresh,
ELISA has shown comparable results to high performance liquid chromatography
(HPLC) in the analysis of carbaryl, N-methyl carbamate pesticides (NMCs),
carbofuran and methiocarb in strawberries and cucumbers, involving no clean-up
of the sample (Ahmed 2001).

4.2.7 Ultra-Performance Liquid Chromatography (UPLC)

A vital development in liquid chromatography field has been the increasing use of
UPLC. The principle of ultra-performance liquid chromatography (UPLC) is based
on the increase in the efficiency that is not affected by any increased flow rates or
linear velocities when the particle size is reduced to less than 2.5 microns. Conven-
tional high performance liquid chromatography (HPLC) columns are 10–25 cm
long, have an internal diameter of 2.1–4.6 mm, particle size is 3–5 mm and run at
pressures going under 6000 psi. In contrast, ultra-performance liquid chromatogra-
phy (UPLC) has normal-sized columns ranging from a length of 100–150 mm,

168 H. Patel



internal diameter 2.1 mm, and particle diameter within 2 mm. These require specific
high performance liquid chromatography (HPLC) pumps that can apply pressures up
to 1500 psi. The smaller particle size in UPLC increases the column efficiency
greatly and becomes almost uninvolved with the flow rate of the mobile phase. Thus,
ultra-performance liquid chromatography (UPLC) has an upper hand over HPLC
due to their narrower peaks, improved confirmation of the targeted pesticides,
augmented speed, enhanced accuracy owing to the elevated peak intensity and
enhanced resolution (Leandro et al. 2006; Kovalczuk et al. 2006).

4.2.8 Hydrophilic Interaction Liquid Chromatography
(HILIC)

An exceptional development was that of the introduction of HILIC (Hemström and
Irgum 2006). It is a substitute to the ion pair liquid chromatography which is applied
to the splitting of ionic compounds that cannot be retained in the reversed-phase
columns. This model is similar to that of the normal-phase liquid chromatography,
except the fact that they use a polar mobile phase which stands compatible with the
mass spectrometry detection (Zhu et al. 2008). The polar stationary phases in
hydrophilic interaction liquid chromatography (HILIC) are available to bind to
polar compounds that possess a greater affinity than the non-polar compounds.
The polar stationary phases might include cyanopropyl- (CN), aminopropyl-
(NH2), and 2, 3-dihydroxypropyl altered (OH) together with unaltered silica. The
composites are eluted in order of intensifying hydrophilic and polar character
because of the employed aqueous-organic solvent gradient accompanied by a reduc-
ing organic solvent concentration. The coupling of hydrophilic interaction liquid
chromatography (HILIC) with mass spectrometric detectors has proven to be effec-
tive (Kostiainen and Kauppila 2009).

4.2.9 Other Techniques

Although less informative than the capillary gas chromatography or high perfor-
mance liquid chromatography (HPLC), numerous minor techniques in pesticide
residues detection are employed. Since the gas chromatography and liquid chroma-
tography are comparatively expensive, the chemiluminescence (CL) method has
attracted its attention in the pesticide residues determination (Li et al. 2006). Flow
injection analysis (FIA) technique offers advantages like high sample throughput,
greater reproducible timing and it eliminates the need of attainment of a steady-state
(Kumaran and Tran-Minh 1992; Lee et al. 2002). This technique can thus be used for
the detection of pesticides. Many other methods can be alternatively used but these
are time-consuming and expensive. On one hand they are very sensitive and reliable
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but on the other hand, they require highly trained professionals and do not hold
suitable when in-field pesticides’ determination is considered. In a typical case, the
organochlorine pesticides analysis in plants was reported by estimating the intensity
of indium monochloride’s emission band at 359.9 nm that had a quantization level of
0.05 ng chlorine. The use of acetylcholinesterase for the enzyme inhibition assay
helps detect carbamate as well as organophosphate pesticides. These biosensors
possess a catalytic activity or inhibit numerous enzymes when in contact with
pesticides. A highly pH-sensitive fluorescence probe can be used in the flow
injection system to allow fluorescent monitoring of pH changes in the course of
the enzymic reaction. This method provides greater sensitivity than the other
reported pH-indicators (Patel et al. 2019).

4.3 Pesticide Residue Detection in Fruits and Vegetable
Products

The major path of pesticide exposure is by the ingestion of food. The remnants of
pesticides are generally observed in juice as well as beverages but at reduced
concentrations. This might pose a risk to human health when exposed to longer
time periods. And thus, maximum residue limits (MRLs) are defined by major parts
of the world. Vegetable products too are exposed to pesticides to remove the insect-
pests and henceforth control the pest complexes of various vegetable crops. Hence-
forth, the pesticides can be commonly detected in the exterior of the crops while
spraying treatment or might be soaked up by the rootstock. This makes it indispens-
able to regularly monitor the fruits and vegetable products for pesticide residues.
Ordinarily, the peel and the pulp contain higher amounts of pesticides than in their
juices. And thus, the analysis becomes burdensome. The analytical methods so
employed ought to be highly sensitive and specific (Gilbert-López et al. 2009).

Pesticide analysis poses some hurdles due to the complexity of the matrix and the
lower concentrations of the target compounds in the desired food products. Thus, it
is of utmost priority to pre-treat the sample, depending on its chemical composition,
before its analysis to avoid any interference during the sample analysis. Complex
multi-component samples like food require separation methodologies like gas chro-
matography together with liquid chromatography. When influenced by the acuteness
of the chosen procedure, a cleanup stage of the raw extract becomes crucial. In
general, when the matrix is more complex, the amount of desired pesticides is lower
and lesser is the specificity of ultimate segregation or determination and hence,
extensive clean-up becomes a pre-requisite (Gilbert-López et al. 2009).

Pesticide remnants in juice, as well as beverages, mostly use chromatographic
techniques, particularly the mass spectrometry (Tadeo et al. 2004). Ultraviolet
(UV) detection coupled to liquid chromatography has certain advantages like
being low in cost and providing a good response for numerous compounds. How-
ever, they have a lower selectivity and thus have constraints in measuring the
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pesticide levels found in juices. Additionally, highly selective techniques of deter-
mination like MS-MS coupled to a triple quadrupole pave way for the reduction in
the clean-up process while sample formation (Gilbert-López et al. 2009). Employing
mass spectrometry together with high performance liquid chromatography (HPLC)
has enhanced the responses of pesticides residues in fruits and vegetable products.
Multiresidue methods are practical and direct as they ensure detection of hundreds of
pesticides as well as its metabolism products in a single run. This is especially
important when organophosphorus pesticides with an oxidizable sulfide group are to
be detected, where the metabolites are a part of the residue content (Pihlström et al.
2007).

The quantification of pesticide residues in food can be accomplished by the use of
gas chromatography-high-resolution mass spectrometry (HRMS) and liquid chro-
matography HRMS such as orbitrap and time of flight (TOF) instruments. These
have full mass spectrometry scan capability (Wang et al. 2019). These help in the
identification of compound and elucidation of its structure. Nonetheless, electro
spray ionization (ESI) and atmospheric pressure chemical ionization (APCI) has
led to the feasible determination of pesticide residues of distinct chemical make-up
in food together with vegetables, at levels similar to those procured in GC–MS. The
LC–GC technique is used in detecting the remnants of pesticides in fatty vegetable
matrices such as nuts, pistachio nut, and hazelnut peanut and olive oil (Kumaran and
Tran-Minh 1992).

Immunoassays and capillary electrophoresis are the other analytical methods used
for the detection of fruits along with vegetable products. Enzyme-linked immuno-
sorbent assays (ELISA) has been used mainly for screening purposes rather than for
any accurate quantitative analysis in juice and beverages (Dagher et al. 1999; Urruty
et al. 1997). For instance, it has been used for the quantification of the fungicide
thiabendazole without the requirement of a clean-up in fruit juices and its concen-
trates. Photokinetic procedure for the determination of diquat in potatoes and
voltammetric technique for herbicide analysis in fruits have also been described.
Some others include spectrophotometric detection of organophosphorus compounds
in fruits, propoxur in vegetables and grains, bendiocarb in grains, and diquat and
paraquat in plants (Ahmed 2001).

4.4 Pesticide Residue Detection in Plant Material

In the contemporary world, there is a growing interest in the use of natal products,
namely herbal medicines. These have been adequately used in both the developed
and the developing countries. Due to the exposure of plants to chemical compounds
such as pesticides during their growth, storage, and the various manipulation stages;
there exists diversity in their chemical composition. Thus, herbal products possess
more of the quality-related issues that are specific (Calixto 2000).

Currently, the pesticide remnants determination in plant products has been
accomplished by using contemporary instrumental methodologies like gas
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chromatography, liquid chromatography, together with high performance liquid
chromatography (HPLC). Capillary gas chromatography and high performance
liquid chromatography (HPLC) by using specific detectors have been domineering
for determination of pesticide surplus in the specimen that originates from plants.
For screening purposes, planar chromatography (TLC), including the current sub-
stitutes like HPTLC, over-pressure layer chromatography (OPLC); are yet infre-
quently applied in conjunction with other specific biochemical determination
techniques. However, the traditional processes have been losing usefulness (Kováč
et al. 1987; Tekel 1990; Zoun and Spierenburg 1989).

Pesticides in the plant material ordinarily consist of certain heteroatoms like
oxygen, phosphorus, sulfur, nitrogen, chlorine, bromine and fluorine. Several of
these may often be present in a single molecule too. Subsequently, many gas
chromatography procedures employed for the pesticide determination in plant
extract operate with element-specific detectors. Multi-residue methods are the pri-
marily employed mechanisms for remnant detection in plant material (Lee andWylie
1991).

Disparate numbers of techniques and combinations of detectors have been used
for the analysis of samples of plant origin. Some of them are the two-dimensional gas
chromatography (Tekel and Hatrík 1996), GC-ECD-NPD system and the GC-AED
(Atomic Emission Detection) system. The AED detector is a combination of the
excitation of the plasma to that of optical emission spectroscopy. Conclusively, the
GC-ECD-NPD system appeared to be more feasible for the analysis while screening
of plant foodstuffs. Hence, the capillary gas chromatography could be used reliably
when running in parallel to ECD-NPD detection (Linkerhägner and Stan 1994).

4.5 Pesticide Residue Detection in Water

Pesticides when used to combat the agricultural pests by spraying on crops or when
applied to the soil are gradually released into the environment, especially water. The
use of this polluted water can lead to serious contamination of the environment and
may cause mishap to human health. Thus, monitoring the levels of pesticides is
crucial in minimizing the hidden hazards to human well-being. The commonly found
pesticide in wastewater was the insecticide diazinon, whereas the herbicide diuron
was present at the greatest concentration. However, the number of pesticides found
in rivers was much lower as compared to the wastewaters. The levels of pesticide
residues in drinking waters are of key importance and hence they need to be
evaluated by specific sensitive methods (Ballesteros and Parrado 2004).

However, contamination of water is not limited to only pesticides (Vazquez-Roig
et al. 2011). The pesticide mixture itself may contain a copious number of compos-
ites that have diverse functions and a broad range of polarity as well as solubility.
Whatsoever, polar contents of the mixture readily reach the surface water through
process run-off, spray drifting or leaching and thus can probably contaminate the
groundwater (Polati et al. 2006). Subsequently, the target compounds need to be
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separated from the mixture of chemical compounds present in water. Detection of
pesticides in the water samples from the environment can be only evaluated by some
sensitive method employing lesser extraction stages. Specimen formation protocol
that is rapid, accurate and precise and the ones that consume less solvent are
considered ideal to be used in the analysis. The instrumental techniques commonly
used for the analysis of water samples for pesticides include gas chromatography
with element-specific detectors, mass spectrometric (MS) detection and high-perfor-
mance liquid chromatography (HPLC) with diode-array detection (DAD) and fluo-
rescence detection (Jeannot et al. 2000; Rodrigues et al. 2007); Primel et al. 2010).

4.6 Pesticide Residue Detection in Air

The unrestricted use of pesticides has its aftereffects on not just the water bodies and
soil, but the air also gets infected by their use. This may be attributed to the fact that
there is a spray drift during its administration and volatilization after its application.
An approximated 30–50% of the sprinkled pesticides infiltrate the air and can
survive for several days or weeks. This happens when the pesticides adsorbed onto
the soil particles enter the troposphere post the application of pesticides (Yusà et al.
2009). Post-administration, the pesticides become rapidly available in their gaseous
order, dissolved in water vapor or can be adsorbed onto solid particles. However,
after they are exhaled into the atmosphere, they can either be in their gaseous phase
or the particles phase (Kosikowska and Biziuk 2010).

The determination of pesticides is crucial in the air since the transport of pesti-
cides by the atmosphere is a dominant cause of environmental pollution. The varying
stability of the pesticides leads to their different decomposition rates in the atmo-
sphere. This, in turn, governs the distances that the parent and the decomposition
products travel before settling. These may also be afar from the application spot of
the pesticide. The trace amounts of pesticides, particularly in the areas far away from
the sources; make the air specimen examination much more demanding than the
scanning of water or soil samples. Ordinarily, the air samples are analyzed by
extraction with soxhlet or accelerated solvent extraction. While resolving the air
samples, the apparatus should be such that it can separate the gaseous phase and the
solid particles. This is because of the considerably reduced levels of pesticides in the
air as compared to soil and water. The principle underlying such protocols is that the
pesticides are resolved from the air by pre-concentrating them onto solid sorbents
when huge amounts of airflow across it. This needs to be taken care of as the
pesticide quantity in the gaseous form might be in trace amounts (Kosikowska and
Biziuk 2010).

The pesticides are finally resolved in both, the gaseous as well as the particulate
matter, individually. Technique chosen for analysis depends on the compounds that
have to be targeted and thus, the key role is played by the selection of specific
detectors for a peculiar class of mixtures. The trace amounts of pesticides present in
the gaseous phase together with the particulate matter demand employing analytical
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techniques that are of utmost selectivity and sensitivity. The standard instrumental
techniques used after the isolation and pre-concentration of pesticides include the
application of gas or liquid chromatography, or them being coupled with mass
spectrometry (Kosikowska and Biziuk 2010).

4.7 Pesticide Residue Detection in Soil

Soil represents the predominant source containing the environmental pesticides,
from which the pesticides can be released into the atmosphere, groundwater or living
organisms (Luchini et al. 2000). Moreover, the first trophic level of the food chain is
formed when these pesticides on direct application get deposited either through a dry
gaseous or dry particle-bound or by the wet deposition onto plants and soil (Rashid
et al. 2010). Owing to their persistence and hydrophobicity, the pesticides accumu-
late in the soils and might be withheld for years. The surface and groundwater can be
contaminated when these move away from their sites, which can prove detrimental
to human health as well. Soil is miscellaneous in nature which has a permeable build-
up comprising of both the natural organic and inorganic components. Thus, the
extent to which the pesticides can adsorb to the soil depends primarily on the type of
pesticides and the soil attributes. The characteristics pertaining to soil maybe its
moisture, pH, the capacity to retain, filter and degrade pesticides, texture, and the soil
organic matter (SOM) quantity. Pesticides firmly adsorb to the soils that are rich in
clay or organic matter (Belfroid et al. 1998).

As compared to food, the interaction between soil particles and the analytes is
stronger (Rissato et al. 2005). For the reason that the organochlorine pesticides are
highly lipophilic in nature, these persist in soils by binding to the soil organic matter
through covalent bonds or hydrophobic interactions or diffused-controlled
partitioning. Thus, they are not leached out of the soil and have the potential to
travel long distances. The organochlorine pesticides are a part of the larger group of
persistent organic pollutants (POPs). Thus, their detection in even the trace amounts
becomes of utmost importance (Negoita et al. 2003; Zhang et al. 2011).

Pesticide residues in the soil are mainly analyzed using gas chromatography
employing nitrogen-phosphorus detection (NPD) or predominantly using gas chro-
matography with electron-capture detection (ECD). The target compounds in the soil
consist majorly of hydrophobic and the persistent organic pollutants (POPs). Thus,
very little attention is paid to multiresidue analysis or the other types of pesticides.
Electron impact (EI) ionization is the most widely used technique for cumulating the
characteristic dissociated ions of the composites. The method is successfully
implemented onto triazines, organochlorines, carbamates, organophosphorus,
chloroacetamides, and fungicides for their detection (Sánchez-Brunete et al. 2002).
However, since the molecular ions are sometimes invisible in electron impact
spectra, the procedure supplementing the electron impact technique is the chemical
ionization (CI). This helps determine the molecular weights. Commonly, the parent
pesticides are detected by either gas chromatography or liquid chromatography,
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whereas the transformation products, due to their ionic properties and reduced
volatility are analyzed only by liquid chromatography (Andreu and Picó 2004).

Due to the simultaneous extraction of humic substances along with the acidic
pesticides in the soil samples makes the trace analysis of these pesticides challeng-
ing. This can be attributed to the fact that the reversed-phase liquid chromatography
with ultraviolet determination (RPLC-UV) is obstructed because of the
co-extraction. At low wavelengths for determination like 220 nm, the intrusion by
the co-extraction is shown as a broad hump. Subsequently, the baseline deviates and
the reliable quantification for the analytes at trace levels becomes demanding
(Andreu and Picó 2004). Coupled-column RPLC (LC-LC) employing an analytical
column filled with restricted access material (RAM) has also been used to hike the
sensitivity of analyte detection in trace amounts (Hogendoorn et al. 2001). The
technique of fluorescence detection has been used only with N-methyl carbamates
that are broken down by sodium hydroxide at high temperatures to produce methyl-
amine. A fluorescent isoindole is produced when this reacts with o-phthalaldehyde
(OPA). This technique has been barely used, as pesticides along with its transfor-
mation products are not fluorescent and demand derivatization (Hogendoorn et al.
2001).

The hyphenated technique like gas chromatography-mass spectrometry (GC-MS)
has been widely used for the multi-residue detection of pesticides in soil. The ion
trap (IT) technique is an example of the tandem or MS-MS instruments coupled to
gas chromatography (Andreu and Picó 2004). The foremost advantage of the ion trap
is that it is capable of achieving the routine electron impact analysis of low-
molecular-weight compounds along with the competence of chemical ionization
and MS-MS. Although the ion trap technique can portray the aforementioned modes,
these have not been fully exercised for detecting pesticide residues in soil. Liquid
chromatography with mass spectrometry detection (LC-MS) is used as a substitute
for pesticide detection in soil (Stipičević et al. 2003). By surging the pre-analyzer
extraction (skimmer cone) voltage, the mass spectrometry fragmentation can be
accomplished by the use of a single quadrupole. However, increased specific
fragmentation of the protonated or deprotonated molecule is accomplished by the
use of collision-induced dissociation (CID) of the tandem mass spectrometry
(MS-MS) detection. Here, two tandem mass analyzers of triple quadrupole
(TQ) and ion trap are used. Using specific transitions, the triple quadrupole is
enforced to detect various acidic herbicides by carrying out the second fragmentation
between the first and second quadrupole in a collision cell (Pozo et al. 2001).

4.8 Conclusions

It can be noted that gas chromatography and high performance liquid chromatogra-
phy (HPLC) with mass spectrometry detection form the base for several detection
methods. HPLC–MS-MS is the favored, growing and robust technique for multi-
residue analysis (Hercegová et al. 2007). It is evident that no clean-up method is
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efficient enough to remove all of the components of a matrix from its source and the
complete segregation of all the sample components is practically not possible for
very complex samples. Thus, enhanced separation efficiency can be attained by the
use of two dimensional gas chromatography (GC�GC) or the rather powerful
technique of GC�GC combined with time of flight (Zrostliková et al. 2003).

The development of ultra-performance liquid chromatography (UPLC) and fast
gas chromatography in combination with different mass spectrometry platforms has
led to greater detection throughput without settling for sensitivity and segregation
capacity. The triple quadrupole (QqQ) platform, when operated in the multiple-
reaction monitoring (MRM) system, is highly precise and sturdy for both gas
chromatography as well as liquid chromatography interfaces that allow for low
scan times with high speeds. They can be effectively used for the analysis of multiple
residues of pesticides. The prominent intrusion in the pesticide multi-residue anal-
ysis is the use of a hybrid quadrupole linear ion trap (QqLIT) mass spectrometry
platform, which is an amalgam of the advantages of both linear and QqQ ion trap
mass detector (IT) geometries. The time-of-flight (TOF) and quadrupole time-of-
flight (QqTOF) form successful bases for the screening, spotting along with com-
position determination of pesticides’ transformation composites in food along with
water specimens. This can be attributed to their high accuracy and greater mass
resolution. In the field of pesticide residue analysis, the orbitrap mass spectrometer is
a rapidly evolving and promising technology (Botitsi et al. 2011).

When compared to gas chromatography –mass spectrometry (GC-MS), single
quadrupole mass spectrometers have not been much employed along with liquid
chromatography –mass spectrometry (LC-MS). Some studies also indicated that
numerous pesticides could be efficiently determined by electron capture detector
in gas chromatography measurements rather than in the LC–MS-MS. This holds true
for organochlorine compounds but additionally becomes genuine for other pesticides
like dinobuton, chlozolinate, nitrofen, benfluralin, etridiazole, flumetralin or
vinclozolin. This is bypassing fenchlorphos, which is more efficiently detected
using gas chromatography along with nitrogen phosphorus or flame photometric
detection and biphenyl that is solely detected by GC-MS.

Heretofore, only a few procedures to detect some of the organochlorine pesticides
in fatty foods survived to the expectations of the method performance criteria stated
by the Codex. Consequently, significant research is required for the betterment when
comparing it to the detection of other pesticide analytes such as organophosphorus
pesticides and carbamate pesticides.

Even for many gas chromatography-amenable pesticides, LC–MS-MS technique
proves to be powerful in providing superior quality results than gas
chromatography –mass spectrometry (GC-MS). Noteworthy analytical implementa-
tion of the LC– MS-MS can outweigh the gross capital of the instrument. It has
abilities to save time in method development, can produce broad peaks that grants
time to monitor many other co-eluting peaks without affecting the quality of results,
and is a powerful technique for routine or certain special projects. Thus, hundreds of
pesticide residues can be controlled in a single chromatogram of LC–MS-MS, which
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is not possible when using GC-MS with selected ion monitoring (SIM) or multiple
stages fragmentation (MSn) techniques.

When GC-QqQ-MS was compared to GC-IT-MS, several pesticides showed
intra-day precision similar in QqQ and ion trap, whereas inter-day precision was
undoubtedly better in ion trap. The triple quadrupole (QqQ) analyzer showed greater
sensitivity in fatty matrices owing to its greater selectivity in multiple-reaction
monitoring (MRM) stage and linearity was also enhanced with the triple quadrupole
(QqQ) analyzer. Four LC-MS techniques, namely, triple quadrupole (LC-QqQ-MS),
ion trap (LC-IT-MS), single quadrupole (LC-Q-MS), as well as quadrupole time of
flight (LC-QqTOF-MS) were correlated while determining carbosulfan along with
its major alteration compounds. The results displayed better reproducibility, broader
dynamic range and at least a 20-fold greater sensitivity in case of triple quadrupole
(QqQ) when compared to other instruments. When checked for sensitivity, QqTOF-
MS gave supreme results, succeeding IT-MS and QqQ-MS. For methodical pesti-
cide residue determination, the amalgam of LC-QqQ-MS-MS and UHPLC-QTOF
MS was found to be reasonable and efficient. Both the techniques carry the advan-
tages of simpler and rapid sample preparations along with the ability to detect
numerous compounds with varying polarities. Owing to its higher sensitivity,
LC-QqQ-MS-MS can detect a greater number of target compounds.

When the median of the limits of quantification are compared, it can be seen that
much higher sensitivity is portrayed when liquid chromatography and tandem mass
spectrometry are in use. The median of limits found for LC–MS-MS is found to be
between 0.1 and 1 ng/mL, whereas it is found to be 100 ng/mL in GC-MS.
Satisfactory implementation of LC–MS-MS can be dependent on the higher injec-
tion volumes in LC–MS-MS, 20 mL vs. 1 mL, as well as the reduced fragmentation
during ionization, electrospray ionization vs. electron ionization. Heedless of the
above constraints, the amount of pesticides contracted by a single LC–MS-MS run
has been found to be two or three times more than the total analytes studied by gas
chromatography-mass spectrometry (GC-MS) in the selected ion monitoring (SIM)
mode. The interference by a matrix is greatly reduced when tandem mass spectrom-
etry is used. Accordingly, no comprehensive cleanup and refined chromatographic
separation are required when LC–MS-MS methods are used.

For the analysis of air, it can be said that there is the need to develop a
simultaneous gas-particulate controlling procedure to upgrade the current environ-
mental regulations and controls of pesticides qualitatively. The need of the hour is to
detect the presence of pesticides in ambient air even at trace levels. However, the
detection of multi-residue pesticides in the air at low concentrations is an analytical
hurdle. The methods must be efficient enough to cope up with the engaged sources,
the discerning of mechanisms of transport, reactivity of atmosphere, impacts on
health and the setting of environmental limits.

When compared to the conventional procedures of gas chromatography and high-
performance liquid chromatography (HPLC), the enzyme-inhibition based biosen-
sors might prove to be an upper hand. Gas chromatography and HPLC are reliable
but expensive, arduous and tedious whereas the biosensors are speedy, inexpensive
and require almost no sample pretreatment. Nonetheless, these biosensors are
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relatively short-lived that limit their use and the detections generally needs more than
half an hour and several milliliters of samples (Patel et al. 2019).

The baseline is that the pesticide remnants determination by gas chromatography-
mass spectrometry (GC-MS) as well as LC–MS-MS illustrated that mass spectrom-
etry supplementing neither gas chromatography nor liquid chromatography based
technique could resolve the residue analytes. The need of the hour is to develop new
techniques keeping these techniques still in use. However, there are several advan-
tages of LC–MS-MS and hence it is still the most preferred method for pesticides’
residues determination. Be it the enhanced sensitivity, greater selectivity, broader
scope and the paramount one is the ability to carry out most of the detections without
derivatization.

Funding This work did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.
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Chapter 5
Bioindicators of Pesticide Contaminations

Ajoy Saha, Rakesh Kumar Ghosh, P.-K. Jesna, and Partha P. Choudhury

Abstract Reducing the economic losses caused by pests, and for improving crop
yields, use of pesticides in agriculture is imperative. The continuous use of pesticides
in the environment is of great concern as some of them are highly persistant and
causes harmful impact on non-target organisms. So, monitoring of them is utmost
important for management of pesticide pollution. Among the different monitoring
tools for pesticide pollution, use of bioindicator using living organism or its part or
group of organisms becoming the technique of choice as this is an inexpensive,
specific and easy to handle method. Moreover, number of living organisms could
accumulate the pesticides and thus helps in indicating the environmental pesticides
pollution.

Here, a review on biomonitoring of environmental pesticides pollution by using
bioindicator is presented. Pesticides contamination in air, soil and water and their
route of entry into the environmental matrices are first presented followed by a
general idea have been given on well-known natural species used as environmental
pesticides pollution bioindictaor. These species include microbes, animals and plants
of different groups which were widely used for bioindication of environmental
pesticides pollution from history to recent research which has been discussed
elaborately.
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Abbreviations

GC-MS/MS Gas Chromatography – Tandem Mass Spectrometry
LC-MS/MS Liquid Chromatography with tandem mass spectrometry
IUCN International Union for Conservation of Nature
OCPs Organochlorines pesticides
OPs Organophosphates pesticides
PCBs Polychlorinated biphenyls
SPs Synthetic pyrethroids

5.1 Introduction

The pest problem is a complex barrier in any agricultural production. Due to the
attack of pests in major crops, including rice, wheat, maize, barley, soybeans,
potatoes, cotton and coffee, farmers are losing crop yield to the extent of 20–40%
(Oerke et al. 1994; Oerke 2006). Global warming makes the situation more complex
as the higher temperature favors pest attack more. Deutsch et al. (2018) developed a
model for the estimation of crop loss due to the changing climate. As per their
estimation from the model, the crop loss of wheat, rice and maize due to the insect
pest infestation would increase by 10–25% per degree celsius rise in global temper-
ature. Since the discovery of DDT, farmers took up pesticides as the most effective
tool to combat the pest problems securing crop production. The resistance develop-
ment in pests against pesticides is a major concern for pest management. Farmers
need to spray pesticides repeatedly in increased quantity. The increasing consump-
tion of pesticides in crop fields and in non-crop situation leads to an environmental
crisis impacting ultimately on human and animal health. Reports on effects of
chronic pesticide exposure in human being and wildlife include endocrine disruption
(Colborn et al. 1993, 1996; Sumpter and Johnson 2005; Anway et al. 2005), cancer
(Patlak 1996; Hardell and Eriksson 1999; Schreinemachers 2000; Alavanja et al.
2004; Sanborn et al. 2004), immune suppressant acivity (Repetto and Baliga 1996),
impaired neurological development (Colborn 2006), learning disorders (Guillette
et al. 1998), Parkinson’s disease (Brown et al. 2006), earlier onset of puberty
(Guillette et al. 2006), fetal death (Bell et al. 2001), birth defects, and sex ratio
changes (Garry et al. 2002), eggshell thinning in birds, liver and kidney disorder,
immunodefficiency disorders, neurotoxicity, teratogenicity, delayed metamorphosis,
smaller body size, reduced activity and reduced tolerance to cold or predatory stress
(Murphy 1986; Colborn et al. 1993; Relyea 2005; Teplitsky et al. 2005). These are
only possible when our food chain, potable water and air get contaminated heavily
with pesticides. However, the toxicity of an applied pesticide depends largely on its
environmental behavior.

The fate of the pesticide residues determines its impact on the environmental
components. Fate of a pesticide refers to the pattern of distribution of it, its
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derivatives or metabolites in an organism, system, compartment or population of
concern as a result of transport, partitioning, transformation or degradation (OECD
2003). A pesticide, when it is sprayed over a canopy or on soil surface, may be
transported through different physical processes to various compartments of the
environment, viz. soil, soil-water system, surface water, ground water, air, plants,
crop produce and animals. The fate of the pesticide in the compartment is governed
by various biotic and abiotic factors.

The first exposure of an applied pesticide is green vegetation and thereafter it is
soil, where the pesticide deposits. A considerable part of the applied pesticide is
absorbed by the waxy cuticle of leaf or root of plants and enters into the plant
transport system and gets distributed into different plant parts, wherein it may be
degraded to non-toxic components or it may persist for a longer period acting as a
source of contamination.

In general, soil borne insect pests, diseases and weeds are managed by the direct
soil application of pesticides. Also a large portion of pesticides applied on foliages
ends up in soil. The pesticides present in soil gets bound to soil colloids i.e. clay and
organic matter. This bound pesticide is not readily accessible to plant than the
pesticide present in the soil solution. Soil colloidal particles carry a large amount
of electrical charges, which help in attracting the opposite charges of pesticide
molecules adsorbing them onto soil particle. As found in most cases of clay-pesticide
interaction, the charges are relatively weak and thus the adsorption process is
reversible. An equilibrium is attained between the amount of pesticide adsorbed to
colloids and that found in solution. The ratio of adsorbed herbicide to its free state is
influenced by several factors, including chemical properties of the herbicide, soil
characteristics and soil water content. The opposite charges on clay surfaces strongly
bind the ionic pesticides, viz. paraquat dichloride, diquat dichloride, salt of
2,4-dichlorophenoxyacetic acid, salt of glyphosate, etc. Therefore, the adsorption
of ionic pesticides is more in the soil having higher clay content. However, most of
the pesticides are non-ionic in nature. Soil organic matters play the major role to
adsorb those non-ionic pesticides.

A heavy irrigation or rainfall causes the runoff of water from the pesticide
application site. It transports water soluble pesticides or pesticides adsorbed on
soil colloids downstream, finally reaching to seasonal or permanent streams, rivers,
ponds, or lakes or their tributaries contaminating the surface water. Pesticide resi-
dues in surface water can cause injury to crops, livestock, or humans and the entire
ecosystem. Leaching of pesticide occurs as water moves downward through the soil.
Groundwater contamination is a major concern associated with the leaching of
pesticides.

In these different compartments, pesticides are to face some chemical and bio-
chemical forces, which eventually mineralize them. However, the rate of minerali-
zation of all pesticides is not similar. Some pesticides degrade very fast; some persist
for a longer time. Pesticides, which persist for a considerable period of time in the
environment, may exert their intrinsic toxicity affecting the normal growth of an
organism in the ecosystem. Sometimes the type of toxic effect is so specific for a set
of living organismand a pesticide, we can easily apprehend from the toxic effect
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about the presence of that pesticide in a significant level in the ecosystem. The
physical appearance of a particular living organism due to the toxic effect may
indicate the presence of the pesticide. Here, the phenomenon of the toxic effect on a
living organism caused by a pesticide is called ‘bioindication’ and the living
organism is the ‘bioindicator’ for the pesticide.

A bioindicator is defined as a living organism or its part or group of organisms,
the product of an organism (e.g., enzyme), and process of biological means which
can be used to generate information on the environment quality (Killham and
Staddon 2002). However, utilization of this process of using living organisms or
their products as a bioindicator for pesticide contamination is limited. A number of
bioindicators, including animal, plant, structure and biodiversity of microbial bio-
mass, even enzymes may be suggested for monitoring pesticide contamination in
soil or water, or in the ecosystem as a whole. Basically, biological indicators
quantify the degree of stress due to the toxicological impact of pesticides on an
individual organism or a group of organisms. It also indicates the extent of pesticide-
related stress (Hunsaker and Carpenter 1990; Suter 1993; Dale and Beyeler 2001).
These bioindicators can be utilized in developing simple and efficient method to
determine and identify the ecological changes in the environment due to the pesti-
cide contamination. They may be used as an early warning indicator of environ-
mental changes due to pesticide pollution.

