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ABSTRACT

This review paper shows the progress made in the last five years in electrochemical methods applied for the
purpose of detection and quantification of pesticides - nowadays the most serious pollutants of the environment.
Most pesticides can be successfully analyzed by chromatographic techniques, but because of high prices and
immobility of the apparatus, the complexity of the method and the necessary special preparation of the samples,
electrochemical methods have been recognized as an excellent alternative solution due to their advantages in
speed, economy, simplicity and no exhaustive sample preparation. As the main limitation for use of this methods is
electrochemical inactivity of many pesticides, this paper gives the essence of all elctroanalytical methods for
pesticide quantification applied in last period, with an overview of the electrode materials and modifiers applied in
a purpose to enhance analytical procedures application and characteristics of electrochemical sensors.
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INTRODUCTION

Nowadays, agricultural  production has  become
unimaginable without the use of a variety of compounds that
serve to increase the yield of the targeted plant culture,
destroying weeds (herbicides), insects (insecticides) and fungus
(fungicides). All these substances are covered by a common
name - pesticides. Their significance in this area is borne out by
the fact that the yield of agricultural crops would be about 50%
smaller without the use of some of the pesticides, which would
be a big problem, since the number of human population on a
global level is increasing - only during the 20th century the
population number rose from 1.65 billion to 6 billion ("The
World at Six Billion"). And not only through agriculture, but
also in other fields in everyday life, the use of pesticides raises
the quality of our lives to a higher level (Damales, 2009). But,
this application of pesticides has its price. Namely, the
relationship between exposure to pesticides and many diseases
has been established: Pakiston's disease, amyotrophic lateral
sclerosis, diabetes, and numerous cancers. They are also the
cause of respiratory diseases, nervous disorders, depression,
hearing disorders, hepatitis, hormonal disorders, and so on. They
remain long after use in soil and damage wild and domestic
animals, birds and useful insects (Sanford et al., 2015; Andersson
etal., 2014).

Evidently, it is essential to quickly, easily, efficiently,
precisely and accurately determine the presence of pesticides in
samples of any type. The most commonly used separation
techniques are chromatography (gas (GC) and liquid (LC)) and
mass  spectrometry  (MS). High performance liquid
chromatography (HPLC) with mass or UV detection can

* Corresponding author: jevticsonja88@gmail.com
CHEMISTRY

19

determine a large number of pesticides with fulfilment of almost
all the above conditions. Gas chromatography is used in
combination with different detectors but is limited to volatile
substances. Non-volatile substances can be converted into
volatile derivatives and then detected and quantyfied by this
technique. Another solution for those pesticides is their
determination by the HPLC technique, but it should be noted that
commercial detectors are limited in terms of selectivity and
sensitivity. In addition, these techniques require a costly, non-
mobile apparatus, special training for handling and interpreting
results, as well as a special exhaustive sample preparation (Liang
et al., 2014; Navaratne & Priyantha 2011).

The ideal method for determining pesticides is still being
sought. Electrochemical methods have great predispositions in
this field because they not only provide information on the
quantitative content of pesticides, but also on the mechanisms of
their oxidation and reduction, as well as on the possible products
of decomposition. In addition, the equipment is cheaper and
mobile and the measurement process is precise, accurate and
fast, especially if it is performed on an unmodified electrode (Ni
et al., 2014.). The disadvantages of unmodified electrodes can be
overcome by modifying or coating the surface of the electrode
with materials of different performances, which, if we use
imagination, provides an unlimited number of possibilities.

Electrochemical methods and electrodynamics used in
recent times for the determination of pesticides in real samples
will be discussed in this review paper. Certainly, a prerequisite
for electrochemical determination of all organic substances, as
well as pesticides, is the presence of a group in a molecule that is
electrochemically active in the working range of the selected



electrode. For example whether pesticides from the
organochloride group can be determined electrochemically or
not, depends on whether chlorine atoms can be separated from
the rest of the structure. As their solubility in water is not
satisfactory, determination of those compounds is performed in
micellar water, usually by the differential pulse technique or by
adsorptive stripping voltammetry (Bakirhan et al., 2018.). 38%
of pesticides used on the global level are organophosphorus
pesticides (Gothwal et al., 2014.) that contain a simple or double
bond of bonded phosphorus and oxygen atoms, or phosphorus
and sulfur, which is associated with their electrochemical
activity. Triazines, compounds with a herbicidal effect, have two
groups: s-triazine and asymmetric triazine with heterocyclic ring
on which a reduction reaction occurs by protonation on nitrogen
atom. Nitro pesticides, highly toxic compounds, are
electrochemically active owing to the nitro group which usually
passes into the form of hydroxylamine. Unlike them,
sulphonylurea pesticides are low toxicity compounds rarely
determined by electroanalytical methods.  Bipyridinium
pesticides are not all electrochemically active, and those that are,
get reduced to nitro-monocations (Bakirhan et al., 2018.).

Next sections in this paper are dedicated to describing a
purpose and advantages of electrochemical techniques, electrode
materials and modifiers used in pesticide analysis. The summary
of the basic data for pesticides electrochemically determined in
the last five years are given in Table 1. Besides quantification
methods and electrode modifiers, the table also contains data
about used/optimal experimental conditions, method validation
parameters and applied real samples.

ELECTROCHEMICAL TECHNIQUES IN PESTICIDE
ANALYSIS

Electroanalytical determinations of pesticides usually were
performed by pulse voltammetric techniques and amperometry,
but sometimes cyclic voltammetry was used in this purpose
(Figure 1).

Cyclic Voltammetry

Cyclic voltammetry (CV) is unavoidable in the
electrochemical studies of not only pesticides, but also in many
other electrochemically active organic and metal organic
compounds. Although surpassed in the field of quantitative
measurements, it remains an indispensable instrument for
monitoring the oxidation and reduction mechanisms of the
analyte as well as an indisputable indicator for possible
intermediates (Skoog et al., 1997.). Cyclic voltammogram gives
five important data: cathode and anode peaks corresponding to
cathode and anode currents and the value of half potential. Those
data, as well as their mutual relations, are parameters for
determining the type of reaction on the electrode (reversible,
irreversible, or quasi reversible) (Tonle & Ngameni, 2011.).
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Fig. 1. Electrochemical techniques - parameters and
characteristic voltammograms: A) cyclic voltammetry, B)

differential pulse voltammetry, C) square-wave voltammetry and
D) amperometry.

Any electrochemical pesticide investigation reported
recently has been initiated by cyclic voltammetry. This is the
perfect technique for confirming the success of the modification,
as well as for finding the optimal conditions, the amount and the
ratio of the modifiers. The concrete application of almost all
electrodes modified in various ways is preceded by the precise
recording of cyclic voltammograms. Thus, Olivera et al., 2014,
using CV method came to optimum modifiers of the glassy
carbon electrode. They combined two enzymes, laccase and
tyrosinase, then enzymes with chitosan, and then enzymes,
cytosan and gold nanoparticles. The last combination is due to
the strongest current taken as optimal for the SWV quantification
of ziram, carbaryl, propoxur and formethane pesticides. By
studying the electrochemical behavior of relatively new
pesticides, the first electrochemical data are obtained by cyclic
voltammetry, using various electrodes and supporting
electrolytes. Thus, the assumption that the herbicide
pentoxamide can be determined electrochemically was precisely
examined by Jevti¢ et al., 2018b., by CVs recorded in a potential
range of -1.5 to 2 V in different pH values of Britton-Robinson
buffer and based on a clear oxidation peak at +1.45 V. The
quantification of this pesticide was performed with more suitable



square-wave voltammetric technique. Selva et al., 2017. showed
that it is possible to determine pesticides from two groups
(carbamates and organophosphates) in different concentrations
precisely by cyclic voltammetry, and if more sensitivity is
required, they proposed pulse methods.