The impact of a pesticide in any ecosystem is very diverse. A pesticide is applied
targeting either insect pests or weeds or disease-causing microorganisms. It kills a
pest or restricts its growth by inhibiting a specific enzyme system present in the
target pest. The similar enzyme may also be available in non-target organisms.
Therefore, the application of the pesticide can also cause toxicity to the non-target
organism. If the expression of this toxicity of pesticide is measurable, the non-target
organism can be used as a bioindicator. Therefore, the selection of an organism or its
product as an effective indicator is the most essential step for the overall success of
any monitoring programme. On the basis of the pioneering works of Landres et al.
1988, Cairns et al. 1993, and Dale and Beyeler 2001, a set of criteria for a successful
biological indicator for any ecological stress has been set. This is equally applicable
for choosing a bioindicator for the stress due to pesticide. The indicator should be
easily measured. It should be sensitive to the stresses. The response of the indicator
to the pesticide must be in a predictable manner without any ambiguity. The changes
in the affected organism, i.e. bioindicator can be averted by management action to
reestablish the organism. We already have many examples of affected organisms,
viz. animals, plants and microbes present in the pesticide polluted ecosystem. It is
yet not possible to identify a bioindicator for the monitoring of a pesticide or a group
of pesticides.
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5.2 Pesticide in Environment, Air and Water

Application of plant protection chemicals has become an unavoidable practice in
crop cultivation system to ensure yield. Even during storage of the harvested
products, application of plant protection chemicals/pesticides has become a neces-
sity. Not all but, there are some significant crop-pests including insects, disease
causing pathogens and weeds along with some other pests like rodents etc. casue
economic injury to agricultural production. Globally, crop loss due to insects is
around 14%, followed by 13% each for plant pathogens and weeds. The global
cultivable land area is not expanding significantly; however, the population is
increasing and estimated to reach 9.2 billons within 2050. This growing population
pressure will demand secured supply of food and plant protection chemicals holds
promise of controlling pests and thereby ensuring crop production. It has been
reported that crop loss due to non-application of pesticides may be to the tune of
32, 54 and 78% respectively, for cereals, vegetables and fruit crops (UN 2015).
Thus, pesticides have become an integral part of crop cultivation system across the
world. The application of pesticides started with natural compounds like sulfur
(before 1870), followed by introduction of inorganic synthetic pesticides (till
1945) and then era of synthetic organic pesticides started with compounds like
hexachlorocyclohexane (HCH), dichlorodiphenyltrichloroethane (DDT), 2,4-
dichlorophenoxyacetic acid (2,4-D) etc. and still newer molecules are being intro-
duced. Global pesticide production has jumped 25 times from a requirement of
0.2 million tonnes to over 5 million tonnes with an annual growth rate of 11%. The
consumption of pesticides varied across globe depending on crop and agroclimatic
conditions. Average pesticide usage (kg) per hactre cropland is around 3.62, 3.39,
1.67, 1.17 and 0.31 for Asia, Americas, Europe, Oceania and Africa (FAOSTAT
2017). The global trend of pesticide usage indicates around 47, 29, 18 and 6% share
of insecticide, herbicides, fungicides and other pesticides, respectively. Total annual
pesticide consumption wise first three countries are China (1806 million kg),
followed by United States (386 million kg) and Argentina (265 million kg). How-
ever, pesticide application dose wise (kg/ha) top seven countries are Bahamas
(32.22), Costa Rica (18.78), Colombia (14.57), Japan (14.18), Korea (12.74), Mal-
dives (12.29) and Israel (11.6) (FAOSTAT 2017). Application of such huge amount
of pesticides has resulted in contamination of various environmental components
(EEA 2013).

Several reports have confirmed that only upto10% of applied pesticide reach the
target site of crop and majority of pesticide remain in the environment and react with
non-target organisms (WHO 2017). Soil acts as a major reservoir of pesticides as
received through direct (soil applications) and indirect ways (soil erosion, drift,
precipitation, spillage and accidental events, disposal of containers etc). After
reaching soil, pesticides undergo various physico-chemical interaction with soil
solid (sand, silt, clay and soil organic matter/humus) and soil water (Ghosh and
Singh 2013). Pesticides which are present in soil water become available either for
transport within the soil layers (leaching to ground water and horizontal transport to
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new soil layers) or became available to soil microbes (Ghosh and Singh 2012).
Pesticides which become attached/sorbed to soil solids are prone to soil erosion,
surface run-off loss and drainage loss and reach non-target areas like open surface
water bodies (Carvalho et al. 2003). Again, pesticides applied directly onto soil/plant
surface may undergo volatilization and transformation/photo-degradation process
finally reaching the atmosphere. The volatilized pesticides/degraded pesticide mol-
ecules return back to soil and water bodies through the process of condensation and
precipitation/rainfall (Simonich and Hites 1995). For example, organochlorine pes-
ticides like chlordane, hexachlorocyclohexane and toxaphene applied in southern
parts of USA were transported by the process of volatilization and precipitated in the
Great Lakes of Canada (Li and Jin 2013). Not only was the organochlorines (OCPs),
but also organophosphates (OPs) like chlorpyriphos, applied in the banana planta-
tion of Central America was detected in the Arctic ice (Garbarino et al. 2002). Thus,
the non-targeted and underutilized portion of applied pesticide (~70–90% of total
application) moves from one component to other component of our ecosystem and in
this process, a significant portion of pesticide gets accumulated in the lower trophic
level organisms. This absorbed pesticide by means of bioconcentration and
bioaccumulation, reach higher trophic level organisms of food chain, and by the
virtue of this xenobiotic property, the bioaccumulated pesticides/metabolites affect
normal physiological process of organisms, thereby putting the whole ecosystem at a
stake (EEA 2013). Organochlorine pesticide residues were traced in birds, and even
in human milk (EEA 2013). Unlike organochlorines (OCPs), organophosphates
(OPs) and synthetic pyrethroids (SPs) are less toxic but have adverse effects on
arthropods and invertebrates. Owing to molecular stability and less degradability,
pesticides may persist in the environment for few days to several decades after
application. Among various groups of pesticides, organochlorines are the most
persistent with long half-life such as, dichlorodiphenyltrichloroethane –

10 to15 years, aldrin and dieldrin – 5 years each, endrin – 12 years,
hexachlorocyclohexane – 2.7 to 22.9 years, heptachlor – 2 years, mirex –

10 years, toxaphene – 100 days to 12 years depending upon environmental condi-
tions (Jayaraj et al. 2016). Prolonged persistence coupled with bioaccumulation of
such organochlorines hold serious risk to the ecosystem and this resulted in banning
of such pesticides (dichlorodiphenyltrichloroethane, hexachlorocyclohexane, aldrin,
dieldrin and toxaphane) since Stockholm convention of 2002. Indiscriminate use of
this persistent organochlorine has contaminated most of the rivers and water bodies
across the world. Organophosphates and pyrethroids are less persistent which
degrade within few days. However, frequent applications have resulted in detection
of pesticide residues in river water (Gilliom 2007). Here the role of bioindicators
comes for detection of pesticides pollution for taking proper management measures
for this problem. Bioindicator may be an inexpensive, environment friendly
approach which not only detect the pesticides but also indicates environmental
quality and safety.
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5.3 Bioindicators

The increased anthropogenic activities have gradually led to deterioration of envi-
ronment worldwide. The environmental ecosystem is losing their biodiversity owing
to human intervention. The dynamics of environment needs to be understood and
monitored through comprehensive research approaches. The traditional approach of
analysing the physico-chemical parameters of environment may be inadequate to
evaluate the human interferences on various environmental matrices. So the use of
bioindicators can aid in evaluating the ecosystem through the analysis of their
response to the ecological parameters. The indices for biotic integrity are applicable
especially in aquatic system, where the mere estimation of water quality may not
reflect the exact state of the system due to rapid changes in hydrology. Terrestrial and
aquatic fauna and flora, including invertibrates, vertibrates and microorganism,
vegetation including higher and lower plants, as well as fishes can serve as
bioindicators to monitor the pesticides pollution either separately or in combination
(Carlisle et al. 2008).

5.3.1 Animals as Bioindicators for Pesticides Pollution

Different zooplankton, invertebrates and vertebrates are commonly used animal
species as bioindicators. Several important bioindicators of aquatic pollution belongs
to animal species. Changes in the populations of animal species and their diversity
indicates the harmful changes caused by pesticides pollution. However, sometimes
the amount of pesticides present in the animal tissue also indicates the level of
contamination (Khatri and Tyagi 2015).

5.3.1.1 Zooplankton

Zooplankton are microscopic animals with feeble power of swimming, relying
largely on water currents for movement and constitutes a vital food source for fish.
Their growth, development and conveyance depend on various abiotic and biotic
factors (Ramchandra et al. 2006). Zooplankton can be successfully utilised as
important bioindicators for water pollution, eutrophication as well as primary pro-
ductivity of water bodies and production of a freshwater body. Daphnids, the most
sensitive zooplankton to pesticides, are proven to be a good indicator for monitoring
ambient pesticide toxicity (Werner et al. 2000). Gutierrez et al. (2012) reported the
response of the copepods (Notodiaptomus conifer, Argyrodiaptomus falcifer) and
the cladocerans (Daphnia magna, Pseudosida variabilis and Ceriodaphnia dubia) as
early bioindicator of endosulfan toxicity. Ecotoxicological risk to the copepods
Acartia margalefi, A. latisetosa and the mysid Siriella clausi, can be used to assess
the risk to the marine ecosystems as a precautioning signal (Fossi et al. 2001).
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5.3.1.2 Invertebrates

A wide range of soil terrestrial and aquatic invertebrates have been reported as
effective bioindicators. For terrestrial ecosystems invertebrate insects namely, honey
bees and ants act as very important indicator for pollution transfer. Hence, these
invertebrates are very good indicators to evaluate the negative impacts of pesticides
particularly on non-targeted insects species. A number of invertebrate species
including both terrestrial and aquatic are known to be indicator of pesticide contam-
ination (Pelosi et al. 2014; Josephine et al. 2019).

Honey Bees and Bee Products

Pesticide consumption has increased by around 25-folds in recent decades as
compared to 1950s for protecting agricultural crops and produts (Gómez-Pérez
et al. 2012). However this indiscriminate use may contaminate the different envi-
ronmental compartment like water, soil, air and food by pesticides. Honeybees can
perform a crucial role in monitoring pesticide residues during intra and inter species
pollen transport (Paradis et al. 2014). As bee communities are with large number of
population and high mobility, is useful for large area monitoring programme,
capable of inspection of various flowers, makes them essential component in
environmental monitoring of pesticides. Similarly, due to specific morphological
features, bee can carry on pesticides during the time of contact, which may uncon-
sciously brought to the hive. Thus bee hives may also be contaminated by
transported pesticide by bee or pollen. Sometimes, treatment of bee hives during
honey collection may be the reason of pesticide contamination (Kujawski and
Namieśnik 2011). This indicates the use of honey bees as a potential informer to
determine the amount of pesticide usage and their level of contamination. Sometime
without honey bees, it is difficult to prove incorrect/misuse of pesticides. Use of bees
helps in monitoring the banned or restricted pesticides as reported by Porrini et al.
2003.

Furthermore, tracing of pesticides in a large geographical area is laborious and
expensive. Use of honeybees for trace analysis of pesticides is non-expensive. In
addition, bees can provide more valuable additional information about the pesticide
pollution (Porrini et al. 2003). Though previous study mostly concentrated on
presence of organochlorine pesticides (Tahboub et al. 2006) and organophosphate
(Ghini et al. 2004; Chiesa et al. 2016) pesticides in honey bees, recent study
indicated that their population is also affected by the new-generation pesticides
like neonicotinoid and fipronil (Pisa et al. 2015). Several European countries have
banned few neonicotinoid pesticides due to bee poisoning effects (Carrington 2018).
As pesticides are carried by honey bee to the beehives, bee products like beeswax,
beebread and honey can be the potential indicator of pesticide pollution. Due to
lipophilic nature of beewax, they are good indicator of lipophilic pesticides
(Calatayud-Vernich et al. 2017; Niell et al. 2015). Whereas due to hydrophilic
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nature, honey is less contaminated with pesticides and is a good indicator for
hydrophilic pesticides (Perugini et al. 2018). Table 5.1 confirms the bioindicator
potential of bees for biomonitoring of pesticides and confirms their ability to transfer
pesticides which they come in contact to the hives and bee products. Though a
potential indicator, still honey bees have some drawback as a bioindicator due to its
irregular and unpredictable foraging behavior for long distance or duration. Their
flying characters are strongly regulated by air temperature, where an air temperature
of 20–25 �C is optimal for foraging (Bargańska et al. 2016). Furthermore, since there
is an ample chance that bees can come into contact with multiple number of
pesticides with different nature of chemistry, selection of suitable extraction and
analysis techniques is also important. QuEChERS (Quick Easy Cheap Effective
Rugged Safe) extraction techniques coupled with analytical techniques like Gas
Chromatography-Mass Spectrometry/Mass Spectrometry, Liquid Chromatography-
Mass Spectrometry/Mass Spectrometry may be the suitable option to exclude any
false identification of pesticides. Hence, development of suitable extraction cum
clean-up technique in order to minimize the interference from complex matix of bee
and bee products with appropriate analytical technique is essential.

Ants

Ants (Hymenoptera: Formicidae) has an abundant and diverse population in almost
all of the terrestrial ecosystems. Their population is highly stable irrespective of the
seasons and years. Due to its high abundance and stability, they are placed in an
important position in insects ecosystems. They play significant roles as predator,
recycling of various nutrients, maintaining the structure of herbaceous vegetation
and improving soil quality (Petal 1978). Their abundance, functional significance,
comparative easiness of sampling, and quick response to the changes in the envi-
ronment (Andersen 1990) make them a suitable and a preferred bioindicator for
impact assessment of environmental stressors, like pesticides over many other taxa.
Being tied to the same place, they are more susceptible to environmental stressors
(Andersen 1988). Several reports indicates that ants are highly susceptible to the
application of pesticides (Schread 1948; Su et al. 1980; Perfecto 1994) which make
them a useful and important biological indicators in monitoring pesticides contam-
ination or pollution (Peck et al. 1998; Hoffmann and Andersen 2003).

There are several contradictory findings reported about the non-target effect of
pesticides on ant assemblages. Carbofuran or/and chlorpyrifos significantly reduced
the ant foraging activity in maize plot (Perfecto 1990). Similarly, Pereira et al. (2005)
reported herbicide/chlorpyrifos mixture and chlorpyrifos reduced the ant activity in
maize plots. However, several other studies reported that certain ant species in maize
field are affected by chlorpyrifos and deltamethrin, but effects were less significant
on overall activity (Michereff-Filho et al. 2004; Badji et al. 2006). Ant richness or
abundance was unaffected by the fenitrothion in pine forests (Kwon et al. 2005),
microbial pesticides on oak-dominated forests (Wang and Xie 2000), or sparying of
broad spectrum insecticides in banana plantations (Matlock Jr and de la Cruz 2003).
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Exhaustive survey of literature by Wojcik and Porter 2001 indicate that, out of
138 references only two studies suggested that ants are susceptible to pesticide
application. Both the studies carried out by DeBouge et al. (1987) and DeBouge
and Thome (1989) observed unsuitability of ant as bioindicator of organochlorine
pesticide pollution due to its inability to accumulate this group of pesticides.

Earthworms

Earthworms are frequently identified organisms in the soil ecosystem and play an
important role in soil health and quality improvement (Spurgeon et al. 2003). Their
number reduction in soil ecosytem may alter the nutrient cycling and their availabil-
ity to plants (Rizhiya et al. 2007). Their living habits make them exposed to
chemicals like pesticides present in their terrestrial ecosystem (Schnug et al.
2014). As soil act as a major sink of applied pesticides, these pesticides may be
introduced to the part of the soil where secretions and castings of earthworm occurs,
which is commonly known as drilosphere (Givaudan et al. 2014). Exposure of
earthworm to the pesticides can be by direct physical contact or by ingestion of
pesticide contaminated soil particles (Pisa et al. 2015). These make them as essential
bioindicators of pesticide contamination particularly in soil environment (Song et al.
2009). Sometime pesticide accumulation in earthworms may not cause significant
effects to it, but may have severe impact to other organisms and humans as pesticides
may be transferred to higher trophic-level organisms through food chain
(Uwizeyimana et al. 2017). In addition, the use of earthworm species for
laboratory-based ecotoxicological tests for short time pesticides exposures makes
them excellent species for biomonitoring of pesticides (Stenersen 1979). In recent
years, there is an increasing interest on application of pesticides in agricultural
ecosystem and its relation with eco-toxicology on earthworm along with mecha-
nisms of eco-toxicology. Due to high fertility, inexpensive and easy availability,
earthworm specie Eisenia fetida is increasingly used for laboratory based ecotoxi-
cological study for pesticide exposure and biomonitoring (OECD 1984). Growth,
reproduction and survivbility of the earthworms may be affected by pesticides both
at individual and population levels as shown in Table 5.2. Recently, stress has been
given on impact assessment of pesticides on the key enzymes of earthworm which
modulate the different functions like neurotransmission, energy and amino acid
metabolism and oxidative stress which makes it a more prosperous bioindicators
for soil pollution (Tiwari et al. 2016). However, studies on impacts of pesticides at
realistic field concentrations under actual field situation are lacking which would
give more comprehensive bioindication efforts.

Aquatic Insects

Aquatic insects have a high diversity and abandaunce in most of the freshwater
habitats (Hershey et al. 2010). They have an important role in understanding the
patterns of aquatic ecology and environmental quality (Heino 2009; Cereghino et al.
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2003). Compared to other groups of organisms, they have been widely used to assess
aquatic integrity as they possess several advantages. Compared to fish and plankton,
higher ability of aquatic insect to bear pollution-induced environmental stress
(Ravera 1998), make them a suitable bioindicator. As aquatic insect spends nearly
whole life in a water body, they may act as an early indicator for pesticides pollution
since they are exposed to the effects of physical habitat alteration, point and nonpoint
contaminants over their life cycles. Therefore, they are the commonly used indica-
tors for water quality monitoring (Morse et al. 2007). Similar to terrestrial ecosys-
tems, aquatic ecosystems will also be adversely affected by pesticides due to its
increased use (Morrissey et al. 2015). Due to surface runoff and leaching, pesticides
may enter into the aquatic ecosystems in high quantity (Huseth and Groves 2014).
Impacts of pesticides on aquatic insects may helps in bioindication of pesticide
pollution also. In addition, sensitivity of aquatic insects towards pesticides makes it
as useful indicators for overall ecosystem function (Wallace et al. 1996). Nair, 1981
reported that other than insect, water mite Hydrachna trilobata, is also sensitive to
OCPs under laboratory condition. Reduction in number of mite species in wetlands
due to organophosphorus pesticide application has been reported by Dieter et al.
(1996). Imidacloprid (@ 10 kg/ha) in mesocosm rice ecosystem significantly
reduced the number of aquatic insects Crocothemis servilia mariannae and
Lyriothemis pachygastra nymphs (Kobashi et al. 2017). Studies should focused on
use of aquatc insect as a bioindicator to identify the pesticide exposure route into the
aquatic ecosystems which will definitely helps in the proper implementation of
mitigation measures.

Table 5.2 Overview of the recent reports on the effects of pesticides towards earthworm species

Pesticide applied Comments References

Chlorpyrifos Chlorpyrifos strongly inhibited cholinesterase
and carboxylesterase activities of earthworms

Sanchez-
Hernandez
et al. (2018)

Atrazine Damage to the chloragogenous layer, epithelial
tissues; glandular enlargement of the epithelial
tissues, prominent vacoulations and pyknotic
cells of earthworm Nsukkadrilus mbae

Oluah et al.
(2010)

Imidacloprid
(neonicotinoid)

Changes in body cellur changes occurred after
24 h of exposure to the lowest concentrations

Dittbrenner
et al. (2011)

Chlordane
(organochlorine)

Significant reduction in spermatozoa of
Lumbricus terrestris

Cikutovic et al.
(1993)

Mineral fungicides (copper
and sulfur)

A slight reduction in Cholinesterase activity Denoyelle et al.
(2007)

Fenvalerate and
esfenvalerate (synthetis
pyrethroides)

Enantiospecific induction in oxidative stress to
earthworm Eisenia fetida.

Ye et al. (2016)

Fipronil R-fipronil was more toxic (almost 2 times) than
S-fipronil to earthworms (Eisenia feotida).

Qu et al. (2014)
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5.3.1.3 Vertebrates

Feeding habit is crucial factor for bioaccumulation of pesticides in animal. Several
animal like fish, birds and mammals is placeed in an important posting of food chain
and accumulation of pesticides in the tissue of animal subsequently transfer the
contaminant to next higher level and finally to the human and thus they are very
crucial for biomonitoring of pesticides.

Birds

Use of birds as bioindicators of environmental change with particular context of
pollutants like pesticides in various systems (Carson 1962; Colborn et al. 1996;
Green and Elmberg 2014) has been documented. Due to their higher position in the
food chain and sensitivity towards the environmental changes make them useful for
bioaccumulation study (Furness and Greenwood 1993). By ingesting pesticides
contaminated prey, birds are likely to bioaccumulate pesticides (Furness and Green-
wood 1993; Ortiz-Santaliestra et al. 2019) and thus can serve as a potential
bioindicators for pesticides pollution. In particular, they act as a connecting bridge
between terrestrial, marine and freshwater ecosystems due to their high spatial
abandaunce and ability to move or spread within an environment which led them
to expose maximally to function as environmental sentinels. Fish is considered as
important bioindicator for pesticides, however as compared to birds, fish accumu-
lates low concentrations of pesticides and this makes bird’s bodies as background for
pesticides pollution (Tanabe and Subramanian 2006). Trophic position/feeding
association, taxa of species, dietary exposure, habitat, sex, age and reproductive
stage of birds are important factor which influence the bioindication potential
(Eulaers et al. 2013). Predator species of birds are the most appropriate bioindicator
due to their abandaunce in worldwide. Due to this reason, carnivore bird’s species
are more often used for pollution research. Short distance migrating birds reflects the
background pesticide contamination level, whereas transboundary transport of birds
reflects the global pollution (Tsygankov et al. 2016).

Thinning of eggshell, reduction in reproductive success (Ratcliffe 1967), changes
in normal sexual activities, smaller brain size, and neurotoxicity (Iwaniuk et al.
2006) to the birds are long back related with the pollution of OCPs. Birds are highly
vulnerable to OCPs, and thus offer a potential prospect of use of them for monitoring
pesticide contamination. The dangerous and disruptive effects of OCPs on birds, led
to the Rachel Carson’s work, Silent Spring, in long back 1962. Adverse effects of
these OCPs on endocrine and reproductive systems of birds led to the worldwide
banning and regulation of OCPs (Godduhn and Duffy 2003).

However with the advancement of technology, the method used to assess the
pesticide toxicity has been changed. Previusly, mortality events, destructive sam-
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pling by analysis of internal tissues such as liver, muscle and brain (Auman et al.
1997; Rivera-Rodríguez et al. 2007), or data related to abundance and distribution
change, and migratory patterns of bird were linked with pesticides pollution (Becker
2003). However, these destructive sampling is not advisable as many of the bird
species is considered as endangered species by International Union for Conservation
of Nature (IUCN).

Use of nestling feathers in bird’s populations (Rutkowska et al. 2018) can be an
alternative option of use of bird’s species as a bioindicator. Non-destructive mate-
rials like blood, preen oil gland secretions can be the option for pesticides load
estimation (Rutkowska et al. 2018). Among these, bird’s feathers can be the best
option which can proportionally represents the pesticides contamination in the body
to the feathers and studies showed the significant correlation between the pesticide
contamination level in seabird’s food and feathers. Collection of feather is minimally
invasive as they can be easily collected and stored. Moreover, they provide history of
pesticides exposure towards birds’ annual cycle. Wide concentration range of
pesticides can be traced by feather as studies indicates that low level OCPs concen-
trations in bird feathers from Patagonia (6.49 � 5.95 μg g�1) (Martínez-López et al.
2015) to relatively high concentration in birds feathers in Spain
(870.48 � 614.48 ng g�1) (Espín et al. 2012) and Ireland (17.94 � 2.19 ng g�1)
(Acampora et al. 2018) were monitored. Therefore, feathers can be a used as
bioindicator throughout the different geographic region of the world. For
biomonitoring of OCPs, Penguin feathers are good tool (Metcheva et al. 2017).
Feathers can represent the, regional variations in pollution as evidence from report
that feathers of magpie (Pica pica) from rural areas contain more OCPs than
industrialized/urbanized counterpart (Jaspers et al. 2009). Failed eggs are also
suitable indicator for OCPs biomonitoring as it involved non-destructive sampling
and good correlation between the pesticides sequestration in eggs and its contami-
nation level in the adult breeding female (Espín et al. 2016) was reported. However,
selection of life history traits of birds like migratory behavior or moult chronology is
very much important, as there is a chance of false positive or negative detection of
pesticides. For example pesticide load in migrant individual indicates its source
population, but not the study site. Likewise, if recently grown feathers is the
sampling matrix it will not true representative for local contamination in a resident
bird. So, utmost precaution has to be taken during sampling of bird with source
history of contamination.

Fish

Fishes are being used to monitor river ecosystem health around the globe owing to its
wide range of characters, complex habitat requirements as well as being a valuable
component of the aquatic ecosystems (Plafkin et al. 1989). The response of fishes to
various stressors is well documented (Leonard and Orth 1986). A number of fish-
based biotic indices are in application for river monitoring including multimetric
indices (Karr et al. 1987). Knowledge of the indicators’ taxonomy, ecological
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demands and physiology is a pre requisite which affects the success of bioindicator
studies (Schiemer et al. 2001).

Following are the reasons for fishes being an excellent candidate species as bio
indicator of aquatic environment (Barbour et al. 1999; Andreas et al. 2003).

• Fishes have relatively high longevity which makes them suitable for indicating
long-term effects and broad habitat conditions, the chronic effects of different
toxicants or other pollutants on ecosystem health.

• The ecological and physiological requirements of a number of fish species are
well studied and recorded, which guide to easy understanding of the response to
alterations in ecology.

• Fishes with diversified feeding behaviour, occupy almost every trophic level of
the aquatic ecosystem from the lowest that feed on phytoplankton to the carniv-
orous fishes. Hence the fish population structure reflects the comprehensive
environment health.

• The habitat requirements of fishes vary widely with species and their ontogenic
development. Due to this specific habitat requirements, fishes are suitable indi-
cators of the ecological status of aquatic ecosystem.

• Some fishes like Atlantic salmons being highly migratory, are suitable indicators
of habitat connectivity or fragmentation.

• Fishes are having good size with well developed organs. Hence different analyt-
ical procedures such as histopathological, haematological and biochemical anal-
ysis can be carried out to evaluate toxic impacts by determining the accumulation
of toxicants in tissues.

• Top-down approaches of analysing the changes in fish communities in the
ecosystem, testing for sources and causes of possible problems as well as the
bottom-up assessments, using laboratory data to estimate the impacts in the
sympathetic ecosystems are possible when using fish as bioindicator.

The response of fishes to toxins is represented in Fig. 5.1. The low level of pollutants
in the ecosystem stimulates sub cellular response without much effect on the health
of the organisms. But prolonged and severe exposure induces functional and struc-
tural changes in the organism which impair vital biological functions. Prolonged
exposure to moderate toxicity interferes with hormonal and biochemical processes
leading to increased metabolism, immunosuppression, disturbed osmoregulation,
failure of reproduction or tissue damages.

Fishes are good indicators for hydrosphere contamination for polychlorinated
biphenyls contamination in water, especially the silverfish, tench accumulates
polychlorinated biphenyls in tissues. Table 5.3 summarizes the use of fish species
for bioindication of pesticides pollution. The skipjack tunas (Katsuwonus pelamis)
collected from offshore waters around the countries such as Japan, Taiwan, Philip-
pines, Indonesia, Seychelles, Brazil, and the Japan Sea, the East China Sea, the
South China Sea, the Bay of Bengal, and the North Pacific Ocean, were tested for the
concentrations of OCPs, such as polychlorinated biphenyls, dichlorodiphenyl
trichloroethane and its metabolites (DDTs), chlordane compounds
(hexachlorocyclohexane isomers and hexachlorobenzene in the liver. The
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concentration of OCs in liver of skipjack tuna was comparable to the concentration
estimated from surface waters, which reflect the pollution levels of these chemicals
in sea water. This study results indicate that the skipkack tuna is a suitable
bioindicator of seawater pollution (Ueno et al. 2003). The embryo of flat fish,
Limanda limanda showed increased malformation indicating DDT and PCBs pol-
lution (Cameron and Berg 1992). The fishes Culter erythropterus and Protosalanx
hyalocranius reported to be sensitive to OCPs and would serve as a bioindicator for
assessing contamination by OCPs in the aquatic system. Megalobrama
amblycephala would serve as an indicator for human carcinogenic risk of OCPs
especially DDT in Lake Chaohu (Liu et al. 2016). Down water pollution with
pesticides may be assessed by estimating the change in reproductive efficiency
(reduction in mean oocytes count, gonadal index and gonado-somatic relationship)
of ofAstyanax fasciatus (Jain et al. 2010).

Wild Animals and Small Mammals

Use of wild animals and small mammals as a bioindicator can be valuable aspect of
environmental pesticides pollution. Selection of a particular species as a bioindicator
should be based on type of investigation which includes species diversity and
availability, pesticides to be studied and their potential toxic level, area and aim of

Fig. 5.1 The response of fish to toxicants and the action as a bioindicator. (Adapted from Andreas
et al. 2003)
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study. Ideally, there should be proper information about the existing environmental
studies, along with simultaneous compilation of other environmental parameters.
Health of animals will be affected due to accumulation of pollutants if they are living
in polluted environments and thus they can be good bioindicators of that particular
polluted environmental. Measurement of morphological and hematological param-
eters of animals indicates the impacts of pollution on their health status (Velickovic
2007; Talmage andWalton 1991). Wild mammals, like wild boar (Tomza-Marciniak
et al. 2014), roe deer (Naso et al. 2004), brown hare (Karner 1978) etc. are known to
accumulate pesticides and thus can be used as a bioindicators for environmental
pesticides pollution.

Table 5.3 Summary of the effects of certain pesticides on the biological and biochemical activities
of the organisms, which may act as efficient bio indicators of pesticide pollution as adapted from
Filimonova et al. (2016)

Pesticide Effect on the organism Organism References

1,2,4-Trichlorobenzene
(organochlorine pesticides)
0.245 ppm for 5 days

Alterations in morphological
and fatty acid composition
after longer exposure periods.

Diatom
Cyclotella
meneghiniana

Sicko-
Goad et al.
(1989a)

Pentachlorobenzene (organo-
chlorine pesticides)
0.245 ppm for 5 days

Results in changes in diatom
FA composition and cell
structure increase the lipid
volume in diatom

Diatom
Cyclotella
meneghiniana

Sicko-
Goad et al.
(1989b)

Substituted pyridazinone her-
bicide: 4-chloro-
5-(dimethylamino)- 2-phe-
nyl-3(2H)- pyridazinone
(Sandoz 9785)

Inhibitor of long chain FA
desaturation

Microalgae
Chroomonas
salina

Henderson
et al.
(1990)

Pyridazinone herbicide:
norflurazon (SAN 9785)
0.2 mM

Effect on fatty acid profile Cyanobacterium
Spirulina
platensis

Kachroo
et al.
(2006)

Herbicide: Diuron
0.20 mg L�1

Moderately toxic to fish,
affect social behavior, sur-
vival, inhibition of the ner-
vous system and anemia;
causes an increase in liver and
spleen weight; fatty acid pro-
file change.

Gilt-head sea
bream Sparus
aurata

Sanchez-
Muros
et al.
(2013)

Triazine herbicide: Atrazyne
100 and 150 mg L�1

Interferes with the photosyn-
thesis function, affects the
quality of the diatom cells

Diatom
Seminavis
robusta

De Hoop
et al.
(2013)

Triazine herbicide Irgarol
1051 (2-(tert-butylamino)-4-
(cyclopropylamino)-6-
(methylthio)-1,3,5-triazine)
0.535 mg/ml for 21 days

Significant increase of larval
malformation and sperm fer-
tilization rate, interact with
calcium homoeostasis, inhibit
ATP synthesis, decrease nor-
mal chemoreceptive response

Asian sea-bass
Lates calcarifer

Ali et al.
(2015)
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There are various opinions about the choice of species for pesticides monitoring.
These also depend on the feeding habit and habitat of the species. Some studies
shows that herbivorous mammals are best example to fulfill the requirements for a
good bioindicator for pesticide contamination because of their adequate representa-
tive of animal species number, true representativeness of spatial and ecological
niches, sufficient knowledge about the trophic level of study area as well as their
dietary composition (Tataruch and Kierdorf 2003). However, other study proposes
that carnivores are more suitable bioindicator particularly for lipophilic pesticides
like OCPs due to their more accumulation in the fatty tissue than herbivores. Reports
indicates that OCP pollution resulted in decline in population number of some
species of aquatic carnivores like American mink (Neovison vison), American
otter (Lutra canadensis) and Eurasian otter (Lutra lutra) (Giesy et al. 1994; Harding
et al. 1999), whereas there number got increased when the concentration of pesti-
cides got decreased. Their population recovery and successful reintroductions were
only accomplished after declining OCPs concentration as reported by Castrillon
et al. (2010). However, choice of animal indicators is comparatively more difficult
than the use of aquatic habitats for pesticides monitoring. Though wild mammalian
species like European hare, red deer, wild mink, and wolves are good bioindicator,
but their natural habitats which includes forests or rural areas, and moreover they
occupy a large territories make them diffult to represent the pesticides pollution
associated with the exposure level to human being. A convenient alternative species
like red fox (Vulpes vulpes) has been proposed by Corsolini et al. (2000) as they lives
in close vicinity to humans by colonizing in suburban and urban habitats. Table 5.4
indicates the presence of the pesticides in wild mammals. In addition to use of wild
animals, use of small mammals, mostly rodents as a bioindicator seems to be an
important step due to their genetic and physiological similarities with humans and
thus impacts of pollutants can be exploited. Rodent carcinogens are also human
carcinogens, and therefore they may be a suitable model to understand the mecha-
nism of genotoxicity of human carcinogens. Small mammal species, like Algerian
mouse (Mus spretus) (Udroiu et al. 2008) and wood mouse (Apodemus sylvaticus)
(Barber et al. 2003) are frequently used as environmental pollution bioindicators
studies. However, more emphasis should be given on long-term studies on the use of
mammals as a bioindicator along with environmental studies (Wren 1986).

5.3.2 Plants as Bioindicators

Due the availability, cost-effectiveness and simplest matrix, plant can be a suitable
bioinidcator for environmental pesticide pollution. They are susceptible to alteration
in chemical composition in environmental and the fact they accumulate pollutants.
Higher plants are particularly important for atmospheric pesticide contamination at
remote or poorly accessible locations. Aquatic plants are sensitive indicator for
aquatic pesticide pollution as they are sessile and can rapidly equilibrated with
natural habitat (Klemm et al. 1990). The presence or absence of particular plants
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species may provides sufficient information about environmental health and quality.
Several factors like plant species, the levels of pesticide contamination in the
environmental matrices, pesticide nature and many other factors (Tarricone et al.
2015) influence may the accumulation and distribution of pesticides in plant.

5.3.2.1 Higher Plant

For many decades, plants have been used as bioindicator for pesticide pollution
particularly atmospheric concentration (Sharma et al. 1990). Sometimes, by reacting
with contaminants, plants showes visible injuries and symptoms to express their
exposure to contminants (De Temmerman et al. 2004). However, several factor like
sampling site target species, selection of individual sample and target compartments,
period, and size of sampling, weather and transport condition of sample effects the
applicability of tree as a pesticide bioindicator. Plant leaves are excellent indicators
of environmental pesticide pollution due to their capability of accumulation of
pesticides present in air (Tarricone et al. 2015). Pine needles have been found to
be an excellent bioindicator for local and regional ambient air pollutions monitoring
(Josephine et al. 2019).

However, most of the study concentrated on use of pine needles for detection of
OCPs (Romanić and Klinčić 2012; Al Dine et al. 2015). Aston and Seiber, 1996
reported the use of Pinus ponderosa needles as a bioindicator for pesticide like
diazinon, chlorpyrifos and methidathion. They have also reported the method for
chlorpyrifos and methidathion assessment in air and pine needle samples (Aston and
Seiber 1997). Age of assimilation organs is also important as Romanić and Klinčić
2012 reported higher concentrations of OCPs in pine needles of two-year-old plant
as compared to one-year-old plant.

However, wind or precipitation can easily removes the contamination on leaves
and this method may be failed to derive any conclusive results. To overcome this, in
recent years tree bark is becoming more popular for determining atmospheric
pollution of pesticides (Yang et al. 2013). They are excellent in bioindication of
pesticide source/sink regions, spatial and temporal trends (Schulz et al. 1999) of
pesticide pollution, and their global cycling (Simonich and Hites 1995). HCHs
distribution and transport in atmosphere on the national scale in China was carried
out by using tree bark (Niu et al. 2014). Several studies have been using tree bark for
monitoring Hexachlorocyclohexanes (Yang et al. 2013; Zhao et al. 2008; He et al.
2014). Geographic distributions and transportation of Hexachlorocyclohexanes in
atmosphere has been successfully detected by using tree bark (Zhao et al. 2008; He
et al. 2014).

Recently, bioassays using plants are found to be an excellent bioindication
method for pesticides especially with herbicides (de Souza et al. 2016). Because,
bioassays is simple compared to different environmental assessments method
(Geras’kin et al. 2005). Both UNEP (United Nations Environment Programme)
and IPPB (International Program on Plant Bioassays) (Ma 1999) has validated
these bioassays techniques. Morover, WHO (World Health Organization) and
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USEPA (the US Environmental Protection Agency) have validated the use of plant
bioindicators as efficient suitable model to identify environmental genotoxicity of
herbicides. Both in-vivo and in-vitro assays (Rank and Nielsen 1994) has been
correlated with the data obtained using plants bioindicators and compared to the
Ames assay. Plants bioindicators express a higher sensibility to toxic agents. Plant
bioassays as bioindicators are ethically recommended because it is not using any
animals.

5.3.2.2 Lower Plants

Phytoplankton

Various phytoplankton species are currently being used for biomonitoring of water
bodies due its characteristics which ensemble to a bio indicator of water quality.
Their nutrient requirement, reproduction rate and short life cycle as well as the
change in species composition and cell density in accordance with the change in
water quality parameters makes plankton one of the most suitable indicator species
of aquatic ecosystem. Quantitative and qualitative analysis of plankton samples
collected from water bodies are more useful than nutrient or chlorophyll-a concen-
tration in providing evidence of water quality changes. A change in the density of the
phytoplankton community is the first response to water quality change resulting in
subsequent change in the diversity of the phytoplankton (Markert et al. 1997).
Bioindicators should have a moderate tolerance to variations in the ecosystem
variability compared to rare species with narrow tolerance or cosmopolite species
with wide distribution pattern. This property of moderate tolerance makes them
sensitive to indicate ecosystem alterations, as well as they survive withstanding some
variability.

There are some properties of phytoplankton which characterize them as a reliable
bioindicator (Coste et al. 2008)

• They are important functional group of the ecosystem, existing in large biomass
• The sampling procedure is easy and monitoring the phytoplankton indicator is

economically viable
• The algae being sessile are unable to migrate to move away from pollution. They

either tolerate the toxicants or vanish.
• The diverse algal species have different tolerance to different stressors.
• The short life span and smaller size of algae imparts rapid, sensitive and predict-

able response to ecosystem variations, while the algal community lives long to
indicate the environmental impacts over a long run.

• The algae are densely populated over a particular area and homogenously dis-
tributed in the water in any aquatic system.

• It displays great statistical strength, a trend should be detectable even with
relatively small changes, and it should respond clearly to a stressor such as
nutrient addition.
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• An easily identifiable species with distinct identification features is preferred.

Many species of phytoplankton are reported to be good indicators of pesticide
contamination in water. Since algae are incapable of decomposing pesticides, they
are main source of bioaccumulation in higher animals like fishes and mollusks which
feed on them (Walsh 1978). Vance and Drummond (1969) have studied the bio
concentration of the chlorinated pesticides aldrin, dieldrin, endrin and DDT in two
algal species such as Microcystis aeruginosa, and Anabaena cylindrica. Tests were
also made to analyse the effect of DDT, endrin, and dieldrin on Skeletonema
costatum, Dunaliella tertiolecta, Coccolithus huxleyi and Cyclotella nana isolated
from different oceanic environments by Menzel et al. (1970). Dunaliella was found
to be insensitive to all the insecticides and hence are not recommended as an
indicator species. The rate of carbon-14 uptake in Skeletonema and Coccolithus
was reduced significantly at concentrations above 10 ppb of all three insecticides.
Wurster 1968 studied the effects of DDT on photosynthesis by marine phytoplank-
ton viz., Skeletonema costatum, Coccolithus huxleyi, Pyramimonas and Peridinium
trochoideum. The use of alterations in FA profiles as a bioindicator in marine algal
species after exposed to organic and inorganic toxicants has been reported by various
researchers.

Lichen and Mosses

In terrestrial environments, pine needles and other vegetation are frequently used for
monitoring of contaminants including pesticides. However, their short life, make
them unsuitable regarding chronic exposure as they are poor accumulator for large
amounts of organic pollutants. Contrary to this, organisms which have slow growth
rate and long life expectancy are very useful in biomonitoring of contaminant
especially in atmosphere (Harmens et al. 2011). In this aspect, organism like lichens
which is a fungi and algae symbiosis is very much useful. Due to their persistent and
robust nature, sustaining behaviour in extreme climatic conditions, make them
important biomonitoring indicator (Bergamaschi et al. 2004).

Mosses have also been found to be another important indicator for biomonitoring
of pesticides particularly for atmospheric pollution. Fulfilling the nutrients require-
ment from the air due to lack of roots, direct exposure to pollutants due to lack of
waxy cutin compounds in the outermost epidermal cells, sensible and tolerance to a
range of contaminants (Harmens et al. 2011), high surface area, wide habitats, slow
growth rate make mosses an important bioindicator as they integrate information on
long time pollutants accumulation. Though, lichens and mosses are totally different
cryptogrammic organisms, but they are very effective environmental biomonitor due
to their abundance, special morphological structure and physiological features. Their
use as bioindicator for pesticide pollution is rising gradually (Lim et al. 2006; Yang
et al. 2013; Tarcau et al. 2013). Moss and lichen was first time used by Bacci et al.
(1986) for detection of OCPs Antarctic Peninsula. Successful use of lichen as a
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bioindicator for OCPs (Villeneuve et al. 1988) detection in Southern France and its
correlation with detection of OCPs in industrial areas in Italy and Norway indicates
its potential for monitoring of pesticide across the state. Even, in recently, Hanedar
et al. (2019) used lichen as a bioindicator for OCPs pesticide pollution in industrial
areas. Yang et al. (2013) reported that lichen shows as much potential like conifer
needle for detection of DDT pesticides in Southeast Tibetan Plateau.

Sometime they are also used to identify the background levels and source of
pesticides pollution. For example, ratio of α-HCB/γ-HCB and p,p0-DDE/p,p0-DDT
indicates the history of arrival of these OCPs. In old formulations of
hexachlorocyclohexanes insecticides predominated with α-form, whereas recent,
products dominated with γ-isomer (almost 90%). Mosses collected from Antarctica
in 1985 (Bacci et al. 1986) indicates the recent arrival of hexachlorocyclohexanes
pesticides as it predominance with γ-form. Whereas mosses collected from Antarc-
tica in 1988 and 1999 indicates the old arrival of hexachlorocyclohexanes as α-
forms were higher than γ-form (Borghini et al. 2005; Focardi et al. 1991). Similarly
ratio of DDT and its toxic microbially degradate metabolites such as p,p0-DDE, is
used to indicates the sources of DDT. p,p0-DDE and p,p0-DDT ratio with value more
than 1 indicates the aged DDT, wheras value less than 1 indicates the fresh inputs. p,
p0-DDE/p,p0-DDT ratio is always more than 1 in the mosses collected from Antarc-
tica which can be correlated with fact of banning of DDTs since 1980s for both
production and uses (Bacci et al. 1986; Borghini et al. 2005; Cabrerizo et al. 2012).
However, a value less than 1 in the mosses collected from some parts of Sinagpore
indicates the continous deposits of DDTs though it has been banned in Singapore in
1985 (Lim et al. 2006). In addition, in the same study indicates that there have been
no fresh hexachlorocyclohexanes inputs, since HCH concentration in the moss
samples were below the limit of detection. Tarcau et al. (2013) reported that due
to long-range air transport and deposition of pesticides, mosses collected from
northeastern Romania showed uniform concentration of HCB, HCHs and chlor-
danes. The same study indicates the intense past history of use of in the southern part
of Moldavia as the mosses showed high content of ΣDDT. These all suggested the
important use of lichen and mosses as a potential bioindicator. However further
study should be focused on correlation between the pesticide concentrations in
lichen and mosses and in the atmospheric environment and its relation with human
health issues.

5.3.2.3 Aquatic Macrophytes

Aquatic macrophytes plays a major role as a primary producer in oxygen production,
control of water quality through nutrient cycling and provide living space for small
aquaticorganisms. The aquatic plants are especially useful for indicating nutrient
pollution due to its capability of reflecting the change in the nutrient levels of the
system. Many cosmopolitan species have short life cycle and grow smaller in
maximum size, which makes them a suitable species for analyzing different
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biological parameters indicating the presence of an unfavourable situation in the
water body. For example fairly good, oxygenated, meso-eutrophic waters are
characterised by the presence of the fresh water macrophyte Potamogeton crispus.
Likewise Lemna minor has been studied widely for indicating a number of toxicants
such as pesticides 2.4-D (Belgers et al. 2007), diquat and fomesafen (Gorzerino et al.
2009), glyphosate (Kielak et al. 2011), imazapyr (Cruz et al. 2015), herbicides
bentazon, atrazine and clomazone and pyraclostrobin-based fungicide (Della Vechia
et al. 2016). The floating aquatic plant Azolla caroliniana is used for indicating
pollution with pesticides such as glyphosate, clomazone, oxyfluorfen, 2.4-D (Silva
et al. 2012) and pyraclostrobin based fungicides. Chlorophyll-a fluorescence induc-
tion for estimating photosynthetic electron transport in plants as a bioindicator of
toxiceffects of chemicals have been well documented in the aquatic plants L. gibba
and Myriophyllum spicatum. Many aquatic plants are now better understood for its
tolerance to alterations in habitat and presence of toxicants, which makes the
researchers to exploit this plant community as an indicator species.

5.3.3 Microorganisms

Once pesticide enters into the soil or aquatic system, and they get bio-accumulated
easily by the lower trophic level organisms which act as food for subsequent higher
trophic level organisms. Thus, lower trophic level organism like microorganisms,
which are abundant in soil and water, will react with these xenobiotics and may act
as bioindicators for pesticide contamination. Microorganisms are an important part
of both terrestrial and aquatic ecosytem; hence they can indicate the both terrestrial
and aquatic pesticide pollution. Due to their fast growth and rapid expression with
environmental changes even at low levels of contaminants, they are excellent
bioindicator for pesticide pollution (Hans et al. 2003).

5.3.3.1 Terrestrial Microorganism

Soil provides home for enumerable numbers of microflora and fauna, and the total
biomass of such microbes is over 20 times than that of human population. These
microbial population mostly various prokaryots and eukaryots including bacteria,
cyanobacteria, fungi, algae and actinomycetes, play various important roles includ-
ing transformation and recycling of various elements. Soil microbial populations and
their behaviour make a soil fertile, lively and it is an indicator of good soil health.
But, presence of undesirable xenobiotics like pesticides may affect various microbial
populations and thereby affecting the balanced system of soil ecology. This in other
term affects soil productivity and finally, the crop yield. However, effects on
pesticides on microbial populations are very specific to a particular type and species
of microbe. Studies revealed an initial decrease in microbial population immediately
after pesticide application with overall a small effect as microbes developed
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resistance with time. Pesticides may impart change incell growth, cell division, total
microbial biomass count, soil respiration, photosynthetic activity, biosynthetic path-
ways etc. and monitoring of changes in these parameters may indicate pesticide
contamination level (DeLorenzo et al. 2001). However, the impact of pesticide is
dependent on application dose of pesticide, soil parameters and lastly, on environ-
mental conditions. The behavioural changes of bacterial based bioindicators can be
measured by two categories of methods namely, physiological parameter-based
methods and finger printing methods (Fig. 5.2). Most of the physiological based
methods are suitable for whole soil microbial communities, rather than for a specific
bacterial community. Whereas, finger printing based methods are mostly very
species specific.Biologand PCR based methods arevery popular (Johnsen et al.
2001). Soil bacteria and actinomycetes have significant roles in carbon (C) and
nitrogen (N) cycle. Table 5.5 indicated effects of various pesticides on soil bacterial
population. Reports indicated that pesticides have negative impact on N-fixing
bacteria and formation of fewer nodules. Hence, these N-fixers can be a good
bioindicator for pesticide pollution in soil. Soil fungi, are comparatively more
resistant toward pesticides than soil bacteria and actinomycetes. However, pesticides
also have detrimental effects on soil fungi, and there by affecting various processes
of transformation, mineralization and decomposition (Table 5.5). Most of fungicides
and herbicides have negative impacts on soil fungi and majority of insecticide
(except endosulfan) do not affect soil fungi population (Iqbal et al. 2001). Among
varioussoil fungi, one of the most significant pesticide-affected population

Fig. 5.2 Analytical methods for measuring bacterial bioindicators
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Table 5.5 Effect of pesticides on soil microbial population

Pesticide Effect on bacteria References

Oxytetracycline, Captan # number of cultivable bacteria, but no
effect on overall soil microbial
biomass

Bossuyt et al.
(2001)

Endosulfan, Butachlor # methanogenic bacterial population Kumaraswamy
et al. (1998)

Methyl bromide Affected microbial communities, pre-
dominance (") of gram-positive
bacteria

Ibekwe et al.
(2001)

Cypermethrin Affected microbial communities, pre-
dominance (") of gram-negative
bacteria

Zhang et al.
(2008)

Isofenphos, thimet, foratax " total viable bacterial number, no
effect on other soil microbes

Digrak and
Kazanici
(2001)

Organochlorines (lindane, dieldrin),
organophosphates (pirimphos
methyl, malathion) & carbamates
(benomyl, methomyl)

Organochlorines and carbamets are
more toxic than organophosphates to
nitrogen mineralizing bacterias like
Nitrsomonas, Nitrobacter and
Thiobacillus

Odokuma and
Osuagwu
(2004)

Telen-17(mixture of
1,3-dichloropropene and chloropic-
rin), vortex (mixture of
epoxiconazole, fluxapryroxad and
pyraclostrobin), dazomet and
fenamiphos,

# nitrificating bacteria, # soil rhizobia
and less nodule formation

Tu (1995)

Trifluralin, metribuzin # nitrificating bacteria Bertholet and
Clark (1985)# nodule formation

Thiobencarb # Azospirillum & Azotobacter
populations, hence less N-fixation

Jena et al.
(1990)

Effect on fungi
Pyrazofos (fungicide) " Total-N in Trichoderma harzianum

and Fusarium solani & # Total-N in
Aspergillus niger and Penicillium
chrysogenum

Moharram et al.
(1994)

Bromoxynil (herbicide) # Total-N in A. niger, F. solani,
T. harzianum and Mucor racemosus,
& " Total-N in Stachybotrys
chartarum.

Profenfos (insecticide) # Total-N in Penicillium
chrysogenum

Procloraz, Triazamate # most of yeast population Slavikova and
Vadkertiova
(2003)

Captan # most of soil fungi growth Bossuyt et al.
(2001)

Endosulfan # most of soil fungi growth Iqbal et al.
(2001)

(continued)
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isglomealian arbuscularmycorrhizal fungi which plays very important role in absorp-
tion of plant nutrient like P and N, and even imparting resistance to disease. Hence,
growth inhibition of arbuscularmycorrhizal fungi may act as a bioindicator for
pesticide pollution in soil (Chiocchio et al. 2000). The next affected soil microbial
populations are algae and cyanobacterica, the nitrogen fixers (Anabaena sp.,
Gloeocapsa sp., Nostoc sp. and Oscillatoria sp.). These two bottom level organism
of every food chain of terrestrial and aquatic system plays very significant role by
capturing gaseous nitrogen and carbon di-oxide. Application of pesticides, particu-
larly herbicides drastically affects the photosynthetic activities of the algae and
cyanobacteria by reducing the total chlorophyll content and by hindering the elec-
tron transport (Pipe and Cullimore 1984; Berard et al. 2004). Hence reduced
photosynthetic activity could be a good bioindicator for soils contaminated with
pesticides (Table 5.5). Similarly, soil protozoans are another group of important
organisms which includes naked amoebae, ciliates and flagellates. They act as grazer
and predators of soil fungi and bacteria, and hence play important role in food chain.

Table 5.5 (continued)

Pesticide Effect on bacteria References

Benomyl #viability and growth of arbuscular
mycorrhizal fungi (Glomus mosseae)

Chiocchio et al.
(2000)

Effect on algae and cyanobacteria
DDT, atrazine # soil algae population Mallavarapu

(2002)" green algae population than
cyanobacteria

Atrazine # cyanobacteria Hantzschia
amphioxys (Ehrenberg); Stauroneis
obtuse (Lagerstedt) population by
inhibiting phytosysten-ll pathway

Berard et al.
(2004)

Monuron, linuron, diuron,
chlortoluron, chloroxuron

# cyanobacteria population Pipe and
Cullimore,
(1984)

Alachlor 22% growth # in Chlamydomonas
moewusii

Vaishampayan
(1985)

Only 3% survival of Nostoc
muscorum

Effect on protozoans
Atrazine # chlorophyte and chrysophyte taxa Downing et al.

(2004)Chlorothalonil # chrysophyte and heterotrophic
protists

Endosulfan # chrysophyes, cryptophytes and
dinoflagellate taxa

Thiodan and Karate # protozoa population Adebavo et al.
(2007)

Pentachloronitrobenzene Complete elimination of soil protozoa
population

Ojo et al.
(2007)
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They are sensitive to pesticides and may act as bioindicator for pesticide pollution
(Table 5.5).

5.3.3.2 Aquatic Microorganism

Reports across the world indicated that majority of water bodies including ponds,
lakes, rivers, coastal areas, deltas etc. Pesticides are more common (probability
>50%) in river water as compared to groundwater (Gilliom 2007; Smith et al.
2012). Once these pesticides become water soluble, they are prone to the process
of bioaccumulation and biomagnification. Organochlorine insecticides like DDT,
hexachlorocyclohexanes, endosulfan, endrin, toxaphene etc. can persists for long
time from few days to over some years in aquatic sediments or on particulate matters.
Though, reports indicated that organophosphates have lower persistence of few
days, but they got absorbed by aquatic organisms during that time of existence.
Owing to the lipophilic property pesticides get easily absorbed in the adipose cell/
tissues of lower trophic organisms and move towards higher organisms of food web.
Pesticide residues present in aquatic system impart deleterious effects on various
aquatic microbes (Table 5.6). In general, herbicides and insecticides affect the
phytosystem-ll of algae and cyanobactrias; thereby decrease their population
(DeLorenzo et al. 2001). At the same time, they promote green algae and result in
bloom of green algae as bioindicator for pesticide contamination (Pesce et al. 2006).
Restricted growth/inhibition of these specific microorganisms affect the lower tro-
phic level producers who depend on these microbes for food and nutrition. Even
residues of some herbicides have been found to affect the algal symbiosis and
thereby, affecting the coral reef (Smith et al. 2012).

5.3.4 Pesticides Toxicity Bioindicators for Humans

Several adverse health effects on human are associated with pesticide contamination
which ranging from endocrine disruption, cancers, moderate to extreme neurotox-
icity, etc. which indicates that human matrices can be suitably used as a bioindicator
for pesticide pollution. Identifying the contaminants route for human exposure to
pesticide i.e. air, water, soil and food is very much important. Selection of appro-
priate human matrices i.e. different human tissues like hair, urine, blood etc. is also
important. There is an extensive use of human hair in forensic and clinical sciences
for detection of drug exposure. Over the last decades, there is increasing interest in
analyzing human hair for environmental contaminants biomonitoring. Compared
other human matrix like blood, urine, saliva etc. which only indicates the recent
exposure of pesticides, hair can serve is a bioindication of history of pollution. The
reason is since there is no metabolism or excretion occurs in the human hair and
pesticide will be remaining stable which makes it as an excellent bioindicato. At the
same time, collection of human hair is easy, non-destructive and cheap. Several
pesticides like OCPs (Covaci et al. 2008), OPs (Salquèbre et al. 2012), and SPs
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(Lehmann et al. 2018) have already been detected in human hairs. Hair has ability to
detect the pesticides of different age group and not necessarily associated with the
occupational exposure and type of pesticides. For example, maximum concenatrtion
of o,p-DDT and p,p-DDT were detected in Romanian adolescents hair (Covaci et al.
2008). Whereas, in Philippines, pregnant women hair contains more of OPs (mala-
thion and chlorpyrifos) and SPs (bioallethrin) (Ostrea Jr et al. 2009). Moreover,
significant correlation of data obtained from hair analysis with other compartments
of the body reaffirms the use of this matrix as a suitable bioindicator.

During the spraying of pesticide on fields, skin is the most exposed organ (Wolfe
et al. 1966) and due to exposure, human skin could be critically harmed (Huang et al.
2000) which led to irritating, allergising and carcinogenic effects on skin (Zahm and
Blair 1993). For example, herbicide, paraquat is very toxic to human skin and
mucous membranes and it is very lethal if patients ingest (Tawatsin 2015). Human
blood can also be used as a suitable matrix for evaluation of body exposure to
pesticide and can provides the level of pesticide residues loading in the body.
Pyrethroid residues in the blood and body fluids give an indication of level of

Table 5.6 Effect of pesticides on aquatic microbial population

Pesticide Effect on aquatic microbe References

DDT Inhibited photosynthetic Lal and Lal (1988)

CO2 fixation in the green alga & # population Selenastrum
capricornutum.

Chlorella sp.,

# cyanobacteria population Anabaena sp.

Endosulfan # reproduction of green alga Chlamydomonas reinhardtii by
delaying meiosis,

Mohapatra and
Mohanty (1992)

# growth of marine red alga Champia parvula, bluegreen
algae Anabaena sp. and Aulosira fertilissima.

Chlorpyrifos Toxic to the marine diatoms Butcher et al.
(1977)Skeletonema costatum and Minutocellus polyorphus,

# zooplankton abundance,

" blooms of cyanobacteria (Anabaena, Anabaenopsis)

Temephos " growth of nitrogen-fixing bluegreen algae and the green
alga Chlamydomonas & simultaneously

Low-Goh et al.
(1981)

# growth of diatom Navicula pelliculosa

Atrazine # growth of diatoms, diatom, dinoflagellate, chlorophyte
and cryptophyte,

DeLorenzo et al.
(1999)

" cyanophyte biovolume

Diquat # growth of blue green algae and chrysophytes, DeLorenzo et al.
(2001)" population of green algae mainly, Oocistisspp

Diuron # phytosynthesis by affecting photosystem-ll of
phototrophs,

Pesce et al. (2006)

# reproduction of phytoplanktons like Asterionella,
Oocistis and Cyclotella
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pesticide exposure (Ramesh and Ravi 2004). Saeed et al. (2017) also reported that
presence of OCPs human blood is closely associaed with exposure of pesticides. The
correlation between pesticide exposure and its possible intake can suitably determine
by using human blood. Human adipose tisuue could be another important indicator
due to accumulation lipophilic pesticide like OCPs through the food chain and thus
bioaccumulation (Daley et al. 2014; Boada et al. 2014). As the postion of Humans, is
the topmost in the food chain, this accumulation will be magnified in the tissue rich
in lipids (Caba et al. 2015; Boada et al. 2014). Therefore, the determination of
pesticide levels in human adipose tisuue may helps in understanging the global
environmental pesticide pollution (Calderón-Garcidueñas et al. 2018). Other matri-
ces like milk (Ferronato et al. 2018), and urine (Bravo et al. 2019) also successfully
used for biomonitoring of pesticides. However, impacts of pesticide in the human
body are closely associated with the molecular structure and physical-chemical
properties of pesticides, environmental exposure and source. Integrated study of
them may give an interesting insight about the pesticides behavior in human tissues.

5.4 Conclusion and Future Research

Environmental pesticides monitoring is crucial step to manage pollution. Since use
of pesticides is an unavoidable phenomenon, their excessive use may cause the
environmental pollution and negative impacts on human health. So, early monitoring
is essential to prevent or control the damages caused by pesticides toward humans
and ecosystems. Strict regulation on the use of pesticides and its limit in different
environmental matrices has been fixed throughout the world including The USA,
Europe, and Asian countries like China, India, Japan and South Korea. With this,
monitoring of pesticide pollution has been a regular phenomenon for safe use of
pesticides for food safety and human health. Searching a suitable bioindicator may a
crucial step in this endeavor for pesticide pollution management. Since, bioindicator
involves the use of an organism or its part or group of organisms for pollution
detection, their use will be very much helpful for assessment the pesticides impacts
on human health. Considering all the results, pine needles, mosses and lichen may be
best orgaism for atmospheric biomonitoring for pesticides. Fish and aquatic weeds
are important indicator for water pollution by pesticides. Different specis of earth-
worm may an important indicator for soil conrmtination by pesticides. Honey bee
and birds is the important indicator for pesticides pollution across the state. How-
ever, choice of suitable extraction and analytical method is also important for the
complex matrix like honey bees and bee products and also for different human
matrices. Since each environment system has different level and type of pesticides
contamination, so it is highly recommended for simultaneous use of all these
matrices together for bioindication.
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Chapter 6
Occurrence and Removal of Pesticides
in Drinking Water

Anuradha and Jagvir Singh

Abstract Primarily solvents, petroleum products, and pesticides are chemicals that
are considered as agents of groundwater contamination. Pesticides that belong to a
chemical family have attracted our attention due to their hazardous effects on the
environment. In the beginning, organochlorine insecticides were used extensively
but the persistence and bio-chemulation properties of this class of pesticides make a
real problem. Highly hazardous pesticides and their excessive use have led to health
problems and fatal incidents world-wide. Data provided by World Health Organi-
zation and research conducted in 2016 suggest that the global impact of self-
poisoning from preventable pesticide ingestion was estimated at 155,488 deaths
and 7,362,493 disabilities, much higher than estimates. Since the health data avail-
able so far are limited to estimate the global health effects of such dangerous
chemicals.

Pesticides have acute, carcinogenicity, and mutagenicity or causing aesthetic
problems and chronic toxic risk to children. World Health Organization has set the
maximum pesticides residue limit in drinking water of 0.1 micrograms/liter. This
chapter reviews various removal technologies such as adsorption, ion exchange for
various types of pesticides present in water. The monitoring of contaminated water
and its regulation, supply is working under the United States Environmental Protec-
tion Agency and Federal Country safe drinking water act 1979.

Keywords Organochlorine pesticides · Clinical effect · Membrane filtration · Ion
exchange treatment technology · Activated carbon · Electrochemical treatment ·
Phytoremediation · Bioaugmentation · Electrocoagulation · Pesticide transportation
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6.1 Introduction

Pesticides are being used globally as a fungal weed. These chemicals allow crops to
flourish vigorously in use time, thereby increasing global production rapidly (Rosa
et al. 2019; Aly et al. 2019; Yihan et al. 2018). These substances predominantly enter
ground water through water sources and leaching through drift and agricultural
runoff due to one or more substances being active. Diseases caused by water
pollution through insect mites, weed contaminated surface water leaks, improper
disposal (Arne et al. 2019; Eduard et al. 2019; Hicham et al. 2008) and even waste
material injected into wells, crop be a developed nation or a developing nation, both
harmful to pesticides and causing economic damage. The problem of water pollution
by pesticides in India is so severe that 50% urban and 80% of rural people were
getting much affected. Insecticides may contain weeds, fish, birds, molluscs, nem-
atodes, plant pathogens, and a pesticide chemical substance that may be a biological
agent, disinfectant, or any device that forces economic power (Xiaochu et al. 2019;
Tawfeek et al. 2019; Gangesh et al. 2006; Wangyang 2017) by using them.

The use of pesticide chemicals started after 1940 to protect crops, increase yields.
Along with protecting crops, plants and increasing crop production, their use is also
increasing in defense of organisms. Their use is constantly increasing in every
production filed. Organochlorine pesticide (Adgate et al. 2000; Ankley et al. 2010)
usage has increased substantially since World War II. The article by Rachel Carson
in “Silent Spring” was published in 1962, in which shows the excessive use of
pesticides in agriculture and due this sources of water are at peak of dangerous point,
these dangerous chemicals cause eating disorders and at the same time their negative
effects on the environment can be described in detail. Research records of the
researcher obtained suggest that people in ancient Mesopotamia had already used
pesticides to protect their crops about 4500 years ago, and primary sulfur dusting has
been the first known used pesticide (Arena and Sgolastra 2014; Arias et al. 2008;
Atkins et al. 1986).

If we talk about water, then after air, has been like the most important part of
nature here for the creatures on earth. Only 3% of the water as fresh-water resources
exists on earth. These water resources are very important for daily use water,
ecosystem, energy industry, health of animals and other water-dependent subjects.
Developing countries are still struggling with this kind of problem compared to other
developed countries (Epstein and Bassein 2003; Epstein and Zhang 2014). Indus-
trialization and increased population are fully responsible for this. Due to the quality
of its illiteracy, they are also causing financial problems in the environment along
with the problem of water pollution. If we talk about the last 20 years, mostly seen
that the use of some pesticides has increased to a very high percentage, which makes
water (Zijian and Aaron 2018; Arisekar et al. 2019) resource of polluted. Due to their
poisonous effects, these chemicals are poisonous for the life of our earth.