Pulse methods

The key problem of voltammetric measurements is the
insufficiently low detection limit as a direct consequence of the
occurrence of a capacitive current. The solution to this problem
was given by Barker and Jenkin in 1952. by introducing pulse
methods among electrochemical analysis techniques. The
essence of these methods is the same - electrode processes on
working electrodes are triggered by pulse potential changes with
a constant or increasing amplitude, which, at the end of the pulse
duration, results in the measurement of the faradaic current,
while at the same time the capacitive current almost completely
disappears. The result of the measurement is the current peak
whose height is directly proportional to the concentration of the
analyte (Tonle & Ngameni, 2011.). The most commonly
applicable are the differential pulse voltammetry (DPV) and
square-wave voltammetry (SWV). In SWV, a potential in the
form of symmetric square impulses is applied to the working
electrode, and the current is recorded at two points - one at the
end of the pulse, which causes a high value of the oxidative
current, and one at the end of the pulse responsible for the jump
in the reduction current. The resulting voltammogram is bell-
shaped and its intensity is proportional to the concentration of the
analyte. In DPV, the stimulating signal consists of small stepped
pulses of constant potential, and the current is, as in the case of
SWV, recorded in two points. How effective they are in the field
of quantification of the target analyte shows the fact that the
electrochemical determination of 85% of pesticides, after the
first electrochemical data obtained by cyclic voltammetry, is
quantified precisely by these methods. Costa et al., 2017. applied
both types in the detection of methomyl pesticides, as was done
by Jevti¢ et al., 2018a. in the detection of bentazone. In both
cases, a small but significant advantage is given to DPV, but
SWV is faster technique, and as it can be seen from Table 1,
SWV is chosen for determination of pesticides in many cases.
For the determination of three pesticides of chlorpropham,
thiodicarb and aldicarb in soil, Babu et al. 2014. successfully
applied DPV in combination with adsorptive stripping
voltammetry.

Amperometry

Amperometry is based on the measurement of current that
occurs as a result of the reduction or oxidation of electroactive
species on the electrode (Mostafa, 2010.). The determination of
almost all pesticides (in the target period of this review) by this
method is in fact based on reducing the flow of current
(inhibition) resulting from the decrease in the activity of
acetylcholinesterase enzymes due to the action of very toxic
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pesticides from the group of organophosphates, rarely
carbamates. The idea for this type of biosensor has came from
the fact that pesticides (especially organophosphate type) are
strong nurotoxins that act by esterifying a hydroxyl group of
serine in acetylcholinesterase which is responsible for
transmitting nerve impulses over the synapse. (Hassani et al.,
2016.). Mogha et al., 2016. using a zirconium oxide electrode
and a reduced graphene oxide in combination with immobilized
acetylcholinesterase, quantified insecticide chlorpyrifos with the
highest sensitivity in relation to the reported cases up to 10™3 M.
The same insecticide, about one year earlier, was determined on
a glassy carbon electrode modified by a combination of
acetylcholinesterase, iron-oxide nanoparticles, and poly (indole-
5-carboxylic acid) but with significantly less sensitivity (see
Table 1). The insecticide of organophosphate type, methyl-
paration was successfully amperometrically determined in
vegetables and fruits by using an electrode that combines silver-
graphene nanoribbons film and screen printed carbon electrode
(Govindasamy et al., 2017.).

Potentiometry

Potentiometry involves measuring potential differences
between the two electrodes, the indicator and the reference
electrodes or between the two indicator electrodes separated by a
semiconductor membrane, while there is no significant current
flow between them. (Mostafa, 2010.). Potentiometry has not
been particularly popular in the field of pesticide quantification
lately, and this statement proves, as far as we can found, only
one paper of this type reported in the last five years. Namely,
Mashuni et al., 2016. quantified the diazinon - insecticide from
the group of organophosphates with this method, using a golden
electrode modified with an acetylcholinesterase immobilized in
glutaraldenyde and cellulose acetate. After determining the
optimal ratio of glutaraldehyde (25%) and cellulose acetate
(15%), diazinone is quantified to a detection limit of 10 ppm
where a stable potentiometric response is achieved in 5 min.

ELECTRODE MATERIALS

The effectiveness of electrochemical determinations
depends to a large extent on the choice of the appropriate
electrode material. An important criterion for this is the low
background current, wide potential window, reproducibility,
stability, and electron transfer kinetics. Adsorption is also an
important factor because impurities or reaction products can
deactivate the electrode, which would further require the
electrode renewal (Uslu & Ozkan, 2007.).