The pesticide-rich water source is a major concern all over the world because
many deadly diseases start with such water pollution. 18,000 or more people die
every day due to pesticide pollutants. If we compare this kind of problem (Mourabit
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and Boulaid 2019; Rani and Kumaraguru 2014; Rasul and Thapa 2003; Abarikwu
and Adesiyan 2009) with the developed countries, then we find that pesticide
pollution is a very terrible problem in developing countries. In addition to pesticides,
water pollution can also be natural in which storms, earthquakes, volcanoes, algae
blooms and ecosystems can occur. Molluscicides, plant growth regulators, fungi-
cides, herbicides, nematicides, rodents are all types of pesticides. Before 1900,
organochlorine, a pesticide, was used to control many deadly diseases such as
malaria and typhus, which was later banned in most countries (Williamson 2007;
Westbom et al. 2008).

The arrival of organophosphates, carbamates, herbs and pyrethroids in the decade
of 1960–1970 gave a new direction to agriculture and its production. Although a
pesticide should be lethal only for its target and has been observed that pesticides has
proved to be very deadly for non-target species, even humans. This has created
a controversy over the use and non-use of pesticides (Baker and Wilkenson 1990;
Bohmont 1997). In 1952, with the production of Benzene Hexachloride, the use of
pesticides took birth in India and its use started on a large scale. After India, China is
the second largest agrochemical producing country in Asia and ranked twelfth
globally. These pesticides in drinking water remain a health concern even after
years. If very small part or quantity of pesticides that reach drinking water from
various sources which enters the human body with drinking water and causes
adverse health effects.

Every country uses pesticides in agriculture, residential gardens and commercial
areas. Due to their exposure, these natural waters reach the human body through
source, breath and dermal contact. Organophosphorus insecticides (Salam et al.
2015) have been used in agriculture since the ban on organochlorine pesticides,
which has created dangerous health problems. Pollution of ground water by pesti-
cides has become a national problem because more than 50% of the people here
depend on ground water. In countries or places where these chemicals are used more
or say that agricultural areas are more affected because their life depends on ground
water. Before 1970 this was thought that the soil, like a filter, prevents pesticides
from going into this ground water (Sattar and Rahman 1987; Satyavardhan 2013).
New research tells us that these dreaded chemicals do not get filtered and go to
ground water through leaching from agricultural land, which is a huge source of such
type water pollution. The problem of pesticide pollution also arises through the
disposal of waste material, improper disposal, leakage of contaminated surface
water, accidental spills and leakage.

6.2 Dispersal of Water on Earth

So far drinking water has been possible to see life only on Earth, the reason for this is
the presence of water only on this planet. Which covers 71% of it. Table 6.1 shows
the different sources and availability of water on the earth.
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6.3 Historical Perspectives

The history of pesticides is very old, the whole world has been using such chemicals
in agriculture for centuries. People started using them in the nineteenth to the
twentieth century by using synthetic pesticides. By mixing the right proportion of
pesticides, we got rid of undesirable pests, weeds and gave the agricultural world a
chance to flourish (Sharmin et al. 2015; Bolognesi 2003).

In the agriculture farm, and other places, these chemicals pesticide named ‘Paris
Green’ was the first chemical pesticides have been starting to use in United States
Nation since the year of beginning 1867. The rise of synthetic pesticides in the
nineteenth century led to Paris Green being discharged with pesticides containing
calcium arsenate, nicotine sulfate and sulfur (Bolognesi and Merlo 2011; Cerejeira
et al. 2003). Initially, the Romans used to control weeds with nonmetallic salt and
sulfur which is have many anti properties against pets, fungus, bacteria, used to
control them and both are the same work as done by pesticides or other herbicides,
fungicides. In the 1600 century, the mixture of honey and arsenic compounds in a
fixed proportion has been used to control ants and such others. Pyrethrin compound
containing pesticides that very hazardous chemicals were used to control various
types of insects and hellebore to control plant lice. Dichlorodiphenyltrichloroethane
as shown in Fig. 6.1 was the first synthetic pesticide of the time to establish a new
identity with its use in the whole world (WWF 1998). The reason for its popularity
was its use against mosquitoes and conquered the disease like malaria. Along with
utility and also gave birth to its derivatives.

These chemicals created a revolution in the world by giving birth to a new era
with the availability of agriculture and domestic applications. Along with the utility,
these pesticide chemicals have also given rise to their dangerous and deadly deriv-
atives. Dichlorodiphenyltrichloroethane became very famous due to its multiple

Table 6.1 Distribution of water on our earth planet

Sources of water Quantity in ppm Percentage Area in km

Fresh ground water 7600 0.76 10,530,000

Saline ground water 9400 0.94 12,870,000

Ice form 17,400 1.74 24,064,000

Biological water 1 0.0001 1120

Atmospheric 10 0.001 12,900

Swamp water 8 0.0008 11,470

Rivers 2 0.0002 21,200

Saline lakes 60 0.006 85,400

Oceans like water 965,000 96.5 1,338,000,000

Ground ice and permafrost 220 0.22 300,000

Soil moisture 10 0.001 16,500

Fresh lakes 70 0.007 91,000

Quantity and their percentage indicate that all most water quantity is useless for household purposes
with as drinking (Gross 2015)
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utility in agriculture but unfortunately the persistence of its properties made pesticide
almost non-existent after World War II. After this, some more pesticides started to be
used in agriculture, in which Aldrin, Benzene-hexachloride, Andrine, Dyedrin are
some of the major chemicals (Shi et al. 2011; Siddika et al. 2012). These pesticides
became popular with being effective, cheap. Rachel Carson, through her research, in
her book ‘Silent Spring in 1962’, presented a harsh picture of people’s understanding
of the environmental risks of pesticides.

6.4 Pesticide Classification

The term pesticide is a group of some dangerous, contaminated and negatively
impacted chemicals (Jing et al. 2016; Schipper and Marc 2008). They are mainly
divided into two classes natural and artificial or manmade. The classification has also
been made by the World Health Organization based on the potential health risks and
toxicity of pesticide chemicals as following-.

Class 1: Extremely dangerous pesticides. Example- Aldicarb, Brodifacoum, Broma-
diolone, Calcium cyanide, Ethoprophos, Flocoumafen, Hexachlorobenzene,
Phenylmercury acetate, Phosphamidon, Sodium fluoroacetate, Sulfotep, Tebu-
pirimfos, Terbufos.

Class 2: Highly dangerous pesticides. Example- Acrolein, Allyl alcohol, Azinphos-
ethy, Blasticidin-S, Butocarboxim, Butoxycarboxim, Carbofuran, 3-Chloro-1,2-
propanedio, Coumaphos, Zeta-cypermethrin, Demeton-S-methyl, Dicrotophos,
Fluoroacetamide, Heptenophos, Oxydemeton-methy, Pentachloropheno, Thal-
lium sulfate, Zinc phosphide.

Fig. 6.1 Dichlorodiphenyltrichloroethane (a), Dieldrin (b) and Benzene-hexachloride (c) was the
starting the chemicals that used as pesticides but now-a-days banned. These belong to highly
persistent organochlorine insecticide. (WWF 1998)
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Class 3: Moderately dangerous pesticides. Example- Alanycarb, Anilofos,
Azaconazole, Azocyclotin, Benfuracarb, Bensulide, Bifenthrin, Bioallethrin,
Butylamine, Carbosulfan, Chlorfenapyr, Cyfluthrin, Beta-cyfluthrin,
Cypermethrin, Alpha-cypermethrin, Difenzoquat, Esfenvalerate, Fentin hydrox-
ide, Fuberidazole, Imidacloprid, Methyl isothiocyanate, Phoxim, Pyrethrins,
Quizalofop-p-tefuryl, Thiacloprid, Xylylcarb.

Class 4: Slightly dangerous pesticides. Example- Acephate, Acetochlor,
Acifluorfen, Alachlor, Allethrin, Ametryn, Amitraz, Azamethiphos, Bensultap,
Bentazone, Butralin, Butroxydim, Chinomethionat, Chlormequat, Chloroacetic
acid, Copper oxychloride, Cycloate, Cyhexatin, Cymoxanil, Cyproconazole,
Dichlorobenzene, Dichlorophen, Diethyltoluamide, Difenoconazole,
Dimepiperate, Dimethylarsinic acid, Etridiazole, Fenothiocarb, Fluazifop-p-
butyl, Glufosinate, Hexazinone, 2-Napthyloxyacetic acid,
N-octylbicycloheptene dicarboximide, Pirimiphos-methyl, Quinoclamine, Res-
methrin, Tebuconazole, Undecan-2-one, Ziram.

These pesticides are based on functions such as orchards, wood preservatives,
domestic germ-ants, fungicides, herbicides and rodents. Many pesticides are increas-
ing their amounts in the environment based on their special properties and their
specific targets and water solubility (Alavanja et al. 2004; Arinaitwe et al. 2016). The
main basis of classification is based on their chemical composition, properties, size,
target and the overall classification have been shown in Fig. 6.2.

Manmade chemical pollutants can be classified into subclasses based on their
varying physicochemical properties.

6.4.1 Mode of Action

Mode of action is the class of pesticides in which the chemical or pesticide affects its
target. Such chemicals or insecticides fall under the mode of action. After this, they
are classified into non-systemic and systemic category. Systemic insecticides exhibit
their effects by moving into the target’s vascular system while externally displaying
their effects by not entering non-systemic target tissues (Bertolote et al. 2006).

6.4.2 Target Insect

The target insect class includes insecticides or chemicals that are classified based on
the organism of the target insect. This is the most familiar category. In this category,
pesticides are named because of their unique properties (Devleesschauwer et al.
2014). At the end of their names, the Latin word cide mean dyeing is used which is
used as a suffix as a victim. For example, insecticides target plants with pests and
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herbicides, while mollicides for rodents, fungicides for fungus, bactericides for
bacteria, insecticides for insects are affected.

6.4.3 Chemical Composition

As we know that insecticide is a type of chemical compound. Chemical composition
class as pesticide is known by the name that they are classified on the basis of their
chemical nature and active elements. This category is also very important from the
point of view of research in the field of pesticides and environment (Uddin et al.
2012; Ullah et al. 2014; Van den Brink 2013).

Depending on the chemical properties, pesticides can then be divided into seven
subclasses, organochlorines, organophosphorus, carbamates, pyrethroids,

Fig. 6.2 This diagram shows the general classification of pesticides. The proposed classification is
mainly based on the nature, character of insecticides and their specific targets. (Jing et al. 2016)
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organochlorins, organophosphorus, agotic heterocyclics, amides, and anilines.
Organochlorine pesticides have five or more chlorine atoms. This class was the
first synthetic organic pesticide to be used in agriculture, in which the chemical
composition is stable and keeps accumulating in the atmosphere. The first target of
this pesticide is the nervous system, which, under control, leads to the goal of
paralysis or death convulsions (Drechsel et al. 2010; Dufour et al. 2012). They
cause severe endocrine disorders in aquatic animals and birds and was banned for the
use of agriculture.

Organophosphates containing phosphate group are very toxic pesticides. From
the point of view of the user, it was occupied by 48.6%. Organophosphates were
used as a war material in World War II. This pesticide has also established records of
its utility in industries, cosmetics, medicine, agriculture. In humans and some other
species this compound prevents acetylcholine from being formed in the nervous
system by the acetylcholinesterase enzyme formed in the hydrolyze process. The
residue of this pesticide is dangerous for both ecosystems and food industries due to
acute toxicity (Eerkes et al. 2015; Epstein 2015). Based on annual reports, three
million cases of its acute poisoning have led to the death of 250 to 370,000 people
annually, so this pesticide was also banned worldwide.

Carbamate is an organic compound and this compound’s derived from carbamic
acid (NH2COOH) which is highly toxic pesticide. This pesticide is completely
different from reversible, cholinesterase inhibition and organophosphates and inac-
tivates the acetylcholinesterase enzyme. Pyrethroids, aniline, amides and abiotic
heterocyclic insecticides are toxic compared to the above.

6.5 Sources of Pesticide Pollutants

Pesticides reach different sources of water and contaminate it. Examples of mediums
such as air flow, water flow, soil like through leaching can be found, even directly,
the evidence of contamination of water is fair. These pollutants originate from
agriculture itself, which are the source of pesticide polluted water (Accra et al.
2008; WWF 1998). Excessive use of agrochemicals has created competition for
their food, habitat for vegetation risks as well as wildlife living there.

When these agrochemicals are used in the fields, as a result of improper format-
ting, the emission of these pesticides pollutes ground water through surface water or
air flow and drinking water sources on the way of leaching (Agricultural Chemical
Regulations 2006).

If some amount of these pesticides gets deposited on the tree plants through the
air, then by damaging them, they get deposited through rain water in the source of
these water, where it also becomes a target for humans and animals as well. They
give birth to terrible diseases and end of life. Pesticides persist for a long time in
water bodies due to their physical and chemical properties such as deposition rate,
partition coefficient, degradation rate (Erlanger et al. 2005). According to a study,
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the percentage of pesticides were different in different regions of India and the data
percentage as graphically shown in the following Fig. 6.3.

Due to the physical and chemical properties of the pesticide such as partition
coefficient, erosion rate, deposition rate persists for a long time in water bodies and
in the environment. Due to having these properties, their importance has also been
seen in climate change.

6.5.1 Pesticides Water Pollution

In the American Geographic Survey has been found that out of 76 pesticides, seven
pesticides were found which were broken down and converted into other products.
In a subsequent research, researchers found in 90% water streams and 50% wells
research findings that every water source had at least one pesticide presence (WHO
2009). Carbamate pesticide is found most often in ground water or drinking water.
Aldicarb pesticides have been found in more than two thousand wells in some states

Fig. 6.3 This picture represents the pesticides pollution in water different percentage in Indian
states. This graph showed that Andhra Pradesh has higher these sites. (WWF 1998)
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along the island of India. Due to the different nature of these chemicals, their
quantity in drinking water is different and the various data are given in Table 6.2.

“Our water is our world” is a motto for public awareness of water pollution.
Given the risks of pesticides, water pollution prevention becomes very important.
The spread of these chemicals can be prevented through awareness campaigns such
as schools, colleges, newspapers and by informing people about the ways of using
pesticides and poisoning of pesticides.

In this way, by managing their, control strategies, information, scientific studies
and tests, you can save the environment and its organism. Pollard et al. (1992) in
their research paper low-cost alternatives like biomass such as wood, coconut shell,
bio-sorbents like chitosan, fiber have been used to reduce the limit of pesticides from
drinking water. In milligram per liter to microgram per liter amounts of pesticides,
they are very effective in disturbing the environment and life to a large extent.

Along with pesticides to pollute our drinking water, we are also responsible to a
great extent because the population of the earth has grown very fast in the last few
decades (Richa and Shilpi 2018), due to which the use of these pesticides in
agriculture for food reimbursement is very high. The following graphic data
shown in Fig. 6.4 strongly support it.

As a result, the amount of these pesticide pollutants in the water has also
increased, which has serious consequences for the environment as well as human
health.

Table 6.2 The nature and polluted concentrations of various chemicals that behave like pesticides
are tabulated. (WHO 2009)

Pesticides Nature Fouling concentration in μg/L
Carbofuran Nematicide 40

Dalapon Herbicide 200

Dibromochloropropane Nematocide 0.2

Dinoseb Insecticide 7

Dioxin Herbicide 0.0003

Diquat Herbicide 20

Endothall Algicide 100

Ethylene dibromide Insecticide 0.5

Glyphosate Herbicide 700

Methoxychlor Insecticide 40

Oxamyl Insecticide 200

Pentachlorophenol Fungicide 1

Picloram Herbicide 500

Simazine Herbicid 3

Toxaphene Insecticide 4
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6.6 Pesticide Properties

Adsorption, evaporation, firmness and solubility are the properties of pesticides that
reflect the eccentricity of leach or runoff. Through these processes, these chemicals
get adjusted to ground water.

6.6.1 Adsorption

In this process, the pesticide gets stuck by the particles on the upper surface of the
agricultural land while using chemicals, this is called the process of adsorption.
Etrazine, paraquat which is an herbicide and the adsorption strength of paraquat is
higher than atrazine. This action also depends on the adsorption properties of
the soil.

Fig. 6.4 This bar graph plotted between the different types of pesticides chemicals versus their
fouling concentration in μg/L. Glyphosate is herbicide showed the maximum concentration to
contaminant. (WHO 2009)
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6.6.2 Solubility

This property depends on the solubility characteristic of the pesticide chemical and
can be written in milligrams per liter or in parts per million. If this characteristic is
too much of a chemical, then the amount of a pesticide chemical is more than 1.0
parts per million and Finally, they reach ground water as well as various sources of
drinking water very rapidly through the above medium.

6.6.3 Firmness

The term literally means how often a pesticide chemical is decomposed. Chemically
pesticides have specific property that can control the environment stagnation and its
loss or for how long. Some other factors such as microbial action, chemical reac-
tions, half-life and photodegradation also have their effect on this specificity.

6.6.4 Evaporation

As we all know that in the evaporation process, the pesticide may be solid or liquid
differ at different temperatures which is converted into a gaseous state. Pesticides, at
this stage are less polluting the environment. The risk of pesticides increasing in the
water environment increases due to rain. In this manner, mainly the amount of
pesticides is very low.

6.7 Pesticide Transportation

The transportation of pesticide may mainly consist of air and water. Air is a type of
transport method in which picks up pesticides and reached other sources such as
fields, water reserves. If the agriculture fields absorbed these chemicals, the surface
of the land, then air contaminates both ground water and surface water.

6.7.1 Surface Runoff and Erosion

Runoff is a type of action that involves water, soil and pesticide like chemicals. This
type is found mainly where staircase is cultivated. When water is given in the fields,
the overflows along with soil erosion. Pesticides and other chemicals along with that
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goes through these steps and goes to these water sources. The amount of runoff
pesticides depends on land’s slope, soil texture and moisture.

6.7.2 Diffuse Source

This pollution is caused by various activities without any particular point. This type
of transport brings a series of such pollutants that water alone does not have any
effect on the environment, but these insecticides by capturing these have specific
effects. Diffuse is also governed by the spread of pesticides in agriculture. Apart
from this, forestry, rural housing, atmospheric deposition, urban land can also be a
source of diffuse.

6.7.3 Spray Drift

In this, the inadvertent spread of pesticides and their negative effects are mainly
described. In this transport, the spray of these pesticides with spray, runoff from the
soil is also polluted off-target, which severely affects property, environment and
human health. Including off-target contamination due to spray runoff as well as
runoff from plants or soil.

6.7.4 Leaching Processes

This transportation provides a medium for pesticides to reach ground water through
such means. This is called leaching. Leaching solubility, soil types such as sandy,
rain after some time of spraying succeeded in increasing leaching. Such moments
help to maintain its properties to a great extent on pesticides and soil physicochem-
ical properties, vapor pressure, dependence, solubility.

6.7.5 Overland Flow

In this, water flows on earth from rain, snow or other sources, which also plays a
major role in the water cycle. The surface runoff before reaching a source is called
surface runoff/overland flow. Overland also corrupts soil.

Total runoff ¼ Surface runoff þ groundwater Baseflow
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After the ice melts, the river merges with water from various sources. Which then
overflows and causes great harm to the atmosphere. The overflow flows downstream
from the top surface to the hydrographic network due to gravity. Another way of
overflow can also be that this works to uplift the source of water, after that when this
level exceeds the maximum level, then pesticide starts to flow from the water. Which
also takes pesticide contaminants along with them and mix them in the source of
clean water. When this water is used, the presence of pesticides shows its opposite
effect.

6.8 Pesticide Poisoning

Pesticide chemicals are very toxic in nature. Those act like sweet poison in our food
and which are constantly being served in front of us. These are being included in
grains, vegetables and fruits through irrigation water and pesticides or in every food
item of agricultural production. Continuous use of pesticide chemicals has increased
fertility, quality and toxicity of agricultural land (Atreya 2006; Austin 1999).

The sources of water like ponds, rivers make the water there poisonous, causing
great harm to humans as well as animals, birds and all living environment. Excessive
spraying of pesticide chemicals leads to very serious fatal diseases. Their toxicity
results in increased incidence of diseases such as ingestion, inhalation or cutaneous
absorption, neurological, psychological and behavioral disorders, hormonal imbal-
ances, leading to infertility, breast pain.

6.8.1 Organophosphates

Organophosphate pesticides were created in the year 1940 after the
tetraethyleprophosphate pesticide was synthesized. Organophosphate poisoning is
a type of pollution caused by pesticides containing organophosphate. The chemical
species contain of organophosphate, they affect the nervous system directly. Some
fatal diseases of such pesticides like increase in saliva, tears, diarrhea, vomiting, red
marks in the eyes, sweating, body swelling and confusion occur. The initial symp-
toms of which may take a few minutes, 7 weeks or even months.

In the developing nations, it has been observed that patients with organophos-
phate poisoning suffer from these pesticides in such a way that they are forced to
commit suicide attempts. This toxicity is also increased by drinking water, breathing
and skin when touch such chemicals. Its basic process is similar to inhibition of
acetylcholinesterase which later becomes cetylcholine. Its confirmation is based on
its symptoms. Butyryl cholinesterase has its activity in the blood after confirmation.
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6.8.2 Chlorpyrifos

Chlorpyrifos is a versatile insecticide. Since its use has been banned in today’s date.
Chlorpyrifos is a type of organophosphate insecticide. This pesticide affects ter-
mites, grubs, flies, lice, fire ants, cockroaches and corn root worms. Chlorpyrifos acts
primarily as a poison (Jing et al. 2016). Its presence was found in some fruits
specimen responsible for dangerous damage to the liver, lungs, kidneys, eyes and
central nervous system. Its presence in some of the well-known brands of milk stored
here also damages carcinogenic and sensory systems.

6.8.3 Dichlorodiphenyltrichloroethane

Dichlorodiphenyltrichloroethane is a well-known pesticide with a low soluble ten-
dency in water whereas fats and organic oils dissolve easily. After their use, mostly
seen that this type of chemical kills the surrounding aquatic and flora. Their decaying
dead parts accumulate in living creatures and flora which are then added to the food
chain by organisms and flora. Since solubility in dichlorodiphenyltrichloroethane
vasa and dissolves in the vasa of the body which increases both concentration and
toxicity (WHO 2003).

The molecules of these pesticides do not decompose over a long period of
time and lying in the ecosystem their effects all the ecosystem factors. Once
used, they are present in the soil and environment for a long time like
dichlorodiphenyltrichloroethane for 5 years, lindane for 7 years and arsenic mole-
cules for an indefinite period of time (Michael et al. 2018). Exist in nature. Thus,
insecticides are active all the time to destroy our nature.

6.8.4 Aldrin and Dieldrin

Since the 1940s, aldrin and dieldrin have started to use pesticide chemicals. These
pesticides fall under the organochlorine class until 1970. They were used in crops,
and in 1987 they started being used for termite control. Their high concentration in
water affects dopaminergic and monoaminergic neurons, increasing the likelihood of
diseases like Parkinson’s and Alzheimer’s (Honeycutt and Shirley 2014). Neurotox-
icity is the result of these pesticides that aim to block the central nervous system of
vertebrates. Headache, nausea, vomiting, spasms and coma are some of such phys-
ical onset symptoms.

The World Health Organization (WHO 1995) has determined body weight and is
100 nanogram per kilograms. A research has been shown by the United States that
0.5 micrograms of dieldrin contains our food directly from various sources including
food, water, and air, daily. (Pengfei et al. 2011; Alan 2014).
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In the body of mankind, these pesticide species can live a half-life of 300 days.
Dieldrin pesticide in tap water has a maximum limit of 0.001 μg/liter and river water
maximum are 0.002 μg/liter.

6.9 Pesticide Treatment Technologies

Pesticide chemicals have been used continuously in botany for the past several
decades. They have been used in the prevention of pests, weeds and plant diseases.
The use of these pesticides by the agricultural world has opened up new dimensions
in the economic world. Along with this, these chemicals have created a crisis in front
of his life by contaminating the environment to a great extent. If we talk about our
drinking water in the environment, then these chemicals have also contaminated the
groundwater with these sources.

The presence of these chemicals has become a concern in human society. In view
of the above problems, this is absolutely necessary to remove these chemicals from
the source of drinking water or to negligible its effect.

6.9.1 Membrane Technology

In the early 1990s, this way was in the form of membrane filtration that began to
remove a wide spectrum of contaminants from the growing wastes. The membrane
separation process is the basis on its pore size and the range from 0.03–10 μm,
where1 μm is equal to 0.0001 millimeter. The two class of this technology, material
science and membrane fabrication technology as well as increasing demand due to
inferior quality have increased the usefulness of this technology (Shinichi 1994;
Lilane et al. 2019). This technology has emerged as a very useful option due to clean
and safe drinking water.

Some of favorable features are as follows.

(i) This is technically applicable at any ambient temperature without changing the
state.

(ii) When used, there is no accumulation of substances in it which makes volatile
nature. For example, in the ion-exchange resin process.

(iii) This does not include any chemical additives when removing the membrane
which proves helpful in enhancing the environment and water quality.

(iv) In the science of technologies, membrane filtration is the very simple and
traditional technology for the process of water separation.

(v) These membranes made with the use of polymeric chemistry or at low pressure
also prove to be very suitable. Like new technology, these membranes or very
less foam.
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(vi) Membrane filtration also gives very important features like low energy, low
cost operation, cleanliness and long life.

6.9.1.1 Reverse Osmosis

The methodology of this technique is based on high pressure. Reverse osmosis is
used in wastewater treatment technology (Haidari et al. 2019). Reverse osmosis is a
very popular technique throughout the world (Endre 2019; Simon 2019). The
contaminated water is passed through an impermeable membrane. By this, almost
all inorganic ions, turbidity, bacteria, solids and organic matter present in water can
be separated from the water.

Advantages
1. Removes contaminants and most soluble chemicals.
2. This technology works without break-in period.
3. Low flow concentrations possible.
4. In addition to pesticide, reverse osmosis is helpful in removing bacteria and other

contaminated particles.
5. Along with this small reverse osmosis system, this technique can be operational

simplicity and automation its applications.
6. This technic has high capital and high cost of starting
7. Along with pollutants, present technic is also suitable in removing salinity of

water.
8. Produces the most waste water like 25–50% of feed water.

6.9.1.2 Microfiltration

Microfiltration technique can be used to separate particles and bacteria of size up to
0.04–1.0 micrometer from water. Microfiltration is available as a filter cartridge in
the form of a tubular, disc plate, spiral or hollow fiber. This technique is not
applicable to remove the smaller particles that ultrafiltration and nanofiltration but
microfiltration is effective in eliminating bacteria, colloids, pyroxenes, suspended
solids with high atomic weight 0.05 to 0.10 micrometers and used in domestic water
recycling systems.

6.9.1.3 Ultrafiltration

The ultrafiltration technique mainly uses this method in the removal of high-
molecular-weight compounds of 0.5 to 0.10 micrometers, colloids, pyroxenes,
bacteria and suspended solids by ultra-filtration. An ultrafilter is used as a membrane
or filter tubular, disc plate, spiral and hollow fiber.
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Advantages
1. The biggest advantage of this technique is that this technique does not require any

chemicals.
2. Useful in silt filtration of its cavity.
3. Important role in the removal of contaminated particles and microbials of

certain size.
4. Simple automation and,
5. Process and plant compactness.

6.9.1.4 Nanofiltration

Nanofiltration technology uses nano filters with holes up to 0.6–5 nanometers.
Nanofiltration technology is multifunctional, clean water that separates contaminants
from ions, microorganisms, and suspended solids which is free from these contam-
inants. In nanofiltration, monovalent ions cannot be separated from the water.
Nanofiltration technology is also used to remove membrane alkalinity, hardness.

6.9.2 Ion Exchange Resins

Ion exchange resin, a polymeric material, is known to be one of the oldest techniques
used to filter pesticide containing water. Along with this, the hardness of water also
goes away by this means. This method (Alexandratos 2009) is also used for the
separation of dyes, heavy metals and other organic pollutants present in the drinking
water.

This contaminated water from various industries is treated according to its nature.
Combined contaminated water treatment plants can be set up to treat this water from
industrial units installed in industrial areas or clusters. The resin is also possible to
treat such types contaminated water that discharge of two different forms by mixing
them together. For example, contaminated water of acidic and alkaline nature can be
mixed and neutralized. Similarly, many metallic pollutants are precipitated by
mixing them together.

After proper treatment of polluted water (Deepti et al. 2016; Liang et al. 2018;
Irina et al. 2018) they can be recycled under process. The resin is also possible to be
used in plantations as required. The classification of ion exchange resins is as
follows.

1. Strong acid cation- R-S(¼O)2-OH group containing species are strong acid
cation.

2. Strong base ion- That have negative ions, called anion exchange resins.
3. Weak acid cation- H-ions lover species are weak acid cation.
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4. Weak base ion- These species are more stable than strong base as used for
removal of mineral acids, organic acids and other organic materials.

6.9.3 Activated Carbon

Activated carbon is a technique in which pesticides separate pollutants from polluted
water, resulting in clean and disease free water. Along with the elimination of
pesticides from water, this technique is a very effective method in the pesticide
manufacturing industry (Atkins 1972; Kobylinski et al. 1984). Activation carbon is
used as a cleaning method in these factories. The carbon adsorption treatment
method consists of a prefilter or alum flocculation chamber made of sand when the
contaminated water containing these effluents passes through these chambers or
these profiles, the carbon has strong adsorption so that pesticides are absorbed. As a
result, clean, sterile water is obtained by this mechanism.

Some successful results have been found in some researches that the presence of
some pesticides such as chlorpyrifos, malathione, dioxanone, dimethoate and
propoxur insecticides have been observed in the rinsing water. Thus, this method
of adsorption has efficiently absorbed the waste and pollutants arising from the
water. (Dennis and Kobylinski 1983; Nye 1984) Many researchers have used this
technique for remove or separate of pesticides and these techniques have also proved
very useful.

6.9.4 Phytoremediation

Phytoremediation technique is an environmentally friendly technique. In this tech-
nique, plants are mainly used to remove pollutants such as pesticides from ground
water. In this way, money, time can be avoided with any other water cleaning
technique (Nele et al. 2017; Prabakaran et al. 2019). Aquatic vegetation can also
be prevented from getting dirty by absorbing pollutants of this type from its source.
Coat and Anderson, in their research study and found a reduction of about 45% in the
presence of pesticides such as atrazine, metolachlor, and trifluene, indicating that
phytoremediation is a very effective emerging technique. But the above aquatic
plants recorded the presence of these pollutants up to 2–50%. Phytoremediation
techniques have proved very helpful in removing pesticide pollutants.

6.9.5 Bioaugmentation

Bioaugmentation is a technique in which pesticide pollutants are isolated with the
help of bacteria-microbes and all the process they have play an important role. These
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germs convert these dangerous lethal pesticide chemicals into low toxicity products
through aerobic and anaerobic processes through metabolic activity and pure water
is obtained. Some bacterial strains that are the only nutrient or carbon source of these
are degraded (Mariusz et al. 2017). As the carbon monoxide is released during
metabolism, pesticide is released during this process with a large amount of carbon
monoxide, which causes these reactions to be known as minerals.

Bacterial microorganisms in their metabolic process, secretes some enzymes in
which these pesticides are consumed as food, which reduces the such pollutants
present in the aquatic environment. They can be easily used as a result of bacterial
microbe found everywhere. They always exist in the environment and serve as
nature and maintain life cycle while serving nature (Do et al. 2015).

Microorganisms use this energy to complete this process, from the energy
generated by the breakdown of pesticides to the energy used to increase their number
or biomass. The breakdown of the bond and the taking of electrons from the
contaminants receive energy and more and more new cells are produced.

Now bioaugmentation comes that depending on which cars these pesticides are
destroyed by the environment or water source. This type is as follows.

1. Types of bacteria or microbes
2. Pesticide Chemical Type
3. Geological composition and presence of chemicals on contaminated water and

water bodies

These factors greatly influence the result of this technique. Overall, this is
concluded that this technology or organisms used in this technology converts
harmful chemical compounds, ions present in water and environment into other
such products which are reduce into less harmful.

6.9.6 Electrocoagulation

Nowadays, electrocoagulation technology is being used on a large scale in waste-
water treatment. Among the classical physicochemical treatment processes. The
principle of this technique is a reaction based on an advanced electrochemical
technique. In this process, water is treated as a medium and is used to remove
hazardous pesticide chemicals by electrifying them in various types of anodes and
cathodes. These can be in the form of anode and cathode with rods, fluidized bed
shells, plates, tubes, balls and wire mesh. In this, metal salts polymer and polyelec-
trolyte can be used to break the emulsion and suspension (Nuno et al. 2019; Miguel
et al. 2019; Rabiatuladawiyah et al. 2019). Polymers which are highly charged used
to remove water contamination through pesticides or other such as colloidal solids,
soluble inorganic and metals from aqueous media.

252 Anuradha and J. Singh



6.10 Conclusion

From the above study concluded that pesticides which is a deadly chemical and
affected by both the fauna and flora. Its bigger source is mainly agricultural where
these pesticides are used the most. Some pesticides form as complex with organic
compounds and these compounds have carcinogenic properties. If these chemicals
sprayed on the surface of plants by spraying methods, during rainy days when the
plants are watered, these chemicals dissolve in water, or form colloidal solution with
them. In both the states, they come out in the drinking water source and make the
drinking water harmful to all lives.

The most pesticides or biocides are chlorinated hydrocarbons. These pesticides
are non-biodegradable i.e. why their extreme effects are on water bodies and aquatic
life. So, these type chemicals are need to remove them from our water system. Many
modern technologies are using to remove them. The bioaugmentation method is the
best method for treatment of pesticides contaminants. Bioaugmentation is proved the
green and very significant method.
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Chapter 7
Degradation of Pesticides Residue by
Engineered Nanomaterials

Manviri Rani , Uma Shanker , Jyoti Yadav, and Keshu

Abstract The extensively used pesticides have severely impacted on environment
in view of their toxicity and persistence. Among them, organochlorines are highly
toxic with half-lives of many years followed by organophosphates. Being banned in
many countries, most of pesticides are still persisting into the environment. Tradi-
tional methods are not enough for removal of those structurally stable and naturally
persistent toxicants. Sustainable technologies based on engineered nanomaterials
have better treatment efficiency credited to enhanced multidimensional properties
including surface functionalization and porosity, specific targeting capabilities,
increased surface-area, and catalysis. Further, improvisation in engineered
nanomaterials for potential adsorption of pollutants could be achieved by application
of organic ligands, enzyme immobilization, inorganic moieties and surface
polymerization.

In this chapter, we have described present status of pesticides removal by
engineered nanomaterials. Moreover, categorization of pesticides along with various
health effects is also discussed. Titanium dioxide, zinc oxide and iron based
nanomaterials are highly used for treatment of organochlorine and organophospho-
rus pesticides. Fabrication of types of engineered nanomaterials also added enhanced
properties using templates of zinc, titanium, and tungsten as semiconductor
photocatalyst; iron and carbon as nanoadsorbents and polymer like polyaniline and
polythiophene have also described. The chapter concluded with major gaps in
implementing the hybrid technologies in water treatment plants, industries and
their future scope and perspectives of engineered nanomaterials.
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7.1 Introduction

Recently, water contamination by toxic and recalcitrant compounds is becoming a
grave problem to its proper consumption. These micro-pollutants and persistent
organic pollutants are discharged from various direct and indirect sources that
include industries and domestic discharges as well as agricultural runoff (Rani and
Shanker 2018a, b, c, d). They are hard to detect and degrade even at trace levels
concentrations. Pesticides have been used for boosting agricultural produce world-
wide. Moreover, the runoff from agricultural fields carries the risk of surface water
contamination which may directly affect the consumers. Drinking water may have
pesticides with permissible limit of 0.1–0.5 μgL�1 for total dissimilar constituents of
water used for human ingestion as per Water Directive (98/83/EC) (Karabelas et al.
2009). Dichlrodiphenyletrichlorethane and benzene hexachloride were the most
primitive organochlorine pesticide that created havoc in environment (Gupta
2004). Pesticides are commercially synthesized from toxic constituent majority of
them being phenols and cyanide derivatives. The inhibitory effect of phenols on
biological microorganisms makes them recalcitrant towards biological treatment
techniques. The leakage of methyl isocyanate from a carbamate pesticide production
plant in Bhopal resulted in a deadly disaster (Broughton 2005). Pesticides have
extensive production and consumption as well as prevalence resulted in toxicity
caused by themselves and their metabolites. In view of these challenges, pesticides
are classified into united state-environmental protection agency priority pollutants
list (Pillai and Gupta 2015a). Moreover, strict regulations have been applied for their
marketing and use of pesticides derivatives by The European Union (Rani et al.
2017a, b). Nevertheless, there is alarming rise in pesticides poisoning cases reported
from Asian countries.

Being chemically hydrophobic, pesticides showed bioaccumulation over a long
range of periods even in years. They affect the biological system including central
nervous and endocrine system (McKinlay et al. 2008). Pesticides like atrazine,
parathion, lindane, endosulfan, dichlorodiphenylaceticacid, endrin and
oxychlordane are used in agricultural fields and domestic places (Devi and Raha
2013). The recalcitrant nature of the contaminants headed to development of various
advanced efficient techniques based on engineered nanomaterials that are cheap,
accessable and can able to complete removal or degradation of pesticides (Morasch
et al. 2010; Ormad et al. 2011; Pitarch et al. 2010). Engineered nanomaterials are
promoted to industrial scale due to their enhanced characteristic, wide band gap and
improved output of applications. There are several review available on cheap
traditional adsorbents (Ahmed et al. 2010), advanced oxidation processes (Burrows
et al. 2002) and doped photocatalysts (Devipriya and Yesodharan 2005; Sud and
Kaur 2012). Konstantinou and Albanis (2003) have reported photocatalytic-
degradation of organophosphates under aqueous suspension of titanium dioxide
under the exposure of artificial and solar light.

Engineered nanomaterials also showed potentials as reactive adsorbents in erad-
ication of organophosphates pesticides and several warfare agents (Amin et al.
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2014). Rani et al. (2017a, b) presented a comprehensive review on degradation of
organochlorines by nanomaterials. It has been conclued that use of engineered
nanomaterials like titanium dioxide and zerovalent iron are basically used. Limited
discussion on employment of nanocomposites and nano-biocomposite for pesticides
are reported (Sahithya et al. 2015). In this light of discussion, a whole packet on
pernicious effects of several categories of pesticides along with the major methods
for their removal by different types of engineered nanomaterials from environmental
matrices is imperative. Present status of pesticides, their classification, consumption
and toxicity are also discussed. Engineered nanomaterials as such or modified forms
are categoriezed into several groups and specific engineered nanomaterials is
highlighted for their application towards traditional and new emerging pesticides
that are removed through adsorption, redox, rapid reactive adsorption (SN2 reaction)
and photocatalytic mechanism (Herrmann 1999). In view of environmental concern,
importance of green synthesized engineered nanomaterials is also deliberated
(Maurino et al. 1999; Gaya and Abdullah 2008).

7.1.1 Wordwide Consumption of Pesticides

Pesticides are cheap and easily available with great potential of action that led to the
rapid increase in call for pesticides and analogues. Statistics from food and agricul-
tural organization in 2015 indicated that approximately 2.8 metric tons of pesticides
are spent all over the world. Europe was the highest annual consumer of pesticides
followed by Asia and United States of America worldwide. Asian countries are the
major producers of these chemicals (Gupta 2004; Zhang et al. 2011). Singh et al.
(2014) reported worldwide pesticides consumption in the order: Taiwan with the
highest (17 Kg ha�1) followed by China (13 Kg ha�1), Japan (12 Kg ha�1), Korea
(7 Kg ha�1), France (5 Kg ha�1) and United Kingdom (5 Kg ha�1). A report of
European Crop Protection Association stated that pesticide usage is more wide-
spread in Europian, American and Asian countries with total of 80% of yearly
consumption in the year 2001 (Tadeo 2008). It has also been observed that the
cost of life and quality that is being degraded by pesticide is being tolerated majorly
by the developing countries. Global estimates report that number of deaths and
diseases that these toxic substances cause can be estimated more than 1 million per
year (Aktar et al. 2009).

7.1.2 Chemical Sketch and Grouping of Pesticides

Pesticides are categorized either on their chemical structures or based on control-
action towards pests. With different functional moieties and unique structure, they
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are placed as organochlorines, organophosphorus, carbamates and pyrethroids pes-
ticides (Konstantinou et al. 2006). While on based of action, they can be grouped
into insecticides, fungicides, and herbicides. World health organization also catego-
rizes pesticides based on toxicity (oral and dermal) dependent lethal dose that is
capable of killing 50% of the target usually represented as lethal dose 50 (mg kg�1)
(World Health Organization 2002, 2010).

The most accepted classification is based on chemical compositions is discussed
below:-

Organochlorines The chlorinated ethane derivatives, mainly used as insecticides
and known as persistent organic pollutants. Examples of organochlorines are
dichlrodiphenyletrichlorethane, benzenhexachloride and chlordane. They are mostly
banned for use and still found in environmental segments due to their long half-lives.

Organophosphorus They are derivatives of organophosphoric acid and exten-
sively used worldwide after strict regulations on organochlorines. They are not as
such toxic and persistent like organochlorines but cannot be evaluated as harmless
(Ecobichon 1991; Padilla et al. 1994). They are also treated as poisoning and
homicidal agents. Organophosphates and its metabolic products are proved to be
toxic to organisms (Fernandez-Casalderrey 1992; Ray and Ghosh 2006). Examples
of this category are malathion, parathion and chlorpyriphos.

Substituted Ureas These herbicides with free iminohydrogen have high selectivity
and lower persistence (half-life ranges from days to weeks) (Wang et al. 2009).
Photosynthesis efficiency of plants can be reduced even by application of 1.5 μg L�1

of diuron (Ricart et al. 2010).

Carbamate They are the derivatives of carbamic acid and cheaper than the organ-
ochlorines and organophosphate pesticides e.g., carbofuran, diazinon carbaryl, thi-
ram and mancozeb. Carbamates with reproductive toxicities are found to occurrence
in atmosphere (air and fog) (Pesticide news 2000) and their byproducts have shown
more toxicities than parent ones (Chapalamadugu and Chaudhry 1992).

Biopesticides These are safer alternatives obtained from either derivatives of plants
or micro-organism extracts. Many of them are in use and some are coming into the
market. Examples of this group are dipel (bacillus thuringiensis, bacteria), pyre-
thrum (chrysanthemum cineraiaefolium) and neem (azadirachta indica) (Isman
1994, 1997).

Besides the categories discussed, a number of miscellenous pestides with differ-
ent or modified functional groups are also used e.g., pyridazinone, neonicotinoids,
triazines and anilides. They are newely introduced and less used, but still showing
emerging concerns to environment due to caused toxicity and persistence.

Various pesticides structures are presented as Fig. 7.1.
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Fig. 7.1 (a) Structures of various organochlorine pesticides. (b) Structures of various organophos-
phate pesticides. (c). Structures of various carbamate pesticides
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Fig. 7.1 (continued)
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7.1.3 Environmental Concerns of Harmful Pesticides

Pesticides have a numerous effects not only on human beings but also on the entire
biosphere. The extensively employed pesticides are prevalent in developed and
developing countries. Oganophosphates and carbamate pesticides are included into
federal economics poison act in view of their various kinds of harmful effects

Fig. 7.1 (continued)
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(Landrigan et al. 1999; Pradeep and Anshup 2009). Long term exposure of pesti-
cides is also resulted in damage of central nervous system by obstructive sodium-
potassium gates and inhibition of cholinesterase and chitin synthesis (McKinlay
et al. 2008). Fungicides inhibit ergosterol synthesis which is a potential precursor of
vitamin D2. Heptachlor epoxides is highly toxic due to strong adsorption to organic
matter and recalcitrant nature (Devi and Raha 2013; Grundlingh et al. 2011).
Pyrethroids are also seen with carcinogenicity, reproductive toxicity and endocrine
disruptors (Hrelia et al. 1996; Ishihara et al. 2003; Slotkin 1999). Moreover, it was
noted that a very minute quantity of pesticide could even cause a potential threat due
to their longer persistence (Yadav et al. 2013). They also inhibit the acetylcholines-
terase activity of nerve cells (Tomer et al. 2015; McKinlay et al. 2008). Pesticides
have caused the reproductive failure in some fish species and reduction of the
thickness of birds-eggshells (Al Hattab and Ghaly 2012). The pesticides related
accidents are summarized as Table 7.1

7.2 Classes of Engineered Nanomaterials

7.2.1 Carbon Based Engineered Nanomaterials

The backbone of this type of engineered nanomaterials mainly made up of Carbon,
for example, uni and multi-walled carbon-nanotubes, graphene and fullerenes along
with derivatives, nanofibers of carbon, and amorphous carbonaceous composites
(Iijima 1991a, b; Chen et al. 2011a, b; Zhu et al. 2010; Gupta and Saleh 2013).
Carbon based engineered nanomaterials are inherently hydrophobic materials and
promising materials for removal of pollutants due to exceptionally high surface-area.
These materials can only adsorb the contaminants physically and not able to
transform or completely degrade the targets. Moreover, surface of engineered
nanomaterials can be modified by functionalization (introduction of functional
group on surface) or by making composites (aligned or incorporated with fibre or
polymer) through chemical and electrical interactions (Wang et al. 2013; Mostafavi
et al. 2009; Han et al. 2013; Gupta and Saleh 2013; Ren et al. 2011).

7.2.2 Metal and Metal Oxides Based Engineered
Nanomaterials

Metal and metal oxide engineered nanomaterials are extensively used for their useful
applications such as catalysis, sensor, electrochemical cells, and optical. They are
mainly transition metal compounds that may consist of one, two, or, less commonly,
three metals and/or their oxides (Li et al. 2008; Xu et al. 2012; Pradeep and Anshup
2009; Stoimenov et al. 2002). Titanium dioxide (Soni et al. 2008; Lu et al. 2013;
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Table 7.1 Some important pesticide related accidents worldwide

Pesticide Place Year Causes References

Parathion India 1958 Contaminated food
due to leakage

Rani (2012)

India 1962 Inhalation in
manufacturing
plant

Hexachlorohexane India 1963 Contaminated rice

Endrin India 1964 Contaminated
food

Hexachlorohexane India 1963 Contaminated rice

Endrin India 1964 Contaminated
food

Dichlrodiphenyltrichloroethane India 1965 Contaminated
chutney

Diazinon India 1968 Contaminated
food

Hexachlorohexane India 1976 Mixed with wheat

Endrin India 1977 Contaminated
crabs in rice field

Aluminum Phosphide India 1983 Contaminated
food grain

Methyl Isocyanate India 1984 Storage tank
leakage

Cartap hydrochloride India 1988 Factory workers

Endosulfan India 1997 Contamination
due to aerial spray

Phorate India 2001 Spray drift from
banana field

Endosulfan India 2002 Contaminated
wheat flour

2,3,7,8-tetrachlorobenzo-10-
dioxin

Italy 1976 Air pollution due
to poisonous gas

De (2010)

Sarin Japan 1985–
95

Mass-poisoning Nagami (2010)

Pesticides USAa 1968–
78

Contaminated food Laseter (1978)

Phenol USA 1974 Accidental spillage Baker et al.
(1978)

Phenol India 1999 Accidental over-
dose of phenol

Gupta et al.
(2009)

Phenol New Zealand 1980 Absorption of phe-
nol through skin

Lewin and
Cleary (1982)

2,4-dinitrophenol China 2009 Non-oral exposure
to workers in a
chemical factory

Lu et al. (2011)

2,4-dinitrophenol USA 1933–
38

Poisoning due to
weight loss pill

Bartlett et al.
(2010)

(continued)
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Bennett and Keller 2011; Yang et al. 2002, 2013), zinc oxide (El-Kemary et al. 2010,
Alikhani et al. 2012), nanoscale zero-valent iron (Mueller et al. 2012; Karn et al.
2009; Lacinova et al. 2012), and Ag (Dankovich and Gray 2011; Ren et al. 2013;
Yang et al. 2013; Georgekutty et al. 2008; Zodrow et al. 2009; Ehdaie et al. 2014) are
some commonly used metal and metal oxides based engineered nanomaterials for
treatment of wastewater and environmental clean-up. Those engineered
nanomaterials work on basis of chemical degradation, adsorption, chemical disin-
fection and photodegradation mechanism.

7.2.3 Engineered Nanomaterials of Magnetic-Core Based
Composites

This category includes of basically magnetic-core nanoparticles that consists of
magnetic elements (iron, cobalt, nickel) or their oxides and alloys with ferromagnetic
or superparamagnetic properties, and shells coatings (Ngomsik et al. 2005;
Ambashta and Sillanpää 2010; Liu et al. 2008; Girginova et al. 2010; Clark and
Keller 2012a, b; Huang and Keller 2015). Shells can have inorganic (e.g., silica or
alumina) (Bagheri et al. 2012; Mashhadizadeh and Amoli-Diva 2013; Clark and
Keller 2012a, b; Huang and Keller 2013; Wang et al. 2008; Karimi et al. 2012),

Table 7.1 (continued)

Pesticide Place Year Causes References

Phenol USA 1974 Accidental spillage
of 37,900 1

Baker et al.
(1978)

PolyAromatic Hydocarbons
(Lakeview Gusher)

USA 1910 1200 tonnes of
crude oil released

Rani and
Shanker
(2018a, b, c, d)

PolyAromatic Hydocarbons
(Kuwaiti oil lakes)

Kuwait 1991 Kuwaiti oil lakes
accidental spillage

PolyAromatic Hydocarbons
(Kuwaiti oil fires)

Kuwait 1991 136,000 tonnes of
crude oil released

PolyAromatic Hydocarbons S. Korea 2007 MT Hebei Spirit
oil spill

PolyAromatic Hydocarbons USA 2010 Deep Water Hori-
zon oil spill)

PolyAromatic Hydocarbons
(Sundarbans oil spill)

Bangladesh 2014 Accidental spillage

PolyAromatic Hydocarbons
(Ennore oil spill)

Chennai 2017 Accidental spillage

PolyAromatic Hydocarbons
(Lakeview Gusher)

USA 1910 1200 tonnes of
crude oil released

aUSA United States of America
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organic (polymers) (Ashtari et al. 2005; Li et al. 2010) or surfactants components
(Faraji et al. 2010; Afkhami et al. 2010). The major advantage of fabrication of
magnetic core based engineered nanomaterials is that superparamagnetism allows
quick separation of catalyst form water (Huang and Keller 2013; Wang et al. 2008).

7.2.4 Engineered Nanomaterials Based on Composites

These composite nanomaterials can be decorated on existing grapheme, polymers,
and clay materails to make their use on industrial scale. Presently, composite
nanomaterials are being showed applications in sustainable chemistry, electrials
and sensor, catalysis and environmental remediation (Mohmood et al. 2013; Qu
et al. 2013). Advantages of engineered nanomaterials lie in improvement of specific
surface- area, surface defects, electron mobility and wider range of light absorption
along with greater adsorption capacity (Reddy and Kim 2015; Sarkar et al. 2007).
Recent work of modifying nanomaterials to make composite materials has led to
development of versatile materials which can bridge the loop holes of simple
nanomaterials.

Several research articles showed the application of nanocomposites in adsorption,
photocatalysis, membrane and modification. Broadly, composite nanomaterials uti-
lize a basic architecture of a stable nanomaterial that has been modified by many
substances. Doping with metals or nonmetals, complexation of surface, sensitization
with dye, polymer-nanocomposites, and dip-coating on solid substrates are some of
examples of composites engineered nanomaterials. Majorly of engineered
nanomaterials are based on carbon (carbon nanotubes, graphene), oxides of metals
(zinc oxide, hematite, manganese oxides and tungusten dioixde) and magnetic-core
(magnetite) as discussed above. They are extremely useful and efficient in control of
water pollution caused by pesticides (Ahmed et al. 2011; Al-Hamdi et al. 2016;
Khajeh et al. 2013). These aforementioned materials have been reported to be
efficient in targeting a wide range of contaminants (adsorption and oxidation) by
their surface modification and reducing the recombination tendency of electron and
hole pairs (Adachi et al. 2004). Illustration of various engineered nanomaterials used
for pesticides degradation is presented as Fig. 7.2.

7.2.5 Working Mechanisms of Engineered Nanomaterials

For removal of pesticides from water, there are several working mechanisms on
which engineered nanomaterials act. Initially, such materials adsorb the organic
contaminants on their porous-surface via the solid-liquid interface followed by
degradation by semiconduction (photochemical), redox or reactive adsorbents
approaches (Pillai et al. 2015; Reddy et al. 2016; Sahoo et al. 2012). Engineered
nanomaterials based on metals; transition metals and oxides of other metals have
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tendency for absorption of a precise spectrum of sunlight (Debnath and Gupta 2017).
More the band gap of engineered nanomaterials, more is energy required for
generation of electron-hole (e and h) pair. Various engineered nanomaterials with
the mechanism of degradation of pesticides is presented in Fig. 7.3. The absorbed
photonic energy facilitates the movement of charge carriers from valence band to
conduction band, which, in turn, generates active radicals. Moreover, the objective
of charge separation can be easily achieved by mixing/doping such single constitu-
ent engineered nanomaterials with metal and non-metal complexes or with species of
polymer and plasmons and the detailed phenomenon has been represented in
Fig. 7.3.

Fig. 7.2 Illustration of use of various types of engineered nanomaterials like metals, metal oxides,
polymeric materials, nanocomposites for pesticides degradation from water and soil
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7.3 Degradation of Pesticides by Engineered Nanomaterials

Engineered nanomaterials based on titanium dioxide, zinc oxide and zerovalent iron
are most economic, rapid and effective heterogeneous photocatalyst for abundant
removal of pesticides under ultra-violet irradiation and sunlight (Kralj et al. 2007;
Moctezumaa et al. 2007; Zhang et al. 2006). They not only adsorbed contaminants
but also degrade them via photocatalytic, redox and reactive mechanism. Hydrogen
peroxide further improved their oxidative efficiency with more hydroxyl radical
produced. Zinc oxide-clay, iron-zeolite and titanium dioxide-zeolite
(bionanocomposites with enhanced activity and biocompatibility) are also used.
No much attention has been paid to emerging contaminants like carbamates and
substituted urea.

7.3.1 Titanium Based Engineered Nanomaterials

In the last decades and among the metal oxides, titanium dioxide is one of the most
extensively used in view of better light absorption in the ultraviolet spectrum.
Titanium dioxide has advantages of cheapness, easy availability and wide band
gap (3.2 eV) which overlaps with the energy range of ultraviolet light). The high
conduction of electron resulted in easy formation of electron and hole pairs in
valence and conduction band, respectively.

TiO2 þ hv ! eCB
� þ hVB

þ

Fig. 7.3 Various techniques used for pesticides degradation based on engineered nanomaterials
like adsorption, photocatalysis, membrane and filteration based. These techniques are found highly
effective during recent times
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The interaction of those e� and h+ pairs with atmospheric oxygen and water
produced superoxide and •OH on the catalyst surface. Furthermore, Cl• and sulfide
radicals are also formed by the trigger mechanism of electron on available chlorine
or sulfur. Due to these specific properties, it was a promising technology to degrade
carbon-based contaminants (Lopez-Ayala et al. 2015; Sivagami et al. 2015). Tita-
nium dioxide is found in three phases (anatase, rutile and brookite) where rutile
phase being thermodynamically stable. The high photo activity of the material has
been instrumental in degrading hydrophilic contaminants (Chitose et al. 2003; Follut
and Vel Leitner 2007). However, low visible-light activity and rapid recombination
of charge carriers limit the proper and effective usage of titanium (Gupta et al. 2006;
Sahoo and Gupta 2013). Those cause the requirement of modification of titanium
dioxide, through doping, functionalization or by making composites with materials
having good absorption capacity so that they can span the visible range of light.

Infusing metals like silver and gold, non-metals, or attaching engineered
nanomaterials with mesoporous materials, graphene, carbon nanotubes, polymer
materials and glass surfaces are some process of engineered nanomaterials modifi-
cations (Lee et al. 2015; Linsebigler et al. 1995). Hybrid engineered nanomaterials
promoted charge separation and visible light absorption via introduction of newly
energy states (Cao et al. 2008). The respective bandgap and corresponding light
wavelength is presented as Fig. 7.4.

Fig. 7.4 Schematic representation of bandgap of different types of engineered nanomaterials and
corresponding light wavelength. This figure revelas the efficiency of various engineered nanomaterials
under the influence of electromagnetic irradiation
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The extensive usage of silver and gold nanoparticles as novel catalysts having
improved efficiency credited to their versatile behavior. Using this property of silver,
Tian and co-workers (2014) prepared a visible-light active photocatalyst having
sandwiched structures. Here, silver chloridel act as negative surface which help in
production of active Cl• and entrapment of h+ (Dong et al. 2013; Naik et al. 2012;
Wang et al. 2012). Zhang et al. (2012) also observed that silver/titanium dioxide
(80%) composites is more effective than bared nanoparticles (<5%) in degradation
of pentachlorophenol under visible light conditions.

Various other metals like copper and zirconium were also used to form a p-n
heterojunction with titanium dioxide. Electropositive metals facilitate interfacial
charge- transfer which leads to the formation of zerovalent metals (Hernández-
Gordillo and González 2015; Naraginti et al. 2015). Additionally surface defects
caused by doping metals promoted charge separation for trapping of excess of light
energy (Hossaini et al. 2014; Sahoo et al. 2005; Sahoo and Gupta 2015; Linsebigler
et al. 1995). Zhu and co-workers (2007) modified titanium dioxide with
cetyltrimethylammonium bromide surfactant for better interaction and rapid degra-
dation of organic pollutants via improved stability of free radicals. Co-adsorptive
tendency of photocatalyst-surfactant bilayer and better charge transfer on the tailored
hybrid materials facilitated degradation process (Senthilnathan and Philip 2010).
Titanium dioxide is also being modified with silicon or iron nanoparticles for quick
separation via magnetic process. Titanium dioxide immobilized on silica beads
potentially degraded organophosphate pesticides in 7-h (Shifu and Gengyu 2005).
Iron/titanium dioxide nanocomposite prepared for removal of 2,4-dinitrophenol via
dechlorination mechanism (Liu et al. 2012). Iron nanoparticles able to inhibit
charge-recombination through transfer of e� to iron and h+ to semiconductor.
Overall, the active ionic and radical species (O2

., .OH, Cl�) promoted degradation
of contaminants via following equations.

TiO2 þ hv ! eCB
� þ hVB

þ ð7:1Þ
MNPþ hv ! MNPþ þMNP� ð7:2Þ

MNPþ þ Cl� ! Cl0 ð7:3Þ
MNP� þ OH� ! O2� ð7:4Þ

Cl0 þ OH� ! Cl� þ OHþ ð7:5Þ

Lindane was degraded successfully with N-doped titanium dioxide (Fig. 7.5)
(Senthilnathan and Philip 2010) and bimetallic Fe-Pd within 8 h (Joo and Zhao
2008).

Under solar irradiation, malathion was all-out removed by photocatalyt made of
2% tungusten trioxide/titanium dioxide while 47% mineralization was obtained with
bare titanium dioxide (Ramos-Delgado et al. 2013). Doping with two or more
transition metals further improved the efficiency or quantum yield of surface process
due to increase in number of energy levels between CB and VB edge of titanium
dioxide as well increase in surface area (malathion removal: 172% with gold-
palladium titanium dioxide nanotube film) (Yu et al. 2010).
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Moreover, metal ions facilitate charge parting of e� and h+ and acted as charge
carrier trappers. On the base of doping identity and concentration, a number of Ti3+

ion with more surface defects are produced and enable effectual adsorption of
atmospheric or moisured oxygen on titania surface. Charge transfer transition of
electron occurs between energy levels of dopants and titanium dioxide
(Ramacharyulu et al. 2015). Titanium dioxide functionalized with silver and gold
are effectively employed for the degradation of organophosphate containing phenols
at pH~ 3 (Shet and Shetty 2016). Monocrotophos and quinalphos were degraded to
maximum extent by zinc oxide/ titanium dioxide (7:3 or 8:2) (Kaur et al. 2013).
Monocrotophos with dichlorvos and phoxim were ereadicated by doped
nanocomposites titanium dioxide-silicon dioxide beads, titanium dioxide supported
on zeolite (Anandan et al. 2007a, b; Shifu and Gengyu 2005; Gomez et al. 2015; Dai
et al. 2009). Henych et al. (2016) suggested reactive degradation of toxic

Fig. 7.5 Degradation pathway of lindane under photocatalytic conditions by nitrogen-doped
titanium dioxide and nano zerovalent iron. The pathway suggest that degradation followed oxida-
tion/reduction mechanism
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organophosphate like malathion and parathion methyl with mixed metals and their
oxides in organic medium.

Both surface area and porosity were enhanced for organophosphate due to solid
collaboration of titanium with Cerium that resulted in high production of Ce3+ and
formation of Ti4+ states. Titanium dioxide functionalized with
polyacrylonitrilenanofiber and iron supported on zeolite was used for complete
oxidation of aldicarb and methomyl under ultra-violet irradiation, respectively
(Dixit et al. 2009; Tomasevic et al. 2010). Gold doped to zinc oxide and titanium
dioxide increased the degradation percentage of chloridazone within shorter time
due to prevention of the electron hole recombination (Fouad and Mohamed 2012).

The application of engineered nanomaterials based on titanium dioxide for
degradation of pesticides and derivatives have been provided in Table 7.2 (Fig. 7.6).

7.3.2 Zinc Oxide Based Composite Nanomaterial

Another engineered nanomaterials used for treatment of organophosphates (dichlor-
vos, monocrotophos, malathion) are zinc oxide – zeolite, copper oxide-chitosan,
copper oxide -montmorillonite chitosan and copper oxide -montmorillonite
gumghatti bionanocomposites (Tomasevic et al. 2010; Jaiswal et al. 2012; Sahithya
et al. 2015).

The development of photocatalytic treatment methods led to the demand of novel
materials with enhanced properties and ability to reuse it for repeated reduction of
organic compounds. Zinc oxide have been found efficient in the degradation of
pesticides owing to several enhanced properties such as fast movement of electron-
hole pair, minor harmfulness, cheap, effortlessly modified exterior properties, and
little scattering of sunlight. Hindrance in electron-hole pair, quantum entrapment,
and release of heat are the main factors for an efficient photocatalysis process.
Researchers observed that the fast electron movement in zinc oxide conduction
band generates extra reductive species compared to titanium dioxide and oxidative
potential of hydroxyl radicals is superior in zinc oxide with band gap ~3.2 eV than
titanium dioxide (2.7 eV) (Kumar and Rao 2015). Furthermore, the thermal and
mechanical stability of zinc oxide remarkably enhances its stable efficiency even
after repeated use makes zinc oxide an efficient photocatalyst and antimicrobial
agent (Bechambi et al. 2015; Navarro et al. 2009). Though the significant contribu-
tions of zinc oxide make it an outstanding option for wastewater treatment, few
issues of photo-corrosion, fast recombination of electron-hole pair, photo-
dissolution and surface passivation generation at basic pH hinder the flexibility of
zinc oxide. The reactions of the process are given below in Eq. (7.6) (Kumar and Rao
2015)

ZnOþ 2hþnH2O ! Zn OHð Þn 2�nð Þþ þ 1=2O2 þ nHþ ð7:6Þ
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Table 7.2 Application of nanocomposites of titanium dioxide in degradation of pesticides in water

Material Contaminants Brief summary Mechanism References

AgCl/Ag/
TiO2 60 mg

2,4-dichloro-phe-
nol 40 ppm

Removal: 94% in
60 min

500 W halogen
tungsten lamp

Tian et al. (2014)

Ag/TiO2

2.5 mg/20
mL

Pentachlorophenol
20 ppm

100% in 160 min UV-A 365 nm Zhang et al.
(2012)

Fe/TiO2

1g/L
2,4-dinitrophenol
15 ppm

97% in120 min
TOC removal: 71%

UV-20 W Liu et al. (2012)

Ag/Zr/TiO2

0.1 g/
50 mL

4-nitrophenol 0.1
mmol/L

5 mL of 0.05 M
NaBH4; 100% in
8 min

200 W Philips
tungsten lamp

Naraginti et al.
(2015)

Ag/Cu/
TiO2 0.15 g
L�1

4-nitrophenol 8.5
ppm

0.5 M N2H4 96% in
30 min

UV (254 nm:
4400 μW/cm2)

Hernández-
Gordillo and
González (2015)

Ag/TiO2

0.4 g L�1
Acetamiprid
20 ppm

40 min at 25 �C,
pH: 6

250 W high
pressure lamp

Cao et al. (2008)

Porous
TiO2

Atrazine
Thiobencarb
5 ppm

Removal upto
95.7%
Removal upto
96.7%
120 min

UV light Xing et al. (2014)

FeFNS/
TiO2 0.1 g
L�1

Diazinon
1.3 ppm

pH: 7
87.6% in 100 min

LED 385 nm Hossaini et al.
(2014)

TiO2/Fe2O3

0.1 g L�1
Diazinon
10 ppm

95.07% in 45 min 14 W/cm2 Mirmasoomi et al.
(2016)

Ni2O3/
TiO2-x Bx

(1 g L�1)

Trichloro-phenol
(1 �10�4M)

Removal upto 80%
Removal upto 70%
150 min

Zhao et al. (2004)

CTAB-
TiO2

1.5 g L�1

Pyridaben
C0¼ 2.63�10�5M

pH: 10
100% in 560 min

350 W
Hg-lamp

Zhu et al. (2007)

TiO2-SiO2

8 gdm�3
Dichlorovos,
(0.65�10�4
mol/dm3)

pH: 5
Air flow:
0.02 m3h�1

100% 420 min

UV Light
intensity:
2860 μW/cm2

Shifu and Gengyu
(2005)

Fe2O3/
CuO/TiO2

0.5 g L�1

2,4 D
C0¼ 100 ppm

pH: 6
1190 ppm H2O2

UV-A: 40 W/m2

97 % 300 min

Lopez-Ayala et al.
(2015)

Fe/TiO2 Thiacloprid Dose: 0.5 g L�1

C0¼ 0.3 mM
pH: 2.8
45 mM H2O2

125 W high pres-
sure lamp
96 % 240 min

Banić et al. (2011)

(continued)
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The composite of chitosan with zinc oxide was studied for active substituent of
permethrin pesticide (Comparelli et al. 2005; Moradi Dehaghi et al. 2014). These
investigations showed that at a dose of 0.5gL�1 polymer- zinc oxide composite 99%
of pesticide was degraded and also reported a reuse efficiency of 56% even after
three cycles. Furthermore, dissolution of zinc oxide in acidic solution inhibited due
to the fact that biopolymers can be protonated under pH less than 7 it will further
enables the binding of negatively charged pollutants strongly (Divband et al. 2013;
Khatamian et al. 2012; Qamar et al. 2015).