Glassy carbon electrode

Although used for the first time in 1967, this electrode does
not lose its significance, which is not surprising because it has a
wide potential “window”, it is solid, the surface is renewable and
impermeable to gases, and it can be applied in negative



potentials and in the acidic environment (Sanghavi et al., 2015.).
It is easily built up, polished and it is functional in the most
commonly used solvents. The carbon atoms are sp® hybridized
and arranged in layers as in the graphite, but more densely
distributed and impregnation procedures are not required. It was
found that this electrode material is significantly less oxidized in
oxygen, carbon dioxide or water oxygen, than other carbon
materials (Uslu & Ozkan, 2007.). Based on the data from the
table, it could be concluded that the glassy carbon electrode (GC)
is applied in almost 50% of the papers in the field of
electrochemical determination of pesticides published in the last
five years. It is very suitable for modification, and in most cases
GC is modified, which results in better sensitivity and selectivity
of determination. The only case where this electrode is not
modified is the determination of pesticides of propoxur, paration,
methyl parathion, carbofuran and carbaryl. The data about the
detection limit and the linear potential is not given, since the
purpose of the paper was to show that it is possible to separate
pesticides from two classes of compounds (organophosphates
and carbamates) on the basis of the fact that pesticides from the
carbamate group have a peak at +1.4 V, and those of the
organophosphate group at -0.6 V (Selva et al., 2017.). The
applied modifiers are very diverse, ranging from those based on
carbon nanoparticles (Teadoum et al., 2016; Xu F. et al., 2017;
Xu G. et al., 2017; Irandoust & Haghighi 2016; Yao et al., 2014;
Feng et al., 2015; Yang et al., 2015; Li et al., 2014;), to
combinations of wvarious types of nanoparticles with
biocomponents (Cai et al., 2014; Chauhan et al., 2015; Guler et
al., 2017; Zhang et al., 2015).

Carbon paste electrode

Carbon paste electrodes are essentially a mixture of
graphite powder and water insoluble organic fluids, which after
careful mixing is packaged in a suitable inert container with
electrical contact on one side. The greatest advantage of this type
of carbon electrode is its surface reproducibility as an important
precondition for repeatability of results and low background
currents. Its electrochemical properties depend on the applied
organic fluids whose quantity must be selected so that it is
enough to maintain the structure of the electrode, but in limited
content, because the transfer of the electron would be disturbed
and the background currents increased. This electrode is not
selective, but is considered to be the most suitable for
modifications, which indicates a number of possibilities used
(Uslu & Ozkan, 2007.). For the determination of pesticides from
the group of carbamates (chlorpropham, thiodicarb and aldicarb)
in the soil, Babu et al., 2014. made an electrode of this type by
mixing multi-walled nanotubes and castrol oils and packing the
resulting mass into a Teflon tube. The achieved detection limit is
about 1.09 x 107 M for each of mentioned pesticides. Pesticides
carbaryl, propoxur formetanate and zyram were determined in
citrus fruits with graphene-doped carbon paste electrode in
combination with two enzymes, cytosan and gold nanoparticles.
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This determination was advantageous in relation to the usual
chromatographic determination in terms of speed and simplicity
(Oliveiraetal., 2014.).

Screen printed carbon electrode

A pesticide from the organophosphate group, methyl
parathion is determined in fruit and plants using a modified
screen printed electrode. The modification was done using silver
nanoparticles supported by graphene nanotubes. The detection
limit is 0.5 nM (Govindasamy et al., 2017.).

Two papers report a molecularly imprinted polymer
electrode in combination with multidisciplinary nanoparticles
and carbon monoxide for the detection of dichlorane. (Khadem et
al., 2016; Shahtaheri et al., 2017.). Molecular imprinting is a
technique in which a cocktail of functional monomers have
reversible interaction with the target molecule using non-
covalent forces. The complex is then networked and polymerized
in the casting process, leaving behind a polymer with recognition
sites complementary to the target molecule both in shape and
functionality. Each such site consists of an induced molecular
"memory" capable of selective binding to the chosen target sites
(Jokanovi¢, 2012.).