Many reports reveal that encapsulation of zinc oxide with lanthanum, niobium
decrease rate of combination of electron –hole pair (Anandan et al. 2007a, b; Lam

Fig. 7.6 Photocatalytic degradation of Malathion by tungusten trioxide/zinc oxide nano-
composites. This shows generation of massive hydroxyl radicals is responsible for the degradation
of Malathion. Here, synergistic effect of zinc oxide with tungusten trioxide playing vital role
towards efficient degradation of malathion

Table 7.2 (continued)

Material Contaminants Brief summary Mechanism References

Fe2O3-TiO2 Propachlor Dose: 0.2 g L�1

C0¼ 5 ppm
1500 W Xenon
lamp – 50 min

Belessi et al.
(2009)

Au-Pd-
TiO2

Malathion
10 ppm

450Whigh-pressure
mercury
Lamp 98.2% TOC
removal: 50.7%
240 min

Yu et al. (2010)
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et al. 2014; Xie et al. 2015). The hydroxyl radicals formed by the oxidation of
hydroxide by valence band holes while superoxide obtained by conduction band
electron in Eqs. (7.7), (7.8) and (7.9).

O2 þ e� ! O�
2 ð7:7Þ

hþ þ OH� ! OH� ð7:8Þ
OH� þ OH� ! H2O ð7:9Þ

Composite of zinc oxide with silver used for effective removal of phosphamidon
an organophosphorus pesticide reported by Korake et al. (2012). However, the
extensive use of zinc oxide has been restricted due to outward diffusion of electron
resulted in low quantum yield. Few studies have reported p-n hetero-junctions to be
an effective way to inhibit recombination of electron-hole pair (Pirhashemi and
Habibi-Yangjeh 2017; Darwish et al. 2017; Debnath and Gupta 2017). Superiority
of zinc oxide for photocatalytic ability among other contemporary material is due to
absorption of multiple ranges of wavelength and great photo-stability. Insight in to
sunlight assisted degradation of bisphenol A by zinc oxide @zinc hexacyanoferrate
nanocomposites has been explored and found that such engineered nanomaterials ae
highly effective in complete removal of variety of contaminants like polycyclic
aromatic hydrocarbons, and phenols (Fig. 7.7). The synthesis of zinc oxide based
enginerred nanomaterials composites and their photocatalytic efficiency have been
presented in Table 7.3.

Fig. 7.7 Degradation pathways of Bisphenol A over the surface of zinc oxide @zinc
hexacyanoferrate nanocubes. The best conditions for efficient removal were; Concentration of
bisphenol A; 2 mgL�1; pH:~7; catalyst amount: 25 mg under direct sunlight for 12 h
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7.3.3 Tungsten Based Composite Nanomaterial

Ultra-violet active photocatalysts having wide band gap and hence suffers major
limitations due to their incapability to absorb visible light which is the main constituent
of solar spectrum. This limitation was overcome by synthesizing visible light active
tungsten oxides with a band gap of 2.3–2.5 eV. Photocatalysis has been considered as
one of the sustainable options for wastewater treatment. Recently, tungsten trioxide
combined to several semiconducting materials with high surface to volume ration for
mineralization of contaminants. Tungsten trioxide exhibits two different phases mono-
clinic I and monoclinic II (γ and ε- Tungsten trioxide) (Tahir et al. 2017).

Because of low gap between valence and conduction band of tungsten trioxide
combination of electron-hole pair occurs and thereby decreasing its efficiency in
degrading organic contaminants.

Modifications in past reported the complexation of Tungsten trioxide with tita-
nium dioxide, zinc selenide or metals like palladium or on carbon derivatives like
graphene, carbon nanotubes. Some studies showed tungsten trioxide – titanium
dioxide mediated degradation of various contaminants like phenolic compounds
more than >98%, malathion (>76%) and imazapyr (100%) on mesoporous with
removal efficacy (Aslam et al. 2014; Ismail et al. 2016). The oxidatative degradation
enhanced due to facile relocation of h+ from tungsten trioxide to titanium dioxide
brings about formation of large number of active species (Mkhalid 2016). WO3

coated graphite electrodes have been found efficient materials for the removal of
2-nitrophenol with the efficacy of 82% (Umukoro et al. 2017). The catalyst was
tested for the degradation of recalcitrant pollutant 2,4-Dichlorophenoxyacetic acid.
Earlier studies illustrating the applications of modified tungsten trioxide have been
given as Table 7.4.

Table 7.4 List of nanocomposites of tungsten for degradation of pesticides in water

Nanocomposites
Contaminants/
concentration

Reaction
conditions

% Removal /
adsorption
capacity

Time
(minutes) References

Tungsten
trioxide

2-chloro-phe-
nol
30 mg L�1

Sunlight:
1000 � 100�102

lux

>98 180 Aslam
et al.
(2014)

Tungsten triox-
ide –Titanium
dioxide

Malathion
12 mg L�1

99 300 Ramos-
Delgado
et al.
(2013)

Tungsten triox-
ide –Titanium
dioxide

Imazapyr
0.08 mmol
L�1

pH: 4
Visible light:
2 mW/cm2

100 120 Ismail
et al.
(2016)

Zinc selenide-
tungsten
trioxide

Bisphenol A
10 ppm

pH: 7
Sunlight:
30�103�100 lux

99 90 Kumar
et al.
(2017)

Palladium-
tungsten
trioxide

2,4-D
40 ppm

300 W Xenon
lamp

100 50 Mkhalid
(2016)
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7.3.4 Composite Nanomaterials Using Adsorption
and Reduction Approaches

The surface area of composite nanomaterials offers more active sites to interact the
solid phase with the liquid phase in the heterogeneous system which results in phase
separation by mass transfer phenomenon (Pillai and Gupta 2015). The present
section explores and identifies the exceptional properties of composite materials
that enhance their adsorptive and reductive properties. The development of
nanomaterials with high surface area to volume ratio has proved to be of significant
importance in their use as water treatment materials.

The fabrication of composite nanomaterials attempts to overcome the potential
loopholes of nanomaterials like instability due to high agglomeration, passivation of
surface and high surface energy. The process of adsorption serves to be an energy
efficient simple method to remove pesticides from aqueous solution without any
additional by products. Moreover, the high reductive properties of iron based
materials facilitate simultaneous degradation and adsorption of the pesticides.

7.3.5 Iron Based Composite Nanomaterial

Iron is the third most abundant element in Earth crust as mineral ores. Due to
geological abundance, it exists in various forms like magnetite, maghemite, hema-
tite, iron oxyhydroxide, nano zerovalent iron each of which has a unique a specific
application in removal of water contaminants. Many studies have reported the use of
iron to imitate its natural potential in degrading and removing emerging contami-
nants. The properties like enhanced surface area, potential to act as both reducing
and oxidizing agent and easy separation of particles from water have made Fe based
nanocomposites as effective materials for treatment of wastewater.

Mechanism for the working of zero-valent iron under different conditions such as oxidative and
reductive generation of active species utilized for removal of presticides

The efficient de-chlorination of chlorinated organic compounds such as
polychlorinated biphenyls, hexachlorocyclohexane and hydrocarbons by nickel
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and palladium based compounds has been reported (Cao et al. 2005; Elliott et al.
2009; Tian et al. 2015). The degradation profile of Dichlorodimethyltrichloroethane
with iron-nickel nanocomposites has been illustrated as Fig. 7.8.

Traditionally, iron(II) sulfate and hydrogen peroxide were used as Fenton’s
reagent for the effective degradation of organic contaminants. Fe nanoparticles
were reported highly efficient in removal of pesticides but their implication was
restricted in view of agglomeration of particles in water. The experimental details
using iron based composite nanomaterials have been presented in Table 7.5. This
catalyzed the emergence of various nanocomposites of iron that fueled its use in
water treatment. Mineralization 4-nitrophenol using copper-maghemite
nanocomposite has been reported by Feng et al. (2013). The composites not only
provide stability to iron nanoparticles but also increase the efficiency utilizing the

Fig. 7.8 Degradation profile of Dichlorodiphenyltrichloroethane by iron-nickel bimetallic
nanocomposites via dechlorination and hydrodechlorination mechanism. This degradation ended
with less toxic metabolite as compared to DDT
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optimum amount of catalyst making the treatment an economic option (Ayad et al.
2017).

Recently, the efficient use of nickel/iron-manganetite for the de-chlorination of a
phenolic compound (dichlorophenol) rapidly in 3 h has been reported (Xu et al.
2016a, b). The basic fundamental of iron nanocomposites relies on the ability of iron
to reduce as well as provide a porous architecture for rapid adsorption of organic
species. Being mostly hydrophobic, pesticides and phenolic residues can adsorb
onto to the iron surface. Since iron based composites having high permeability and
porosity hence, operative diffusion of metabolites of pesticides was observed. The
active mass-transfer amid solid-liquid phase offers adequate time for quick degra-
dation. Moreover, the existence of oxygen onto iron interface resulted oxidation the
secondary metabolites. Nagpal et al. (2010) reported effective degradation of lindane
in the presence of iron-palladium bimetallic nanocomposite (concentration:
5 mgL�1).

In this study comparison between of iron nanoparticles with surface area to bulk
iron particles showed the effectiveness of iron-palladium nanocomposite was rec-
ognized to quick breaking of Carbon-Chlorine bond in organochlorine pesticides
due to superior electronegativity (Joo and Zhao 2008). Moreover, it was also
established that efficiency mainly depends upon the optimization of palladium
quantity in the nanocomposite that competently controls aggregation (Xu et al.
2005). Development of dendrimer-like structures with starch coated magnetic
nanoparticles were found to remove 98% of trichloroethylene in 1 hour (He and
Zhao 2005) while some studies showed that starch itself may be used for pesticide
removal.

Removal of glyphosate by manganese ferrate-graphene composite was reported
depended of positive surface charge and surface area of magnetic nanocomposite
(Yamaguchi et al. 2016; Yu et al. 2015). It was concluded that that fast dealkylation,
alkylic oxidation and/or dechlorination as well as more adsorption sites at the carbon
nnotubes surface enhances the removal of pesticide (Graymore et al. 2001). Bime-
tallic iron-nickel nanostructures were found effetive for removal of
Dichlorodiphenyltrichloroethane under mild acidic and alkaline conditions (Tian
et al. 2014). Aldrin, endrin and lindane was massively adsorbed by magnetite-
polystyrene (Jing et al. 2015). On the other hand, carbon-zinc oxide-cadmium
disulphide combination worked on photocatalysis for 98% removal of 4-chloro
phenol (Lavand and Malghe 2015).

On similar way, zerovalent iron/magnetite and magnetite@gold composite
worked for thiamethoxam and imidacloprid at acidic pH from water under irradia-
tion (De Urzedo et al. 2009). Depending on absence or presence of hydrogen
peroxide, zerovalent iron/magnetite behaved as a reducing or an oxidizing catalysts
(Fouad and Mohamed 2012; Rodriguez et al. 2011) (Fig. 7.9).

Ruthenium doped titanium dioxide and Ag/chitosan nano-biocomposite used for
80–98% removal of metsulfuron-methyl and Atrazine (Senthilnathan and Philip
2010; Saifuddin et al. 2011) while only 40% achieved with bare metal oxides.
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7.3.6 Carbon Based Composite Nanomaterials

Carbon-based material, such as activated carbon has already been commercialized
for water filtration. The various physical properties such as electrical conduction,
high mechanical and thermal of carbon are found enhanced once the particle size
decreased to the nanoscale dimension. Carbon nanoparticles exists as carbon
nanotubes, graphene, carbon quantum dots, carbon-based composites with high
surface area and has been found excellent adsorbent for removal of pesticides and
their derivatives (Yue and Economy 2005). The hydrophobic nature of carbon
nanoparticles due to π-π interactions have a great attraction for hydrophobic pesti-
cides and phenols but due to deficiency of chemical functional group carbon
nanoparticles generally take long time for adsorption. To improve performance of
carbonous nanomaterial’s their surface was altered with several other materials.
Activated carbon with improved surface properties has been found effective for
low cost removal technique for pesticides from water. Furthermore, carbon based
nanomaterial’s showed substantial stability at high temperature; this helps their easy
recovery after their use as an adsorbent by heating. Activated carbon generated from
waste vehicular tires employed for extraction of many persistent pesticides such as
atrazine, methoxychlor, and methyl parathion (Gupta et al. 2011). Silver encapsu-
lated reduced graphene oxide with high surface-area reported effective for removal
of various pesticides like endosulfan, chlorpyrifos (Koushik et al. 2016). Graphene is
a single later carbon sheet exfoliated from graphite (Cai et al. 2005; Peng et al. 2003;
Zhou et al. 2006). The carbon nanotubes are of more advantage than the activated
carbon due to their hydrophobicity, specific grooves, π-π interactions, surface
interactive sites and can be easily modified by metals to impart a catalytic effect
to the material. The extraordinary characteristics resulted from the geometrical
structure, purity, and degree of curl, tube-diameter, and the synthetic routes
(Peralta-Hernandez et al. 2017; Chen et al. 2011a, b; Pan and Xing 2008).

Fig. 7.9 Reaction of oxidative degradation pesticides based on hydroxyl radicals generated with
the help of magnetite under the electromagnetic irradiation
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The emergence of complex priority pollutants with highly stabilized aromatic
structure need the development of co-removal systems which can degrade such toxic
components as well as adsorb it from aqueous systems. Quick removal of dinitro-
phenol within 180 min by multiwalled carbon nanotubes/titanium dioxide
nanocomposite was reported (Wang et al. 2009). The effective use of silver/silver
chloride/carbon nanotubes nanocomposites for the eradication of tribromophenol
explored by Shi et al. (2013) using ultrasonic-deposition-precipitation. List of
studies explored the applications of carbon nased nonocomposites have been given
as Table 7.6.

7.3.7 Polymeric Composite Nanomaterials

Recently, researchers have reported the effective removal of pesticides and deriva-
tives using composite polymeric materials (Hu et al. 2015; Lu et al. 2011). Polymers
like chitosan, polyacrylamide, polyvinylchloride, polypyrrole, polythiophene and

Table 7.6 List of carbon-based functional material for removal of pesticdes from water

Nanocomposites Contamiants Reaction conditions Mechanism References

Multiwalled carbon
nanotubes/Titanium
dioxide 8 g L�1

Dinitrophenol;
38 ppm

pH: 6, 99% removal in
150 min

Sunlight Wang
et al.
(2009)

Titanium/
Multiwalled carbon
nanotubes 0.2 mg
L�1

Atrazine
4.6 � 10�4-
9.3 � 10�2,
mmol/L

3 min Chen et al.
(2011a, b)

Ag/AgBr/ carbon
nanotubes
30 mg/50 mL;

Tribromophenol;
100 μmol/L

pH: 10; 100% removal
in 50 min

250 W
metal
halide lamp

Shi et al.
(2013)

Au/Mesoporous
Carbon, 75 mg

p-Nitrophenol;
200 ppm

pH: 10.1, 0.06 M,
NaBH4, 87% removal
in 30 min

Guo et al.
(2016)

Ag/Graphene-
Dopamine

4-nitrophenol NaBH4 8 min Jeon et al.
(2013)

Multiwalled carbon
nanotubes (0.85%),
5 mg/25 mL

Atrazine; 4.2
ppm

0.01 M NaNO3 + 0.1g
L�1 NaN3, pH:
6, capacity:17.3 mgg�1

Chen et al.
(2009)

RGO-ZnS Nitrophenol 87% removal in 70 min Solar light Ibrahim
et al.
(2017)

Reduced Graphene
Oxide-Silver

Lindane, 2 ppm 99% removal in 15 min Sen Gupta
et al.
(2015)

Magnetite/graphene
0.5 g L�1

Ametryn, 10 ppm 93.6% removal in
70 min

Boruah
et al.
(2016)
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clay obtained from green sources and easily extractable from low cost sources for
pesticides degradation. Numerous polymers were employed for fabrication of mem-
branes and polymeric resins to target contaminants in wastewater. Furthermore, such
polymers showed high porosity and stability and their surface can be easily
functionalized to improve its interaction with pesticides.

Efficient removal of 2,4-Dinotrophenol of concentration (70 ppm) by carbon
coated polyacrylonitrile have been reported (Zhao et al. 2017; Sawicki and Mercier
2006; Zhao et al. 2017; Pradeep and Anshup 2009). Likewise, these materials have
been mixed with montmorillonite, a natural clay material to mimic the sediment
sorption process of non-polar contaminants (Sahithya et al. 2015, 2016; Shabtai and
Mishael 2017; Milojević-Rakić et al. 2013; Sarkar and Das 2017). Table 7.7 showed
list of composites of polymers for degradation of pesticides. The natural abundance
of polymers can be exploited to develop solid substrates for wastewater treatment
applications.

7.4 Importance of Green Synthesized Nanomaterials

In order to avoid use of toxic solvents such as dicholomethane, dimethylformamide,
hydrazine, sodium borohydride, green routes employing environmentally benign
and renewable materials are preferred. It is more reliable, sustainable and bioinspired
bottom-up approach (Makarov et al. 2014; Virkutyte et al. 2013). Green synthesis of
engineered nanomaterials has several benefits over traditional methods such as
cheaper, ecofriendly, safe, reusable, easy couture of the size, morphology, shape,
and surface functionality, generation of relative stability, remarkable biocompatibil-
ity and biodegradability (Makarov et al. 2014; Li et al. 2010; Virkutyte and Varma
2013). Green synthesis employing sunlight, or nontoxic, environmentally benign
and renewable materials such as water, ionic liquids, microbes, plant-based surfac-
tants or combination of those can be used on large-scale. Intracellular or inner
surface biosynthesis modulates the crystal growth and nucleation processes micro-
bial synthesis of nanomateirals (Narayanan and Sakthivel 2010). However, the
method is time consuming (~30 days) and expensive too.

Figure 7.10 represents the various green methodologies used for synthesis of
nanomaterials. Engineered nanomaterials synthesized via green methods are
low-cost and effective catalysts for remediation of environmental pollutants. Despite
this, they are not probed for much of contaminants. Reduced graphene oxide-based
plasmonic nanohybrids synthesized using extracts of Baker’s yeast showed excep-
tional photothermal transformation adeptness for waste desalination and purification
under visible-light (Attia et al. 2016). Moreover, reduced graphene oxide-silver
synthesized using Psidium guajava leaves extracts showed detection capability for
methylene blue even at very low concentration (Chettri et al. 2017). The
nanocomposite palladium-gold produced by Shewanella oneidensis was found in
effect for dechlorination of many carbon-based impurities in pharmaceutical drugs
(Corte et al. 2012). Compared to bared silver or gold, engineered nanomaterials like
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silver-copper prepared by use of leaf extracts of Prosopis cineraria has advantages
of superior antibacterial activity and cytotoxicity against human breast cancer cell
line (Jinu et al. 2017). Bio-functionalization of silver and graphene oxide with
phenylalanine peptide i.e., graphene oxide -peptide-silver nanohybrids showed
electrochemical detection of small molecules like hydrogen peroxide (Wang et al.
2017). Nanocomposites of graphene oxide with crystalline cellulose displayed
astonishing adsorption capacity for methelene blue (2630 mgg�1) (Wei et al.
2017). Besides, cellulose-silver nanocomposites have unlimited talent for commer-
cial applications (catalysis, antibacterial, sensor and environment) (Cao et al. 2008).
Silver nanoparticles with amaranthus gangeticus could able to remove more than
50% of congo red dye in 15 min (Kolya et al. 2015).

Polycyclic aromatic hydrocarbons and dyes could be photocatalytic removed by
biosynthesized nanocomposites of zinc oxide and copper oxide with graphene oxide
(Hassan et al. 2015; Lellala et al. 2016). Fardood and research group biofabricated
several nanocomopites of metal oxides (zinc, copper and nickel) and ferrites nickel-
copper-zinc, nickel–copper–magnesium and copper-magnetite) by use of gel, gum
or plants. They used them as catalyst for organic synthesis and photo-catalyst for
removal of organic pollutants (Fardood et al. 2017a, b; Sorbiun et al. 2018). In
addition, supermagnetic magnese based engineered nanomaterials were used for
remediation of several reactive dyes (Fardood et al. 2017; Atrak et al. 2018).
Green tea or starch fabricated iron based engineered nanomaterials have been
estimated for photocatalysis (Hoag et al. 2009; Huang and Keller 2013). Compared
to bared ones, green synthesized engineered nanomaterials showed superior
activities: bimetallic iron/palladium> iron and hematite@zinc heaxcyanoferrate

Fig. 7.10 Green strategy for synthesis of engineered nanomaterials
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nanocubes> zinc heaxcyanoferrate > hematite naoparticles (Rachna et al. 2018;
Smuleac et al. 2011). Better catalytic efficiency of green tea-iron iron nanoparticles
than iron nanoparticles fabricated by borohydride reduction further supported this
fact (Shahwan et al. 2004).

Shanker and his research group applied several green methods based on sunlight
assisted synthesis and plant extracts (A. marmelos, S. mukorossi, A. indica) for
fabrication of bimettalic oxides, metal hexacyanoderrates, cobaltates nanostructures
for photocatalytic degradation of several organic pollutants (Jassal et al. 2015,
2016a, b; Shanker et al., 2016a, b, 2017a, b,c; Rani and Shanker 2017; Rani et al.,
2017a; Rani and Rachna 2018; Rani and Shanker 2018a, b, c, d).

Green synthesized highly crystalline sharp metal hexacyanoferrates and transition
metal oxide nanostructures obtained via use of sunlight and natural surfactant
(A. marmelos) have were able to photodegrade quantitative (more than 90%) amount
of dyes (Jassal et al. 2015, 2016a, b, c; Shanker et al. 2016).

Metal hexacyanoferrate nanoparticles of particle zise approximate 10–100 nm
were more effective for toxic polycyclic aromatic hydrocarbons under sunlight than
ultra-violet and dark exposure. Depending upon size of rings, molecular weight and
aromaticity, anthracene was initially adsorbed followed by degradation to maximum
content over the surface of photocatalyst than phenanthrene, fluorine, chrysene,
benzopyrene in water (70–93%) along with soil (68–84%) at neutral pH under
daylight contact. The high potential is further seen by finding of minor and lesser-
toxic metabolites led to mineralization.

Crystalline nanocubes of hematite@zinc heaxcyanoferrate and zinc oxide@zinc
heaxcyanoferrate nanocomposite were synthesized using water and plant extract of
A. indica, locally available plants. Phytochemicals like benzoquinones, saponin,
polyphenols have tendency to regulate the particle growth by minimizing interfacial
tension. Functionalization with doping improved the surface-to-volume ration area
from 343 m2 g�1 to 114 m2g�1 and band energy from 2.18 eV to 2.2 eV) as well
because of synergestic effect of both semiconductors that is metal oxides and zinc
heaxcyanoferrate. This fact is supported by 3–6 times better adsorption of chrysene
(Xm ¼ 45.45 mg g�1) by doped nanocubes than bared zinc heaxcyanoferrate
(Xm ¼ 16.22 mg g�1) and Fe2O3 (Xm ¼ 7.348 mg g�1) (Rachna et al. 2018). For
bisphenol A, degradation trend of zinc oxide – zinc heaxcyanoferrate was highest
(97%) followed by zinc heaxcyanoferrate (88%) and zinc oxide (75%). Finally,
bisphenol A was converted to minor and small non-toxic oxidative chemicals like
malealdehyde, propionic acid and but-2-ene-1,2,4-triol by countless hydroxyl radi-
cal generated by conduction of wraped-nanocomposite. Moreover, both the
functionalized catalysts are easily regenerated and used upto ten-cycles emphasizing
their high potential for industrial applications.

Functionalization further improved charge separation and prevent charge carriers
recombination because of movement of photogenerated electrons from
photocatalysts to the photosensitizer. Green synthesis is commonly used for metal
oxides but limited for bimetaalic and higher forms. Farood and research group
(2003) carried out green funtionalized of zinc oxide with cerium ion or silver for
photocatalytic degradation of organic pollutants. Rani et al. 2019, fabricated
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bimetallic oxides (below 50 nm) such as nickel copper oxide nanorods, copper
ferrate nanoflowers and nickel chromate nanospheres via use of A. marmelos leaf
extract consisting of terpenoids, alkaloids and phenylpropanoids as phytochemicals
for controlling the morphology of engineered nanomaterials. Degradation efficiency
of bimetallic oxide of Nickel- oxide, Nickel-Chromium oxide and Copper -Chro-
mium oxide are in order of zeta potential, surface area and uniform distribution of
nanopartciles of both oxides involved. The by product obtained from degradation
(oxidation and cleavage of benzene-rings) of phenols were oxalic acid, benzoqui-
none, (Z)-hex-3-enedioic acid, (Z)-but-2-enal, (Z)-4-oxobut-2-enoic acid. Moreover,
like engineered nanomaterials of metal oxide with zinc hexacyanoferrate, mixtures
of metal oxides are less expensive as synthesized from cheap process and reusable
(n¼10) with enhancement of charge separation.

Diverse potentials were observed by different reasearcher for engineered
nanomaterials fabricated from green source containing different phytochemicals
surfactants. Due to those, engineered nanomaterials of different size and morphology
were obtained. Hence, in view of this, commercialization of green synthesized
engineered nanomaterials should be promoted.

7.5 Future Scope and Perspectives

In view of recalcitrant nature and serious health hazard of the pesticides, their
complete removal from contaminated wastewater is now the need of hour. Though
the pesticides concentration in environment found in ng L�1 to mg L�1, but because
of their recalcitrant behavious they may expressively increase their impression to the
extended period of time. Due to incomplete removal and generation of secondary
pollutants using conventional treatment methods pesticides removal needs advanced
treatment methods that not only adsorb it but also completely mineralize. In this
perspective, the generation of functional nanomaterial’s can be considered as poten-
tial candidates in view of advanced properties to solve the removal of pesticides.
These contaminants are not only noxious in its primary form but also generate highly
toxic secondary metabolites that are even more challenging to eradicate than parental
compound. Therefore, comprehensive details of possible subordinate metabolites
must be documented for all the pesticides. Furthermore, an advanced-eradication
technology must be recognized subsequently an exhaustive study is required of the
secondry metabolites made during the degradation reaction. Extensive research for
synthesis of engineered nanomaterials requires enhancing their competence, eco-
nomic, and technical practicability. Removal of pesticides by the engineered
nanomaterials was found dependent of several environmental parameters. The
combinations of the engineered materials exhibiting both adsorption and
photocatalytic effect found better in removal of pesticides compared to individual
ones. The reusability of the functional materials will surely achieve a sustainable
treatment method for pesticide removal.
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7.6 Conclusion

The present chapter summarizes the progress in development of various functional
materials and their application in pesticides removal. Functionalization of
nanomaterials (silica, carbonaceous, and metal-based; (zinc oxide, titanium dioxide,
iron, platinum and palladium and nickel oxide) for pesticides degradation have been
overviewed. Various types of functionalization methods especially the chemical
approaches for its diversity and ability to decorate nanomaterials with large number
of functionalities were discussed. High production and wide use of innumerable
perilous man-made organic is observed the prominent sources of water pollution in
Asia and worldwide. Engineered nanomaterials may overcome the principal limita-
tions that hinder wide-scale applications of nanoparticles. Due to finalization, their
working ability enhanced by manifolds at neutral pH under ultra-violet or solar
radiation engineered nanomaterials are used in wide-range to exclude or remove
their destructive impacts via several processes including oxidation, photocatalysis
(generation of electron-hole pairs) and adsorption. Degradation resulted into more or
less complete removal through mineralization or transformation to less-toxic
chemicals in short span. Green synthesis produced engineered nanomaterials with
variable morphology and size depending on different biogenic sources (plant sur-
factants, microorganisms). Those engineered nanomaterials obtained could have
better efficacy than that of chemically synthesized ones because of role of surfactant
that enter in lattice or sometimes found to dispersed on it. However, the way is still
long and more focus is needed to employ those as a mile stone in the environmental
and other commercial nanotechnology.

Furthermore, the role of operating parameters on efficiency of composite mate-
rials is reported. Hybrid functional materials involve templates of nanoadsorbents
(graphene, carbon nanotubes, nano zerovalent iron, hematite, magnetite), (titanium
dioxide, zinc oxide, tungusten trioxide) and polymeric materials have been used. The
functionalization of composite materials helps in overcoming the limitations of
simple materials such as less surface area and adsorption capacity, electron-hole
recombination, visible light insensitivity. The influence of crucial factors like pH,
material dose, initial contaminant concentration, temperature, and the presence of
other oxidants in removing the pernicious contaminants are of paramount impor-
tance and have been addressed in brief.

Finally, chapter end with some points on suggested future scope:-

1. Green synthesis may result in cheaper, effective and sustainable engineered
nanomaterials mediated degradation process. As well, biopolymers-based
functioalized composites should be encouraged.

2. Low-cost, easy available, green, and highly efficient, titanium dioxide and nano
zerovalent have been reported as an encouraging pesticide eradication process.

3. More research is needed to explore different nanomaterials on traditional or
upcoming organophosphates, carbamates and substitute urea to ban or restrict
them. Engineered nanomaterials with virtue of high potential should also be used
to treat still persisting organochlorine. For some of pollutants like Quintozene,
pentachlorophenol and toxaphene, they have never used.
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Chapter 8
Environmental and Health Effects
of Pesticide Residues

Sajjad Ali, Muhammad Irfan Ullah, Asif Sajjad, Qaiser Shakeel,
and Azhar Hussain

Abstract Now a days, agroecosystem is largely dependent on pesticides to meet the
ever-increasing demand of food and fiber. Tons of synthetic pesticides are deposited
to increase the yield. This scenario poses great threat to non-target organisms
because 98% sprayed pesticides directly or indirectly affect them. Several studies
estimated that 80% of sprayed pesticides directly contaminate the environment. This
chapter reviewed the pesticides effects on environment, natural biodiversity, polli-
nators, food chains and outcome health issues. It was reviewed that soil and water
qualities are deteriorated because of pesticide depositions. Due to microbial life
threat, soil respiration is decreased by 35% and almost 90% water sources in agro-
lands are polluted with pesticides. The aquatic and terrestrial food chains are being
endangered because of bioaccumulation and biomagnification of loads of pesticides.
Studies revealed that biodiversity and species are endangered because of pesticide
exposures. During last few decades, 70% decline in insect biomass and 50% decline
in farmland birds is reported in European nations. Similarly, 42% reduction in
species richness was also noted in Europe, Australia and North America. Pesticides
residues have injurious effects on bees which ultimately decrease their ecological
service. United Nations warned that 40% of invertebrate pollinator, particularly bees
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and butterflies, are at risk to global extermination. Almost, 30% honey bee popula-
tion decline in American and European countries is reported due to extreme use of
pesticides. Through food chain contamination, adverse effects reach to human life.
These ingestions have resulted serious carcinogenic, endocrine, neurological, repro-
ductive and other ailments. Even, many casualties have been reported due to
exposure to poisonous pesticides. Bundle of research indicated that cancer risk and
mental health problems are enlarged by 25–30% after exposure to pesticides.
Similarly, 50% elevated risk of leukaemia, lymphoma and brain cancer in children
is linked with paternal exposure to pesticides. Now, it is time to find out some
alternatives focusing the environmental protection and ultimately human health.
Integrated pest management can be the one and only option to minimize the use of
pesticides.

Keywords Air pollution · Biodiversity · Carcinogenic · Diseases · Food chain
contamination · Pollinator · Pesticide pollution · Water pollution

8.1 Introduction

Application of pesticides to prevent, kill, repel or mitigate the harmful and invasive
organisms, has become an integral input in modern agriculture system to meet the
ever-increasing demands of food and fiber. Tons of synthetic chemicals, mainly
herbicides, insecticides and fungicides, are being deposited into the natural and
agroecosystems every year to protect the crop produces from the weeds, insect and
pathogens. By 2050, we need to feed 10 billion population of the world (Eddleston
2000). Since 1940, many agricultural practices including pesticides would have
become a new trend in modern farming for improved crop yields; eight times better
than the previous one. Without pesticide application, losses of fruits, vegetables and
cereals due to various pest injuries can reach up to 78, 54 and 32%, respectively (Cai
2008).

Around 2 million tons of pesticides (45% Europe, 25% United States and 25%
other countries of the world) are consumed every year worldwide for the crop
protection. Worldwide, 40% of the pesticides is confined to herbicides, 17% to
insecticides, 10% to fungicides and rest of the pesticides fall into other small usages
(Fig. 8.1) (Alavanja 2009; De et al. 2014).

Almost, 98% of the sprayed pesticide chemicals also influence the non-target
organisms. Commonly, the pesticide residues through agro-ecosystem, domestic,
garden use and spray drifts are accumulating into soil, air, water and food. The
workers, who have direct exposure, are at more risks to carcinogenic and mutagenic
illnesses but the common people are also not excluded from this danger being
exposed to pesticide residues in nature. Besides the use of smart technology in
agriculture and increased focus on organic farming, still around 25 million workers
of agricultural community are diseased by exposure to pesticides residues exclusive
to infection of farm land animals. Environmental scientists are trying to reduce
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pesticide application to minimize the poisonous residues exposure (Alavanja et al.
2001; Alavanja 2009).

The monitoring of pesticide residues in food stuff was started in the European
Union since 1996. Due to food uncleanness, most of the deaths are noted in hospital
reviews (Eddleston 2000). In India, the first pesticides poisoning report was from
Kerala in 1958, where over 100 people expired after eating wheat flour with
parathion contaminations (Karunakaran 1958). The land can become contaminated
during each pesticide application. Likely, 80–90% of pesticides are volatilized into
environment within few hours of application (Damalas and Eleftherohorinos 2011).
The drift of pesticide causes, not only, the loss of 2–25% of chemical but also causes
spread of pesticide residues over longer distances. Large number of pesticide
transformation products, from a widespread range of chemicals, were also
documented in the past which are entering into our environment every year
(Hernández et al. 2008).

Similarly, application of pesticide on plants, contaminate the surface and ground
water by leaching down of pesticide residues from soil. A complete survey of at least
43 states in United States was reported by United State Department of Geo Sciences;
in which 143 pesticides and 21 transformation products from all major pesticide
classes were noticed in ground water (Waskom 1995). Approximately, 90% water
samples from all rivers, stream and fish contain one or several pesticides in a study
conducted in India. Additionally, 58% water of human consumption was polluted
with Organo-Chlorine insecticides above the Environmental Protection Agency
values (Kole et al. 2001). If ground water is polluted with toxic chemicals once,
naturally it may take several years for purification from these toxic chemicals. In

Fig. 8.1 Global share of different kinds of pesticides application
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most of the cases, cleanup is very costly with complex processes, if not impossible
(Waskom 1995).

The use of pesticides is increasing day by day. For example, during 1990–2006,
the total area treated with pesticides and herbicides increased by 30 and 38% in the
United Kingdom (Fera 2009). The excessive use of pesticides may induce different
health problems to human after they are exposed to these toxins at various levels.
The main problem is the duration of the exposure to pesticide residues. Some people
like children, pregnant women, sick or aged persons are more sensitive to the
residual effect of pesticide. Now-a-days, pesticides have passed into natural food
chains and tend to be bioaccumulated in the higher tropic levels (Mostafalou and
Abdollahi 2013). So, there is utmost need for scientists to make strategies to reduce
the pesticide residue exposure to save the environment and living beings.

8.2 Soil and Water Contaminations by Pesticide Residues

Agro-ecosystem is being contaminated directly or indirectly through plenteous use
of pesticides. In addition to reducing the harmful insects, pathogen or weeds;
pesticides can be lethal to a range of non-target organisms including beneficial
insects, birds, fish, and non-target plants. Insecticides are generally the most acutely
toxic group of pesticides, but herbicides can also exert hazards to non-target living
organisms. Agricultural systems are disturbed because of pesticide residues after
they enter into ecosystem through surface water, ground water and contaminate the
soil (Fig. 8.2) (Wasim et al. 2009).

Fig. 8.2 Pesticide application, decomposition and residues entry into ecosystem through soil,
surface and ground water
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Similarly, pesticides transformation products are also accumulated in the soils
and may disturb the soil microbial life benefitting our crop system. The beneficial
micro fauna is declining because of heavy deposits of pesticides in the agricultural
soils and their surrounding areas. For example, nitrogen fixing bacteria are disturbed
by the heavy applications of herbicides and insecticides into the soil. Similar effects
have also been noted in case of mycorrhizal fungi (Lu and Lu 2018). Due to declined
populations of beneficial microbes after long exposures of pesticides; the crop
productivity might be lowered in future.

A larger fraction of pesticides amasses in the soil due to unselective and frequent
use of pesticides. Afterwards, properties and microbiome of soil regulate the destiny
of the applied pesticides and their residues, through many degradation processes,
transformation products, and adsorption-desorption courses (Weber et al. 2004;
Hussain et al. 2009). Degrading pesticides tend to change the soil textures and
microorganism activities by changing its microbial biodiversity, biochemical and
enzyme activities in the soil (Hussain et al. 2009) which may lead to worrying soil-
ecosystem and soil fertility loss. Additionally, repeated applications of pesticides
pose impact on the function of helpful root-colonizing soil microorganisms like
bacteria, fungi, arbuscular mycorrhiza and algae by manipulating their growth,
colonization ability and metabolic events (Tien and Chen 2012). For example,
herbicides like chlorsulfuron, sulfonyl-urea, metsulfuron and thifensulfuron methyl
decrease the growth of Pseudomonas strains in agricultural soil which is key player
in soil fertility (Boldt and Jacobsen 1998). Likewise, benomyl, chlorothalonil and
captan tend to lower the soil respiration process (a microbiota indicator) by 30–50%
(Tien and Chen 2012). Pesticides residual masses also disturb the soil biochemical
reactions i.e. nitrogen-fixation, ammonification and nitrification by manipulating
certain soil microbial organisms or their enzyme activities (Hussain et al. 2009).
Pesticides may influence soil mineralization and organic matter, key soil property to
regulate soil productivity. For example, herbicides application including atrazine,
glyphosate, primeextra, and paraquat significantly reduce the soil organic matter
(Sebiomo et al. 2011). It is vital to assess the responses of soil microbes and
numerous enzyme activities to pesticide depositions so their deleterious effects can
be minimized.

Pesticide runoff from treated plants and soil can pollute the surface water bodies
which may disturb the water life in the long run. According to United States
geological survey; urban water resources are polluted with pesticides than the
agricultural water bodies. Pesticide leaching from the soil surfaces is accumulated
into ground water system (Kole et al. 2001). In the United States, 90% of the wells
water samples were found contaminated with pesticides during a study by the US
Geological Survey (Gillion et al. 2006).

Accidental spillages, waste effluents, surface run-off and shifting from pesticide
applied soils, cleaning of spray machinery after spraying, leaching into water bodies
and aerial sprays to kill water-dwelling pests can be ways for pesticides to get into
water resources. Pesticides not only affect the fish fauna, but also disturb the food-
webs afterwards. Many persistent pesticides like organochlorines and
polychlorinated biphenyls were noticed in the chief Arctic Ocean food-webs. The
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residual effects of pesticides, on aquatic environment, are governed by their solu-
bility in water and penetration into an organism. The hydrophilic or lipophobic
nature of the pesticide residual mass makes it less available in the fatty tissues of
aquatic organisms which mat later its toxicity (Pereira et al. 2013). If pesticide
application remains continued it will be a prodigious threat for agro-ecosystem so,
now it is right time to be aware all about this issue and find alternative and
environmentally friendly strategies.

8.3 Pesticide Bioaccumulation and Bio-magnification
in Living Systems

Pesticide chemicals can enter into living systems from the environment directly or
through agricultural runoff. They pass through different trophic levels in food web
from bottom (algae, oysters and fish) to top (eagle, bears and humans) level and tend
to accumulate in living organisms’ tissues at each trophic level because most of the
chemicals have half-lives between 1 and 4 years (Mostafalou and Abdollahi 2012).
At each following food chain level, pesticide residues increase in the tissues of living
organisms due to their non-biodegradable nature which is known as
biomagnification. This fact was described by studying many food chains and it
was noted that higher trophic level possesses elevated levels of the toxins as
compared to primary exposures. For example, Fig. 8.3 is depicting the
biomagnification ability of Dichloro-Diphenyl-Trichloroethane (DDT) insecticide
at different trophic levels (Deribe et al. 2013; Katagi and Tanaka 2016).

This phenomenon poses greater threat to higher trophic levels. The hostile effects
of pesticides residues on non-target organisms like aquatic fauna and humans,
occurred due to biomagnifications of these toxins. For instance, population declines

Fig. 8.3 Biomagnification
of pesticides (DDT) at
different trophic levels in a
food chain
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and reproductive disabilities in many fish-eating birds like gulls, terns, and herons
etc. were observed as a consequence of Dichloro-diphenyl-dichloroethylene induced
eggshell weakening (Grasman et al. 1998). It is observed that biomagnifications
increase with increasing lipophilic features and persistence of the pesticide residues
in living organisms. Due to this reason, organochlorines are ranked as chemicals
with higher biomagnification rates and are persistent in a broader array of living
organisms as compared to organophosphates. That’s why, they are banned with time
(Favari et al. 2002).

Pesticides can affect living organisms, in two ways. Firstly, they become the
source of sudden death of directly exposed organisms or secondly, these toxicants
accumulate in the living organisms or in sediments of aquatic environments and
cause death chronically afterwards. Usually the bio-degradation process of pesti-
cides and polychlorinated biphenyls is very slow as the residues in sediments below
water surface cannot degraded by UV light or microorganism activity. Fish species
can be exposed to these sediments through skin or gills contact or by direct
consumption (Walczak and Reichert 2016). In a study, Striped weakfish (Cynoscion
guatucupa) was used as a biomonitoring agent of environment. Nineteen pesticides
standards were used to detect the pesticides and isomers of endosulfan, chlordanes
and hexachlorocyclohexane were found in fish tissues and food contents of
C. guatucupa showing extreme bioaccumulation and biomagnification of these
chemicals at different trophic levels (Lanfranchi et al. 2006). Similarly, sulfotep,
demeton-O, dimethoate, disulfoton, fenitrothion and malathion pesticide residues
were also detected from coconut oil at higher concentrations. It was concluded that
pesticides were bioaccumulated in commercial coconut trees through the rough use
of agrochemicals in the fields (dos Anjos and de Andrade 2014). As most of the
pesticides are non-biodegradable in nature so, their residual effect cannot be elim-
inated easily. Even UV light is unable to degrade the pesticide residues in sediments.

8.4 Impact of Pesticide Residues on Biodiversity

Pesticides are regarded as one of main constituent of ‘Green Revolution’. Mainly,
the function of a pesticide is to help the users to avoid pest losses. In addition to
controlling pests, the declining biodiversity in nature is obvious now. Pesticide
residues are often persistent in nature, remain stable in environment and are causing
a serious threat to non-target and non-pest organisms. (Venter et al. 2006). Many of
these compounds are extremely toxic to exposed insects, birds, mammals, amphib-
ians and fish. During last few decades, 70% decline in insect biomass in Germany,
50% decline in farmland birds in Europe was recorded due to pesticide applications.
Removal of weed can modify the habitat type by discarding of vegetation and
eventually leading to insect population reduction. Elimination of some arable
weeds was caused by the usage of fungicides which allows farmers to stop ‘break
crops’ such as grass and roots (Storkey et al. 2012). Arial spraying was a major
problem prevailing in Canada related to biodiversity loss and 62% of species decline
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was associated directly or indirectly with pesticide usage. A study investigated that
average specie loss was 10% in common bird species from 1980 to 2006 but the
decline was recorded up-to 50% in common farmland bird species in 2006 in United
Kingdom leaving no option for recovery and suggesting the harmful effect of
pesticides in environment (Gibbs et al. 2009). On the same lines, the currently
used pesticides in Europe and Australia, are major reason for 42% regional diversity
losses of invertebrates in streams and rivers. Similarly, in Europe, 42% species
richness was reduced due to pesticide exposures even at environmentally safe
doses (Beketov et al. 2013). It is estimated that yearly 72 million birds are killed
due to pesticides applications in the United States (Fimrite 2011).

Collectively, 1211 species of birds was regarded as threatened species and among
these 86% are endangered due to demolition and deprivation of habitat because of
discriminating usage of pesticides and other synthetic compounds (Mitra et al.
2011). Pesticides can accumulate in the tissues of prey and can cause toxic effect
to top predators. Particular rodenticides are very toxic and can accumulate in the
body of rodents. These can cause secondary poisoning to predators like dogs, foxes,
non-target mammals and raptors by eating pesticide exposed prey (Brakes and Smith
2005). Herbicides damage the vegetation and can affect the life of common shrew,
wood mouse and badger due to the shortage of food and alteration in microclimate
(Hole et al. 2005).

Organochlorine belongs to the most important group of insecticide which is the
most persistent and stable compound in the environment and its application causes a
huge loss to biodiversity. According to a study by (Newton 1976), it was estimated
that the usage of compounds such as Dichlorodiphenyltrichloroethane and dieldrin
from organochlorines group of insecticides resulted a heavy loss to many bird
species like fish eating birds and Peregrine Falcon (Falco peregrinus) in some
regions of Europe and Americas. It was concluded that applications of granular
formulation of carbofuran has an effectual impact on the populations of songbird
exposed to insecticide when they were breeding alongside the edge of contaminated
fields (Stinson et al. 1994). Carbofuran in liquid form was also reported for its lethal
effects on Burrowing Owl (Speotyto cunicularia), a bird species with was recalled as
endangered (Gervais et al. 2000). The negative impact of diazinon applied on the
grasslands showed maximum mortality in the population of Brant geese (Branta
bernicla) which used to harbour their nests at that place to lay eggs (Stinson et al.
1994).

The negative impact of pesticides on fish have been widely documented.
According to a study, the insecticidal residues of Hexachlorocyclohexane and
Dichlorodiphenyltrichloroethane was found in four different species of fish in
freshwater in China. Residual scale of Hexachlorocyclohexane contents was found
comparatively higher in grass carp and chub while that of
Dichlorodiphenyltrichloroethane was examined higher in snakehead species of fish
(Wu et al. 2013).

According to a research, the predator-avoidance behaviour of guppy fish
(Poecilia reticulata) in response to the effect of pentachlorophenol in the presence
of a predator largemouth bass (Micropterous salmoides). The findings of this study
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suggested that the groups of guppies treated with higher level of chemical exhibit
sluggish response and could not maintain an optimal flux of speed to get escaped
after the attack of predator (Brown et al. 2009).

There are approximately 6000 species of amphibians documented in literature to
date world widely. One-third of this amount is endangered due to various reasons
like overexploitation, introduction of predator species and habitat destruction by
using pesticides. The prominent factor in this context is the water pollution caused
by runoff and leaching of pesticide residues (Brühl et al. 2013). In addition to the
insecticides, herbicide like diclofop-methyl and fungicide like difenoconazole also
indicated toxic effects of these chemicals on albino rats. These compounds had
altered the enzymatic and metabolic activities of tested rats. These chemicals possess
higher potential to cause toxic effect to humans as well as environment
(Abd-Alrahman et al. 2014).

Cereal yield loss was widely documented and inspected that it was affected due to
one-half reduction in plants, one-third loss in insects and about one-fifth decline in
bird species in the United Kingdom (Robinson 2016). Residues of
Dichlorodiphenyltrichloroethane, chlordane and Hexachlorobenzene was found in
blubber of franciscana dolphins in Brazil from 1994 to 2004 (Leonel et al. 2010). A
study was arranged from 1992 to 2006 determining the concentration of pesticides
(Dichlorodiphenyltrichloroethane, Hexachlorocyclohexane and Dieldrin) residues in
blubber of bycaught female common dolphins (Law et al. 2013).

Hazardous impact of pesticides residues to non-target organisms were
documented by several specialists. Yadav (2017) highlighted the risk of biodiversity
to the toxicants of pesticides. In this study, it was described that the physiological
activity of pesticides has a similarity between both pest and non-target species. For
example, Carbofuran, Chlorpyrifos and Terbufos are very efficient and well-known
pesticides to control the corn rootworm immatures present in the soil but these
insecticides impose extremely lethal effects to populations of earthworms.

Aerial application of some pesticides was responsible for total extinction of
arthropods in different crops such as cotton. Systemic insecticides caused secondary
poisoning in predator species like Chrysoperla carnea which fed on pesticide
exposed insects which are threatened by agrochemicals in farmland ecosystems
(Mansoor et al. 2015). Similarly, lethal and sublethal effects of some insecticides
were tested against a predatory bug Orius insidiosus. According to results of studies,
it was derived that insecticides such as abamectin, cartap, imidacloprid, and
flubendiamid was seemed to be safe and those pyriproxyfen and rynaxypyr were
characterized as non-injurious and pymetrozine was categorized as somewhat dam-
aging the bugs (Moscardini et al. 2013).

Pesticides exert very devastating effects to honey bees. Impact of imidacloprid,
diafenthiuron and ethofenprox was observed in response to metabolic changes in
larvae and adults of wild honey bees (Apis dorsata). Haemocytes of bees were badly
affected resulted in the loss of immunity against diseases and other abnormalities
such as agglutination, denucleation and cell shape distortion. It was concluded that
pesticide exposure was the key factor in the destruction of immune system in honey
bees (Perveen and Ahmad 2017).
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The impact of neonicotinoids was observed affecting the immunocompetence of
honey bees (Apis mellifera). Thiacloprid and imidacloprid reduced the number of
haemocytes, encapsulation response, and antimicrobial activity. Clothianidin was
responsible for carrying out these abnormalities at somehow large concentrations
(Brandt et al. 2016). Sublethal effects of clothianidin, imidacloprid and
thiamethoxam against the foraging behaviour of honey bees were also recorded.
Neonicotinoids were associated with multisensory disruptors and had a damaging
role counter to feeding activity of pollinators (Démares et al. 2018).

After green revolution, agrochemicals became an integral part of modern crop
production technologies to fulfil the dietary demands of rapidly increasing
populations but in current scenario, their toxic and deadly effects to living organisms
demand restricted use of these agrochemicals. Organic farming is much important to
specie richness and abundance of living organisms. Though, more quickly degrad-
able chemicals are invented which exchange the persistent ones, but their residues
are still capable of putting an organism’s health at risk by contaminating food,
environment and water. Increment in food production in present and future point
of view, must oblige with production of good class of food and with less lethal
contaminants (Carvalho 2017). Data recorded from various countries showed that
due to pesticide toxic effect biodiversity is declining day by day.

8.5 Impact of Pesticides Residues on Pollinators and Bees

Pollinators facilitate the transfer of pollen between flowers. Almost, 90% wild plants
are reliant on insect pollination (Ollerton 2017). One third of global food production
is materialized due to insect pollinators, mainly because of bees which have more
than 20,000 species worldwide. Honey bees add about US $200 billion to the world
economy each year through crop pollination (Eilers et al. 2011).

In 2016, the United Nations warned that 40% of invertebrate pollinator, partic-
ularly bees and butterflies, are at risk to global extermination. During past few years,
decline of bee species and downfall of honeybee colonies, due to continuous
pesticides applications to agricultural crops, have worried the apiculturists and
ecologists About, 25–30% honey bee population decline in American and
European countries is due to extreme use of pesticides. More than half of native
bee species are in endangered in North American regions (Sanchez-Bayo and Goka
2014).

These beneficial insects are exaggerated by sub-lethal effects of pesticides which
are often ignored. Due to repeated and long-term exposure to pesticides, physiology,
neurobiology, behavior and other mechanisms of survival of pollinator insects can
be changed. Pesticides residues may be carried back to hive and fed to the young
ones thus imposing an extra risk and pressure to bee populations which are on
continuous decline in agricultural lands (Connolly 2013).

Toxicity of pesticides may vary to honey bees. Most of the miticides, fungicides
and herbicides are nontoxic to the honey bee. The biological insecticide Bacillus
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thuringenesis shows very low toxicity to bees. Different formulations of the same
pesticides vary significantly in their toxicity to bees. Dust formulations are more
dangerous for bees than others because they can stick to their hairs. However,
granular formulations are less dangerous to bees. Residual characteristic of a pesti-
cide is an important factor in defining its safety for pollinators. An insecticide which
has low residual activity and degrades within few hours can be applied with less risk
when bees are not foraging actively on plants (Sponsler et al. 2019).

Bee killing, due to pesticide use, have been known since the late nineteenth
century but the discovery huge declines in wild and managed pollinators indicated
reduction in crop productivity and honey yields (Berenbaum 2016). The pyrethroid
insecticides can kill more bees when used in combination with fungicides and their
toxicity is increased by 10 to 100 times. In Europe, almost 9% bee and butterfly
species are endangered to be lost due to pesticides. A decline of 37% of bee species
and 31% of butterfly species is reported in European regions. Similarly, beekeepers
in the United States also testified 50% hive losses yearly with some grief losses up-to
100%. Since 2006, about 10 million bee hives have been reported to be lost, with a
value of about $200 per hive. These sufferings are magnified due to neonicotinoids
application at large scale (Whitehorn et al. 2012).

Unfortunately, mix of pesticides is a common practice among the farmers to save
time and labour. Many pesticides like pyrethroids, imidacloprid and clothianidin
produce a great reduction in foraging and navigation abilities of bees and other
pollinators (Schneider et al. 2012; Feltham et al. 2014). In addition to behavioral
degradation, colony collapse disorder in honeybees is also reported frequently,
worldwide. Several studies narrated that the declining of bee colonies is a conse-
quence of exposure to pesticides or their residues in cropping areas.

Organophosphate, Pyrethroid and systemic neonicotinoid insecticides like
thiamethoxam and imidacloprid are mainly responsible for bee declining in exposed
areas due to reduced colony initiation, lowered colony growth, and lesser reproduc-
tive outcome after exposure to certain pesticides (Fig. 8.4). Imidacloprid trace
dietary residues through nectar have no lethal effects, however, can cause 6–20%
reduction in the expected performance of honey bees. Overall, up-to 50% colony
collapse disorders are occurring due to pesticide applications (Baron et al. 2017).
Many neonicotinoids were present in plant nectar and pollen of insecticide treated
crop area and nearby wild flowers also and therefore, taken into bee colony food-
storage which pose serious danger to the immatures (Alaux et al. 2010).

In addition to bee damages, pesticide residues have also been reported in honey
and bee-wax samples around the globe which is threatening for the end consumers
(Noori et al. 2012). Eventually, agricultural production and source of revenue of
small farmers will be greatly affected due to loss of beneficial insects like pollinators
and specially honey bees. This challenge can be overcome by formulating the strict
rules and regulations for pesticides use (Connolly 2013). Due to repeatitive appli-
cation of pesticides, the physiology and other mechanisms of pollinaters become
modified or altered. So, it is need of an hour to protect the pollinaters and other lives
either by limiting the use of pesticides or by making strict rules and regulations about
its application.
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8.6 Pesticides Residues and Food Chain Contamination

Pesticide contamination is a worldwide food safety issue. The magnitude and effect
of pesticide exposures through food is of great concern for food consumers. Envi-
ronmental contaminants like pesticides possess potential to be accumulated in both
terrestrial and aquatic food chains (Fig. 8.5).

Fig. 8.4 Effect of pesticide
exposures on honeybees and
their life activities

Fig. 8.5 Application
various kinds of pesticides
for food production leading
to residual accumulation in
food
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Many studies have reported pesticide buildups in soils, terrestrial and aquatic
frameworks, and their lethal consequences on human and non-human biota. Inno-
vations are utilized first and their undesired impacts appear later on. Pesticides are
one of the best examples in this case (Clarkson 1995). Synthetic pesticides chemicals
were presented to improve crop yields by shielding crops from pests. Because of
crop yield security new pesticides products are utilized for higher crop production.
The Pesticide utilization remains a typical practice particularly in Tropical and South
nations (Carvalho 2017).

As the persistent synthetic chemicals have been eliminated and limited by
progressively biodegradable synthetic compounds, contamination by pesticide
deposits and late buildups still affect the natural human nourishment, for example,
dichlorodiphenyltrichloroethane, hexachlorocyclohexane and lindane, are long-
lasting chemicals. Now a days, these pesticides are prohibited for farming use in
most nations. As an outcome, residues of these synthetic compounds cause contam-
ination to the environment by scattering in the ecosystem (Reeves et al. 2019).
Agriculture needs to additionally create better practices to secure general well-being,
which requires progressively safe utilization of pesticides through earlier testing,
cautious hazards, and additionally through training of farmers and clients, measures
for better insurance of biological systems, and great practices for the reasonable
improvement of agribusiness, fisheries, and aquaculture (Green et al. 2016).

Pesticide chemicals enter into the natural food chains, and lastly are ingested by
people consuming such food and water. Due to pesticide resistance development,
pesticide companies persistently develop new synthetic compounds. In the European
Union, there are more than 800 synthetics are enlisted as pesticides. We know
slightly about the ecological effects of these synthetic compounds and their negative
impacts on living organisms (Köhler and Triebskorn 2013). As they are toxic and
deliberately mixed in the environment, their production, distribution, and use neces-
sitate purposeful and regular monitoring of their residues in food. The acceptable
daily intakes are being established and used by governments and international risk
managers, to set maximum residue limits for pesticides in food items to facilitate
safer food (FAO 2010).

Numerous instances of pesticide intoxication in farmers, workers, and their
families occurred during pesticide application. Pesticides application in agriculture
is derived with the assistance of a few systems, from the manual services by laborers
by walking to truck-and plane-based application methods. It is assumed that acci-
dental pesticide poisoning kills an estimated 0.35 million people every year, glob-
ally. Such, poisonings are strongly related to unnecessary exposures and
inappropriate use of toxic chemicals (Carvalho 2017). Dispersion of pesticide
residues in the environment and large killings of human and non-human biotas,
such as amphibians, bees, birds, fish and minor mammals were reported in the
literature (Köhler and Triebskorn 2013).

Throughout the years, extensive research was conducted, additionally, to know
the behavior of these synthetic compounds in nature to understand their
decomposing cycles and fate with respect to their lethality to biota. The
dichlorodiphenyltrichloroethane used to save crops was regularly noticed to be
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transported to the water bodies where it is quickly processed to
dichlorodiphenyldichloroethylene and tend to be bio-accumulated in the oceanic
food-chains and returned to end consumers in the long run (Carvalho 2006).

The organochlorine pesticides, long before were revealed as steady products, stay
longer times in soils and silt, accumulating in non-human creatures with devastating
impacts at the population level. Ultimately, they move in food chains with adverse
effects on human health (Carvalho 2006; Köhler and Triebskorn 2013). Organo-
chlorine synthetic compounds were queried and replaced by less persistent synthetic
substances, like organophosphate, carbamate and pyrethroids based on research with
respect to their degradation rates in soil and aquatic situations (Carvalho 2006). For
instance, toxaphene is not used in cotton fields anymore in Nicaragua but years after
end of its applications, the deposits in agricultural soils is still a contaminant source
transported to marine environment with a huge danger to food farming in coastal
areas (Carvalho 2006).

Soils are serving as the fundamental source of constant organochlorines. Soil
erosion, surface runoff, and river bodies convey a large number of detrimental
organochlorines to the ecosystem and contaminating natural food chains. Pesticide
residues, conveyed to the ocean, pose higher risks to enormous marine biological
systems, for example, coral reefs and other biota in the deep sea (Jamieson et al.
2017). Poisonous remains of pesticides in water systems may eradicate marine
species, decrease biodiversity, and disturb the natural ecosystem functioning. Mas-
sive research in aquatic toxicology helped to comprehend pesticide bioaccumulation
mechanisms to set toxicity levels for certain representative species (crustacean, fish,
plants) and intricate strategies to control pesticide pollution under tolerated limits
(Carvalho 2017).

The pesticides residues in food, on ingestion interact with the human gastroin-
testinal microbiota consisting of certain bacteria, fungi, viruses and protozoa. These
pesticide residues cause disruption in the composition of microbiome, which could
have lethal effects on intestinal homeostasis and overall systemic immunity (FAO
2010). The consumption and ingesting contaminated food weaken the human
immunity. So, the food at MRL (maximum residual level) should be consumed
that will be tolerant by the human body.

8.7 Pesticide Resdues and Health Concerns

Exposure to agrochemicals is posing serious concerns to human health. The dermal
exposures account for almost 90% of the pesticide exposures (Ross et al. 2001).
Toxicities by pesticide exposure are expressed in a variety of ways, ranging from
mild symptoms, like slight skin irritation or allergic indications to severe symptoms,
like strong headache, dizziness, or nausea. Longer exposures can cause chronic
abnormalities in human ranging from cancer to other serious diseases (Fig. 8.6).
The most important ailments raised by pesticide exposures are discussed here in this
section.
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8.7.1 Carcinogenic Effects of Pesticide Residues

Many kinds of cancer have been produced in human due to pesticide residues
exposures. Even, if a pregnant woman is exposed to the pesticide residues then
there is a possibility that her child may be sensitive towards the brain cancer,
leukemia, and Wilms’ tumor. Pesticides exposures from outside is mainly related
to the causes of blood cancer in children (Srivastava and Kesavachandran 2019). In
2010, a review found that 19 out of 32 pesticides were linked with at-least one type
of cancer, including brain, bladder, colon and rectal, leukaemia, lung, melanoma,
multiple myeloma, non-hodgkin lymphoma, and pancreatic cancer (Weichenthal
et al. 2010).

Carcinogenic effects are still underdiscussing and there is an urgent need of
research to explore the association of organochlorines and cancer, but the danger
cannot be underestimated (Calle et al. 2002; Witczak and Abdel-Gawad 2014). It
was documented that glyphosate was determined in endocrine disruptor
(Thongprakaisang et al. 2013). Data was analyzed from ten different Districts of
Spain to investigate the association of pesticide with cancer from occupational and
non-occupational papulations. It was observed that cancer rated were maximum in
areas belonging to intensive usage of agrochemicals compared to those of minimized
consumption of such carcinogenic compounds. The study strengthened and
supported the evidences of involvement of pesticides to threat of cancer (Parrón
et al. 2014). Organochlorine residues, in blood stream from adipose tissues, might be
mixed up with breast milk and injurious to infants (Mrema et al. 2013).

Several case-control studies analyzed rates of cancer among youngsters exposed
to pesticides and inflated rates of all kinds of cancer were found higher in folks

Fig. 8.6 Exposure routs and effects of pesticide exposure on human health
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exposed to pesticides within the garden and on indoor plants and whose mothers had
been exposed during pregnanancy. An outstanding study exhibited that inflated rates
of childhood cancer are linked with exposure to pesticides (Srivastava and
Kesavachandran 2019). In USA, a study expressed 19 and 28% excess prostate
cancer risk among the farmers and commercial pesticide applicators (Koutros et al.
2010). Certain studies, from Canada, Europe and the United States, investigating the
association between toxic chemical exposure and brain cancer also disclosed inflated
cancer risks among the folks exposed to pesticides. Almost all organochlorines are
lipophilic in nature and their bioaccumulation is very high remaining in the adipose
tissues for decades (Mrema et al. 2013).

Six studies investigated the links between chemical exposure and carcinoma.
Most of these, supported the supposed association. A study of feminine greenhouse
employees in Kriti found that exposure to pesticides for quite 4 h daily for a
minimum of 10 years inflated the chance of benign breast unwellness (Calle et al.
2002). In the same line, several studies evaluated the connection between chemical
exposure and urinary organ cancer, and they found positive associations. The link
was found not solely in directly exposed populations, however conjointly in young-
sters of exposed folks, and was most consistent once folks had prolonged exposure
(Xie et al. 2016). The relation between abdomen cancer and nitrates and some weed
killer chemicals indicated that the rate of abdomen cancer was found increased in
areas with high levels of weed killer contamination within the water (Sabarwal et al.
2018).

Four studies examined the association between carcinoma and chemical expo-
sure. Results of those studies are somewhat tough to interpret as solely two collected
data relating to smoking standing. In the end, pesticide associated elevated risk of
carcinoma among girls exposed to pesticides at work was found (Parrón et al. 2014).
Few studies were found on chemical exposure and gonad cancer. Gonad cancers are
considered as a health impact of interest and evaluated its association with exposure
to certain pesticides was found (Alavanja et al. 2004). During the evaluation of the
connection between carcinoma and chemical exposure of pesticide residues, and it
was found positive associations between pesticides exposures and this sort of cancer
(Bassil et al. 2007).

8.7.2 Neurological Effects of Pesticide Residues

Experimental evidences link the hazardous exposure to higher neurologic outcomes.
The residual effects of pesticide may result in each general and typical symptom.
Direct exposure, as an example, will cause typical indications like contraction of the
pupils, fuzzy vision, a supercilium headache, reddening and irritation in the eyes.
Symptoms of general poisoning are entirely because of the buildup of neurotrans-
mitter at the nerve ending. Under advanced poisoning, the target is pale with higher
sweating, and frothing from the mouth. Alternative symptoms embrace changes in
vital signs like muscle weakness, convulsions, disarray with or without coma. The
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victim might be dead if treatment is not given timely. In-vitro and animal-based
studies showed that nanomolar concentrations of organochlorines such as
endusulfan and lindane were involved in the blockage of calcium channels resulting
in the deficiency of calcium ions in pheochromocytoma cells leading to mental
disruptions (Heusinkveld et al. 2010).

Yokoyama (2007) highlighted Tokyo subway sarin poisoning cases along with
the pesticide users (tobacco farmers) in association with Green Tobacco Sickness in
Malaysia. It was determined that after 6–8 months exposure to pesticides leads to
neurobehavioral and neurophysiological abnormalities. Additionally, organophos-
phates and dithiocarbamate disrupt peripheral nerve conduction and some related
disorders (Yokoyama 2007). Similarly, mental health of Brazilian public was
assessed through a questionnaire and clinched that pesticides were found in blood
cholinesterase and found associated with mental disorders in all participated indi-
viduals (Buralli et al. 2019). In Mexico, farmers exposed to pesticides showed 25%
elevation in depression and depression–anxiety while 24% inhibited enzymatic
activity with generalized anxiety (Serrano-Medina et al. 2019).

8.7.3 Endocrine Disruptions and Pesticide Residues

Endocrine hormones play an imperative role in different body functioning particu-
larly in growth and reproductive function. There were significant evidences of
involving of Dichlorodiphenyltrichloroethane and its isomers like
Dichlorodiphenyldichloroethylene in disruption of endocrine glands (Turusov
et al. 2002). In general, about all classes of organochlorines were found to be
associated with abnormal functioning of endocrine with very small concentration
of residual contents (Lemaire et al. 2004). Organophosphates like malathion and
parathion were also found active in disrupting and malfunctioning of endocrine
glands (Gasnier et al. 2009).

Risk association between specific pesticide and incident polygenic disorder
ranged from 20 to 200%. Risks were larger once users of specific pesticides were
compared with applicators of United Nations agency who had never applied that
chemical. Synthetic pesticides can also extinguish cell structure and cell functioning.
Previous studies highlighted that at micromolar level of organochlorines like diel-
drin, cell propagation and cell capability was declined up to a considerable extent
(Slotkin and Seidler 2007). Another investigation revealed that heptachlor and
dieldrin are the causal agents of raising advance apoptosis in cell cultures producing
mitochondrial damage and oxidative stress (Culbreth et al. 2012).
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8.7.4 Effect of Pesticide Residues on Reproduction
and Fertility

Pesticide chemical exposures are also linked to birth imperfections, craniate death
and changed fetal growth. Figure 8.7 is explaining the mode of action and effects of
pesticide exposure on reproductive system on human (Bretveld et al. 2006). A weed
killer, a 50:50 mixtures of 2,4,5-Trichlorophenoxyacetic Acid and
2,4-Dichlorophenoxyacetic Acid has been related to dangerous health and hereditary
effects in Malaya and Vietnam. Additionally, it was found that descendants who
were exposed to pesticides had birth weight and biological process defects
(Srivastava and Kesavachandran 2019). A number of pesticides and a couple of
4-D compounds have been reported for impaired male fertility. Toxic chemical
exposures resulted in decreased male fertility, genetic variations and reduced variety
in spermatozoon, injuries to the germinal animal tissues and disturbed endocrine
performance (Srivastava and Kesavachandran 2019). Sabarwal et al. (2018) empha-
sized that the long-term exposure of pesticides are accountable as causal agents of
Parkinson’s and Alzheimer’s diseases in addition to various other reproductive and
respiratory disorders.

8.7.5 Pesticides Residues and Child Health

Children are very prone and susceptible of being affected by neurotoxins of pesti-
cides and exposure rates were very high. Scientists suggest that rapidly developing

Fig. 8.7 Pesticide actions and their effects on reproductive function of human

328 S. Ali et al.



brain tissues and cells become most vulnerable. Nevertheless, the results of pesti-
cides were seen not as much linked with pre and postnatal exposure about neuro-
physiological effects. It was concluded from a study that parental exposure of
pesticides resulted in deprived mental performance level and this factor was
observed more in boys than in girls. It was also suggested that postnatal impact of
pesticides can adversely affect child’s neuropsychological behavior and parental
exposure was less associated with neurodevelopmental damages (González-Alzaga
et al. 2015). In 2011, a meta-analysis of 40 studies concluded that maternal pesticide
exposures before birth is positively associated with 48% elevated risk of leukaemia
and 53% increased risk of lymphoma in childhood. While, paternal exposures before
or after the birth is linked with 50–65% higher risk of brain cancer in children
(Vinson et al. 2011). Such findings are discussed in many other studies also.

8.7.6 General Health Aspects and Pesticide Residues

It is growing belief that carcinogenic activity of pesticides is the main matter of
concern with public health. In addition to cancer, 4 non-cancer attributes such as
dermatologic, neurologic, reproductive, and genotoxic effects and their relationships
with pesticides were investigated by Sanborn et al. (2007). They concluded the
positive linkage between 4 above mentioned non-cancer human health issues with
pesticides. A comparative study was established to observe the effects of synthetic
pesticides in contrast to naturally occurring plant chemicals. The study demonstrated
that the toxicological effects of both synthetic and naturally occurring chemicals was
equally harmful in context to human cancer risks. It was also observed that with the
application of low doses the exposure rate of pesticides residues was insignificant
(Ames et al. 1990). The key signs of pesticides boozing can be distinguished into
syndromes like muscarinic syndrome; in which acetylcholine the exploitation, heart
disturbances and exocrine glands with raised bronchial secretions, sweating and
tearing disrupt the gastrointestinal tone. The conditions may cause diarrhea, nausea,
vomiting, bronchospasm, bradycardia and elicits urinary incontinence. Some studies
have reported accrued risks of eczema in the individuals exposed to pesticides
(Paudyal 2008).

As health is the most important thing to survive so, compromise in health can not
be afforded. Protective measures can help farm workers to avoid get exposed from
agrochemicals. Some preventive measures are such as goggles, mask, gloves,
shielding clothes and boots may reduce the chances of exposure. It was also reported
that lack of knowledge and skills about the application is the main source of
indiscriminating usage of agrochemicals and becoming the possible health hazard
foundations. The application of agrochemicals must be at suggested rate and use of
bio-pesticides instead of synthetic pesticides can lessen the public health issues
related to exposure of these agrochemicals (Elahi et al. 2019). For this purpose,
improved monitering programmes should be planed, prefer application of
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bio-pesticides rather than synthetic chemical pesticides, use of resistant varieties and
other alternative and preventive measures should be promoted.

8.8 Conclusion

Though, pesticide chemiclas were initiated to rescue human-life by increasing
agricultural productions and regualting harmful insects, weeds and diseases but
their hostile properties have created great concerns about paybacks related to their
uses. Above mentioned facts clearly highlights the negative costs of
undiscriminating use of pesticides. Some side-effects are appeared as increased
resistance in pest populations, reduced beneficial organisms for example pollinators,
endangered soil microbial diversity, water and air contamination in natural ecosys-
tem. The persistency of pesticides has affected our ecosystem to a greater extent and
now pesticides have gone into countless food-chains. They are biomagnified into the
higher food trophic levels including humans and other mammals. Many human
illnesses, acute and chronic, have now become a big health concern because of
pesticides contaminated living resources.

Now, it is need of hour, we should focus on the proper and safer pesticide
applications to shield our environmental resources and prevent health hazards.
Alternate pest management approaches like integrated pest management, a combi-
nation of various controling tools such as, growing resistant genotype, cultural,
physical and mechanical pest control, must be deployed with rational pesticide use
to decrease the frequency and pesticide applications with least amounts. Moreover,
progressive cropping approaches including bio and nano-echnology can also sim-
plify the ways for developing pest resistant crop genotypes. Pesticides with low side-
effects must be explored and replaced the existing pesticdes with higher health and
environmental risks. Community awareness extension programs can be utilized and
promoted to teach and encourage the farmers to implement the advanced and
innovative integrated pest management approaches as key tool to decrease the
harmful effects of pesticides to our agro-ecosystem and natural environment.
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Chapter 9
Pesticides Pollution and Analysis in Water

P. Senthil Kumar and G. Janet Joshiba

Abstract Nowadays, individuals have been exposed to various kinds of substances
with a wide range because of the evolution of industries, transport, science, and
technology. One of the major categories of toxic compounds is pesticides which
serve as a fundamental compound in elevating food production in agriculture by
shielding the crops from harmful insects and pests. In addition, it is also helpful in
food preservation and inhibition of vector-borne diseases. In spite, of all the advan-
tages of the pesticide, it is not recommended in many developed countries because of
its potential risk at human beings and the ecosystem. Due to various environmental
conditions like agricultural runoff, precipitation, leaching and bioaccumulation the
pesticide affects the human beings and animals in a wide spectrum by damaging the
organs and causing various metabolic disorders. With a view, to combat all the
deleterious effects of the pesticides on the environment and living beings, it is
mandatory to monitor its concentration in the ecosystem. Various conventional
techniques such as chromatography, electrophoresis, spectrometry and biological
assay are used in the analysis of pesticides. In recent times, the biosensors and
molecular imprinted polymers have outstripped all other conventional technologies.
This chapter depicts the impacts of water pollution caused by pesticides and it also
explains the various technologies used in the analysis of pesticide residues.

Keywords Pesticides · Agriculture · Analysis · Chromatography · Biosensors

9.1 Introduction

Water is an integral constituent of our mother nature and it is subsided from the
clouds in the form of rain, streams, lakes, seas, etc., The progressive development in
the industrialization and population explosion has led to the destruction in the quality
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of water which is generally utilized in various purposes such as irrigation, industries,
domestic and commercial activities (Dunca 2018). Water pollution is defined as the
addition of various toxic contaminants to water which modifies and damages the
quality of the water. Furthermore, water pollution also leads to the enumeration of
unwanted harmful and toxic contaminants into the marine sources which affect the
wellness of the living beings in the ecosystem. The polluted water causes a deficit of
drinking water, in another way it also contaminates the groundwater and makes it
unfit for drinking and domestic purposes (Dunca 2018).

In the current scenario, there are various anthropogenic and non-anthropogenic
water pollution sources present in our environment, out of that water pollution
caused due to pesticides is one of the major threats growing in our society. This
can happen when pesticides are utilized in ashore zones to develop crops and are
flushed away by wind and rain into water bodies. Accordingly, they modify the
condition of such water bodies by changing to it’s physical, compound or natural
conditions, subsequently making it lethal, sullied and unsatisfactory for use (Perma-
culture news). Around 80% of the total population of the earth is majorly concerned
about water pollution, water deficiency, water depreciation, and Weather change.
Out of the various outrageous consequences, water pollution ranks first in affecting
the livelihood of the ecosystem and around two million people are affected every
year because of the various contagious disease caused by the polluted water (Chen
et al. 2019). The outrageous growth of global population has led to intensification in
the global food production sector and in another way, around 45% of the food crops
are wasted every year because of the damage caused due to pests and insects.
Further, the pest management using pesticides and insect repellents are considered
to be an effective way of controlling the pests and its negative impacts on the
environment (Abhilash and Singh 2009).

After the devastation and negative impacts of the Bhopal gas leak tragedy which
happened on 1984 December, various changes have been incorporated in the
legislation and new rules have been enunciated regarding the permissible limits of
industrial effluents, vehicular emissions, toxic wastes clearance, etc., Water acts are
one of the important pollution control law which restricts and regulates the elevation
of water pollution and it also helps in controlling the water crisis (Dunca 2018). The
addition of pesticides into the water bodies effects some of the harmful consequences
such as destruction of aquatic organisms, groundwater contamination,
Biomagnification, foodchain disruption, deleterious diseases, etc., (Permaculture
news).In order to avoid pesticide water pollution and its harmful impacts, the
periodical monitoring of the water quality should be made mandatory in all regions.
For the sake of assessing the quality of the water some water quality indices such as
Water pollution index, Water quality index and River habitat survey are used in the
water and wastewater treatment sector (Dunca 2018). This chapter depicts the
pesticide water pollution and its impact on the wellness of the ecosystem; also, it
explains the various methods used for the analysis of pesticide contamination in
water.
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9.2 Pesticides as Water Contaminants

The pesticide is one of the ubiquitous synthetic compounds which is used in various
sectors of our livelihood such as agriculture, industries, and medicines. These
harmful synthetic pesticides initially came into existence by the year 1940; by then
the demand for the pesticides begin to elevate which resulted in the consumption of
pesticides by 25% of the total world population. Also by the year 2001, around 2.26
million active ingredients were incorporated in the manufacture of pesticides (World
Health Organization). Pesticides are harmful chemicals which are generally com-
posed of oxygen, nitrogen, sulphur, phosphorus, bromine, and nitrogen, Further it
also consists of some of the toxic heavy metals such as arsenic, lead, mercury and
sulphates which are highly harmful to the living organisms. The pesticides are
majorly utilized in the food preservation, vector born disease prevention and to
control the harmful pest such as weeds, rodents, and insects which damage crop
cultivation. In spite of its harmful chemical nature, the pesticides are applied in
agriculture to increase the crop productiveness and revenue (Permaculture news,
World Health Organization 1988). The Pesticides play an important role in enhanc-
ing a country’s economy by increasing the yield in the food production sector along
with the support of several agricultural types of equipment and innovative tech-
niques (Cycoń et al. 2016). From the reports of Pesticide Action Network delivered
in 2008, it is clear that around 350 various pesticides are recognized in the edible
foods consumed by everyone living in the European Union. As per the reports of the
European Union, every year on an average of 140,000 tons of pesticides is utilized in
agriculture for pest management. Some fruits like grapes, potatoes, citrus fruits, etc.,
are prone to pesticides and uptake pesticides at a higher dosage level (Fenik et al.
2011). Nearly 1 million children are getting affected every year due to the usage of
pesticides in the prevention of certain diseases such as malaria, dengue, leishman-
iasis, and Japanese encephalitis. The pesticide stability, persistence, toxicity, and
environmental fate are some of the reasons behind the hazardous nature of the
pesticides (World Health Organization).

A principal supporter of the Green Revolution has been the advancement and use
of pesticides for the control of a wide assortment of insectivorous and herbaceous
bugs that would damage the crop production and yield. The utilization of pesticides
harmonizes with the “compound age” which has changed society since the 1950s
(www.fao.org).There are in excess of 1000 pesticides utilized the world over to
guarantee sustenance isn’t harmed or demolished by insects and pests. Several
primitive and cheaper pesticides get deposited in the soil for a considerable length
of time. They have been prohibited in many developed nations, whereas in some
developing nations they are still utilized for agricultural purposes. Pesticides are
highly toxic to humans and other living organisms and it is capable of causing acute,
chronic and genetic disorders based on the quantity and mode through which it is
consumed (Safe drinking water foundation). The organochlorine pesticides such as
hexachlorocyclohexane, dichlorodiphenyltrichloroethane, dieldrin and aldrinare the
predominant pesticides used in several developing countries because of their feasi-
bility and versatility, Though, these pesticides are banned in many developed
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countries because of their capacity to get accumulated and complexed degradation
process (Abhilash and Singh 2009). As per the reports of Food and Agriculture
Organization of the United Nations, It is inferred that five major countries such as
Costa Rica, Maldives, Bahamas, Trinidad, and Tobago, and Barbados have utilized
pesticides above a higher rate of about 20 kg/ha yr. in the year 2016, Then the
develop nation like the United States of Asia has utilized one fifth of the global
pesticide utilization level of about 372 and 389 million kg by the year 2006 and 2007
(Wang et al. 2019).

9.3 Classification of Pesticides

Generally, Pesticides are classified based on the five important principles such as
chemical structure, the purpose of utilization, toxicity, degradation ability and mode
of action on target organisms. The pesticides are classified into organic and inorganic
pesticides based on their chemical structure. The compounds such as inorganic
herbicides, arsenic insecticides, fluoride insecticides, and inorganic fungicides are
categorized as inorganic pesticides, whereas the pesticide compounds such as
organochlorine pesticides, organonitrogen and organophosphorus pesticides fall
under the category of inorganic pesticides (Fenik et al. 2011). The pesticides are
of various types, every variant of pesticide works specifically against some pest such
as insects, rodents, moles, etc., Some of the pesticide types used commercially in the
agricultural, industrial and household sectors are:

• Antimicrobials
• Algaecides
• Biopesticides
• Desiccants
• Disinfectants
• Defoliants
• Illegal and counterfeit pesticides
• Insecticides
• Fungicides
• Herbicides
• Insect growth regulators
• Mothballs
• Miticides
• Molluscicides
• Ovicides
• Natural and biological pesticides
• Pheromones
• Repellents
• Plant growth regulators
• Synergists
• Wood preservative
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Based on the chemical constituents present in the pesticides it is divided into five
major classes such as organochlorines, organophosphorus, carbamates, pyrethrins,
pyrethroids, neonicotinoids and miscellaneous pesticides (Pundir et al. 2019;
Schmuck et al. 1996).

9.4 Source, Fate and Transport of Pesticides

The pesticides after entering into the environment undergo various physical and
chemical processes which include degradation, metamorphosis, adsorption, desorp-
tion, volatilization, accumulation and runoff into nearby water sources. Among
these, Transformation or metamorphosis stands first in managing the outcome and
conveyance of a pesticide into the environment. It undergoes some degradation
processes such as oxidation, hydrolysis, photolysis, and biodegradation (Cycoń
et al. 2016).

9.5 Environmental Effects of Pesticide Pollution

Due to their toxic nature and persistence pesticides exert various negative impacts on
the ecosystem. Various classifications of pesticides have different kinds of conse-
quences for living life forms, in this way speculation is troublesome. The two main
primary terrestrial impacts of pesticides due to soil erosion and runoff are
Bioconcentration and Biomaganification. Bioconcentration is the evolution of the
harmful chemical compounds into the living cells of the organism. Generally, the
pesticides get concentrated in the fatty tissues, In this regard, the pesticide like
Dichlorodiphenyltrichloroethane which is lipophilic gets easily accumulated in the
fatty tissues of humans and aquatic organisms. In addition, the glyphosate pesticide
easily gets metabolized and degraded. Biomagnification is caused due to the depo-
sition of harmful chemical components in the living organisms through the food
cycle, various types of pesticides and different synthetic substances are progressively
amplified in tissue and different organs (www.fao.org).The presence of highly toxic
chemicals in the pesticides which is used in agriculture results in damaging the
biology of the soil by interrupting the enzyme activities, nitrification, legume
nodulation and symbiosis relationships of the soil (Cycoń et al. 2016). The utiliza-
tion of high-level toxic pesticides without proper knowledge damages the nutrient
conditions of the soil and it also affects the livelihood of natural Biocontrol agents
which are known as the friends of cultivation. The Bio-control agents present in the
soil environment generally enhances the nutritional source of the soil and it also
helps in controlling pests to an extent (Abhilash & Singh 2009).
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9.6 Health Effects Caused Due to Pesticides

Pesticides are classified among one of the dangerous synthetic components which is
capable of causing deleterious and genetic disorders. The toxic chemical compo-
nents of pesticides are ingested into the human body through skin contact, inspira-
tion and consumption of pesticide-contaminated food items (www.fao.org). The
human body when it comes in contact with the toxic pesticides it results in several
acute and chronic health disorders. The pesticide accumulation in the human body
can cause kidney dysfunctions, sterility issues, immune system suppressions, cancer,
neurological dysfunctions, endocrine disorders and pesticide poisoning among kids.
In the case of pesticides, the vigorousness of the health disorders varies based on the
level of dosage of pesticides to the human body. Some of the mild health effects
caused due to pesticides are skin rashes, headaches, flu, and vision problems,
whereas the severe health effects of pesticides are blindness, paralysis, and death
(Abhilash and Singh 2009; Kim et al. 2016). The pesticides easily get deposited with
the human body tissues such as in blood, breast, and adipose tissues, further, they
don’t undergo any metabolic activity and get deposited within the living cells and
tissues for a prolonged time interval. Results of various epidemiological studies have
concluded that the pesticide is capable of causing Parkinson’s disorder. The chlor-
dane pesticide compounds cause anxiety, depressions, immune suppression,
migraines, and diabetes. According to United States Environmental Protection
Agency, pesticides such as aldrin and dieldrin are categorized as powerful carcino-
gens and prolonged exposure to these compounds causes vomiting, headaches,
convulsions, irritations, and dizziness. Uptake of heavy doses of aldrin and dieldrin
damages the excretory system and nervous system of the human body (Taiwo 2019).
The organochlorine pesticide groups are highly hazardous and most complicated for
degradation. This pesticide group is major cancer-causing, estrogenic and highly
accumulating kind of pesticides. The organophosphorus and carbamate groups are
also called enzyme inhibitors, most commonly they inhibit the enzyme activity of
cholinesterase which leads to serious damage in the central nervous system
(Samsidar et al. 2018). The toxicity of pesticides causes many epidemiology asso-
ciated diseases such as diabetes, alzheimer disease, parkinson disease, sclerosis,
birth defects and neurological disorders (Sabarwal et al. 2018).

9.7 Analysis of Pesticides

Monitoring of pesticide concentration in the water and land sources is essential to
control its harmful impacts and to implement remediation techniques. In addition,
the concentration of pesticides has also been monitored in aquatic biota and several
other species to study their bioaccumulation and magnification rate in the living cells
(Miller et al. 2019). The analysis of pesticides using any kind of conventional or
modern technique involves four important phases such as sample preparation,
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sample separation, sample analysis, and a detection phase. During the examination
of pesticide using any analytical technique, the sample preparation is known to be
the most important and sensitive step. The precise monitoring of pesticides mainly
depends on two factors such as effective separation and extent of purity of the
pesticide sample extracted from the environmental sources. The pesticide sample
is extracted using techniques such as solid-phase extraction, liquid-liquid extraction,
solid-phase microextraction, and Matrix solid-phase dispersion are followed in the
separation of pesticide samples to be quantified from the natural or man-made
sources (Samsidar et al. 2018). Owing to their toxicity and complexity nature
towards degradation, the pesticide compounds are monitored periodically using
various effective and promising analytic techniques which includes thin layer
chromatography, high pressure liquid chromatography, gas-liquid chromatography,
colorimetry, mass spectrometry, nuclear magnetic resonance Spectroscopy, capillary
electrophoresis, enzyme-linked immunosorbent assay and biosensors (Pundir et al.
2019). In a research work conducted by Millet et al. for analyzing the concentration
of various contaminants in the marine environment using Gammaruspulex collected
from 15 different sites. The results concluded that along with various other contam-
inants some pesticides which are banned and it also showed the presence of fenuron
in a maximum amount of about 16.1 ng g�1 (Miller et al. 2019).

9.8 Thin-Layer Chromatography

Generally, the Thin Layer Chromatography and HighPerformance Thin Layer Chro-
matography are simple, rapid, feasible and effective techniques in the detection of
pesticides. In the thin layer Chromatography, the various stationary phases used are
aluminum, glass and plastic support, whereas in the mobile phase various solvents
are used depending on the type of material to be eluted. Thin Layer Chromatography
is highly preferred in the analysis of pesticides because of the factor that it does not
require samples with high purity, easy separation, the economically feasible and
wide decision of mobile phases. Over the period, several advancements have been
made in the thin layer chromatography such as automated sample application;
computer-aided scanning equipment and imaging software which helps in enhancing
the accuracy and precision in the analysis of pesticides. In recent times, the high-
performance thin-layer chromatography coupled with mass spectrometry (High
performance thin layer chromatography –mass spectrometry) is utilized in the
monitoring of various complicated compounds like pesticides (Tuzimski 2018).
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9.9 Liquid Chromatography

Liquid chromatography is usually used in the analysis of non-volatile, high polar and
thermally unstable pesticide compounds. High Pressure Liquid Chromatography is
highly preferred in the monitoring of pesticides because of their effectiveness and
feasibility. High Pressure Liquid Chromatography is made up of four important units
such as stationary phase column, pump, mobile phase, and a detector. The C-18
column is the most preferred column for the detection of the pesticide compound.
The type of column, mobile phase, and detector are chosen based on the type of
compound to be eluted. Some of the factors which affect the retention time seem to
be the strength of the stationary phase, solvent phase composition, flow rate and type
of detector used. For detecting the pesticide compounds the detectors such as Ultra
Violet and Fluorescence detectors are preferred, Furthermore some of the Mass
spectrometry detectors such as tandem-Mass Spectrometry, ion trap, single quadru-
pole and time-of-flight for advanced detection of pesticide residues. The Time-of-
flight –Mass Spectrometre detectors coupled with Liquid Chromatography are
known to be the most effective analytical technique in determining the pesticide
residues with high specificity and sensitivity (Tuzimski 2018).

9.10 Gas Chromatography

In the Gas chromatography technique, the selection of the appropriate column for the
detection of pesticide compounds is more important. There are several varieties of
columns available for the detection of pesticides. Based on the polarity and type of
chemical present in every pesticide, the type of column is chosen. Basically,
two-dimensional gas chromatography is preferably used in the detection of pesti-
cides. Various stationary phases used in the detection of pesticides include:

• Silica column integrated with 95% dimethyl-5% diphenylpolysiloxane Silica
with 1,4-bis(dimethylsiloxy) phenylenedimethylpolysiloxane

• Silica with 14% cyanopropylphenyl & 86% dimethylpolysiloxane Silica with
35% diphenyl & 65% dimethylpolysiloxane 8Silica with 95% dimethyl-5%
diphenylpolysiloxane In the advanced analysis process, the Gas chromatography
is merged with various other analytical equipment such as Electrolytic conduc-
tivity detection, Electron capture detection and Mass spectrometry depending on
the type of pesticide to be detected. Using the gas chromatography, the pesticides
can be detected with high resolution and specificity; also it can be used to detect
all classes of the pesticide compounds (Tuzimski 2018).
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9.11 Miscellaneous Chromatography

Capillary Electro chromatography is the consolidation of two technologies such as
capillary electrophoresis and high-performance liquid chromatography. In this Cap-
illary Electro chromatography, electroosmosis acts as the driving force through
which the mobile phase is circulated into the bed of the chromatograph. In this
Capillary Electro chromatography, the monolithic columns encompassing magnetic
nanoparticles are used for the monitoring of organophosphorus pesticides. Super-
critical fluid chromatography is a type of chromatography in which the supercritical
fluid such as carbon dioxide is utilized as the mobile phase. It is well known that
carbon dioxide has the tendency to get easily converted into a supercritical state with
a critical temperature and pressure of about 31.1 �C and 7.38 MPa. This Supercritical
fluid chromatography is highly preferred in pesticide analysis because of its unique
properties such as diverse separation modes, high flow rate, and high sensitivity. For
more effective and précised pesticide analysis the Supercritical fluid chromatogra-
phy are coupled with Mass spectrometry detector. Micellar electrokinetic chroma-
tography is a form of technology where the analytes of interest are segregated by
differential partitioning amid mobile phase and pseudo stationary phase, In addition,
it is the combination of chromatography and electrophoretic separation techniques.
The micelles are present in the pseudo-stationary phase and the buffer solution
serves as the mobile phase. Micellar electrokinetic chromatography is highly pre-
ferred in the analysis of pesticides such as carbamate and organophosphorus
(Tuzimski 2018; Samsidar et al. 2018).

9.12 Spectrometry Techniques

Spectrometry is one of the most important analytical techniques used for the
determination of pesticides. Nuclear magnetic resonance is one of the highly sensible
types of spectrometers used in the analysis of pesticides. In addition, it can be also
used in the determination of some parent pesticide compound. This method is
coupled with other analytical techniques such as Liquid Chromatography and Gas
Chromatography and used as the detectors (Tuzimski 2018). Tandem mass spec-
trometry is one of the sensitive analytical techniques applied in the monitoring of
pesticides. Surface-enhanced Raman spectroscopy is the integration of two tech-
niques such as nanotechnology and Raman spectroscopy. This Surface-enhanced
Raman spectroscopy detects the pesticide residue effectively at a higher speed and
efficiency, also, it is sensitive and detects the pesticide even at lower concentrations
(Pang et al. 2016).
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9.13 Electrophoresis Techniques

The capillary electrophoresis is the analytical method in which the separation is
based upon the ratio of charge to mass of the target/ analyte of interest. The neutral
and both charged targets are separated through the optimization of electrolyte
parameters. Various factors such as pH, type of charge and concentration influence
the efficiency of capillary electrophoresis by affecting the velocity of the charge,
shape of peak and partition efficiency. The effective separation of charges at a faster
rate is achieved by implementing narrow-bore capillary of about 25 to 100 mm. The
detectors such as fluorescence detector, Ultra Violet detector, and Mass spectrometry
detector are utilized in the Capillary electrophoresis method. The pesticides such as
organophosphorus and trichlorfon are monitored using the capillary electrophoresis
technique. For higher resolution, sensitivity, and specificity the capillary electropho-
resis is coupled with Mass spectrometry detector.

9.14 BioAssays

The immunoassays are one type of sensitive and highly specific assay for determin-
ing the pesticide residue from the environment and it is completely based on the
synergy between the antigen and its specific antibody. Basically, the pesticide
compounds are not antigenic so it is required to affix a carrier molecule with the
pesticide to bring out the immune reaction. The pesticide detection is performed
using various methods such as chemiluminescence, fluorescence, and radiometric
methods. In recent times, these immunoassays are ported to be an effective method
for the analysis of pesticides because of its rapidness, feasibility, and specificity.
Enzyme-linked immunosorbent assay is one of the well-known pesticide analysis
techniques among the various other assays. It offers rapid, highly specific and
précised examination of complex variants of pesticides. For the examination of
cyprodinil compound in fruits, the monoclonal antibody-based immunoassay is
performed (Tuzimski 2018).

9.15 Biosensors

Biosensors are a simple analytical instrument that identifies any targeted analyte
compound of interest with the support of a biorecognition element and a signal
transducer. The biorecognition element observes the physical, chemical and biolog-
ical reverberations exerted by the analyte compound, Whereas, the signal trans-
ducers, in turn, transform all the responses into some form of quantifiable signals.
The Biosensors have been applied in various applications such as environmental
concerns, agriculture, Biomedical sector, Medical diagnostics, and analytical
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purposes. The biosensors are categorized into five major classes such as electro-
chemical, thermal, piezoelectric, optical and enzyme-based biosensors. They are
known to be a simple, effective, specific and more promising method in monitoring
pesticide contamination. In the enzyme-based sensors the BChE, tyrosinase, alkaline
phosphate, etc., are conventionally used as the biorecognition elements (Pundir et al.
2019). Electrochemical sensors are a category of sensors which is based on the
specific interaction between the analyte of interest and biorecognition element.
These sensors are mainly based upon the type of enzyme used. For effective and
advanced analysis of pesticides, these sensors are doped with various nanomaterials
on the surface. The Acetylcholine esterase pesticide analysis is utilized in various
applications such as monitoring of contaminants, food safety, and quality control.
These biosensors have the capability to replace the existing conventional technolo-
gies by simplifying the sample preparation, simpler field testing and feasible cost for
analysis. The integration of nanomaterials with biomolecules is seemed to be one of
the effective approaches in the biosensing sector. The receptor recognizes the
biomolecule and the transducer transmits the signals as electrical signals which are
collected by the detectors such as amperometry, potentiometer, and voltammeter.
The Molecular imprinted polymers are one of the advancements of the biosensors
which are highly specific and versatile which can detect an analyte of various ranges
of molecular weight. These MIP are similar as the biomolecules and it mocks the
function of biorecognition elements. The carbamate pesticides are detected using the
electrochemical sensor coupled with Boron-doped diamond electrode coupled with
various detectors such as differential cyclic voltammetry, pulse voltammetry, and
square wave voltammetry. Furthermore, this electrode is preferred in the detection of
methomyl in surface waters and other water bodies. In the analysis of the
metobromuron pesticide, the sensors with ultra-trace graphite electrode coated
using graphene nanoplatelets and carbon nanotubes are used. The optical biosensors
are used in wide applications such as food safety, protection, detection of contam-
inants and medicine. The optical transducers receive the signals from the analyte of
interest and respond by altering their optical properties such as fluorescence, reflec-
tion, and adsorption. In the detection of organophosphorus pesticide, the lumines-
cent europium-o-(4-methoxy benzoyl) benzoic acid [o-(4-anisoyl)] complex in
ethanol-water solution is used (Tuzimski 2018; Samsidar et al. 2018). The
nanomaterials integration on the biosensors helps in enhancing the uniqueness of
the biosensors in the detection of pesticides. The type of biosensor used in the
analysis of pesticides varies according to the complexity of the pesticides. Basically,
the amperometric sensors are used in the fast, feasible and specific monitoring of
pesticides, whereas, the fluorescent biosensors are utilized in the primary and
secondary quantification of toxic pesticides (Zhao et al. 2018; Samsidar et al. 2018).
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9.16 Conclusion & Future Perspectives

Pesticide monitoring has become one of the greatest concerns to various developing
and developed nations. As the environmental and health effects of pesticides are
vigorous, it is claimed to be one of the persistent organic pollutants by various
organizations and highly toxic variants have been banned in various developed
nations to control the harmful impacts of pesticides. Various analytical techniques
such as Thin Layer Chromatography, Liquid Chromatography, Gas Chromatogra-
phy, High-Pressure Liquid Chromatography, Capillary electrophoresis, Mass spec-
trometry, Enzyme Linked Immuno Sorbent Assay and some Bio-immunoassays
have been followed conventionally for analysis of pesticides. For more advanced
analysis many different detectors such as Mass Spectrometry, Fluorescent Detector,
Nitrogen Phosphorus Detector, Flame Photometric Detector, Electron Capture
Detector and Diode Array Detector are coupled with the analytical techniques. The
above techniques are highly selective, highly sensitive and efficient in analyzing the
pesticide residues, despite all the unique characteristics of these techniques; they
exert two main drawbacks such as higher time consumption and high cost. The
evolution of biosensors has eased the pesticide monitoring process, also it was found
to be the most favorable analytical technique for analysis of pesticides. The enzyme
immune sensors are has dominated all other conventional technologies and it is
found to be sensitive towards the composition of pesticides. As the consequences of
the pesticides on the environment are getting increased much more attention must be
given to new innovative analytical approaches in the monitoring of pesticides.
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