Gold electrodes

The limitation of the application of the gold electrode in the
cathodic regions results in limitations in the analysis of the
reducing substances. This problem is substantially resolved by
the application of gold microelectrodes and the application of
various types of modifiers (Fischer et al, 2011.). On the gold
electrode Lin et al., 2017. applied a combination of anti atrazine
and gold nanoparticles for modification, which significantly
increased the surface area of the working electrode and under
optimum conditions allowed detection of atrazine insecticide
with a limit of 0.016 ng/ mL. In the paper reported recently, the
potentiometric biosensor was used, and the gold electrode is
presented as carrier for acetylcholinesterase immobilized in
glyceraldehyde and cellulose acetate. The insecticide diazinon
from the organophosphate group was detected with detection
limit of 10 ppm (Mashuni et al., 2016.). The gold electrode was
also used by Ribeiro et al., 2014. as the basis for a modification
with the laccase enzyme and gold nanoparticles to determine the
pesticide formetanate hydrochloride with a good sensitivity of
the magnitude of 108 M.

Boron-doped diamond electrodes

As a working electrode, the boron-doped diamond electrode
possesses some remarkable features. Its exceptional
performances confirms the fact that many pesticides were
determined by this unmodified electrode, and modification was
carried out in only two cases (carbaryl and paraquat) by graphene
(Pop et al., 2017.). Compared to conventional carbon and metal
electrodes, the boron-doped diamond electrode (BDDE) is
significantly more inert and chemically stable, which makes it
suitable for use in extreme chemical environments such as acidic
solutions.



Table 1. List of pesticides with the most important data, determined electrochemically in period from 2014. to 2018.
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8.0x10 ®to Fen
Pentachloro- 1, oc ZnSe QDs- DPV pH 4 0.85V vs 2.0x10°° fish et alg
phenol H MWCNTSs/GCE phosphate | SCE 4.0x10°8 mol/L meat 20 15'
buffer mol/L '
pH 4 135V vs Jevti¢
Pethoxamid H | OC BDDE SWvVv Britton- A /ACI 3to 100 mM 1.37 mM river et. al.,
Robinson A9 water 2018.
buffer
AchE/ DPV pH 7 0.66 \V/ Vs Zhang
Phoxim | OPs | AgNPs/rGO/ phosphate A /ACI 0.2t0 250 nM | 81 pM water etal.,
GCE buffer 9Ag 2015.
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LACC-TYR- pH5.5 7 7 Oliveira
Propoxur | | CB | AuNPs—CS/ swv | Briton- | 22V ‘1‘32’;1853 BP0 cirus | etal,
GPE Robinson A9 ’ fruits 2014;
buffer
GCE / PH? | 14Vvs / / oty
phosphate | Ag/AgCI water 201 7
buffer '
1.0x10" to Yang
- . MWCNTSs- pH 6 0.82Vvs 1.6x108 orange
Pyrimethanil F | AP IL/GCE DPV phosphate | SCE 1.0x10" mol/L apple gtoils
buffer mol/L water '
pH 4
DPV | boric acid/ 039V vs Babu
Thiodicarb I | CB | MWCNT-PE and | citric acid/ ' 10%t0 10°M | 1.07x107 M . etal.,
L Ag/AgCI soil
AdSV | trisodium 2014.
orthophos
phate
1x10° to pear
. MWCNTs- pH 7 0.49 V vs 3.5%x108 Xuetal,
Trichlorfon 111 OPs | {7 pagrc | SWV | phosphate | SCE X16% M mol/L ke | o017,
buffer mber
LACC-TYR- pH5.5 . 7 Oliveira
Ziram F | CB AUNPs—-CS/ SWvVv Britton— AOE/SAVEI:SI iggﬁg,s to 1.87x107'M | citrus etal,
GPE Robinson A9 : fruits 2014.
buffer

Pesticide types: F - fungicide; H - herbicide; I - insecticide; Chemical family: AP - anilinopyrimidine; BI - benzimidazole; BPy -
bipyridilium; CB - carbamates; ISD - isoxazolidinone; NA - nitroaniline; NNC - neonicotinoid; NP - nitropesticides; OC -
organochlorines; OPs - organophosphate; TDZ - tiadizine; TZ - triazine; UR-urea pesticide. Electrode/ modifiers: AChE -
acetylcholinesterase; AgNPs - silver nanoparticles; AuNPs - goldcnanoparticles; BDDE - boron-doped diamond electrode; CA -
cellulose acetate; GA - glutaraldehyde; chl-Ab - chlorpyrifos antibodies; CNS - carbon nanosphere; CoPc-AQ- cobalt
phthalocyanineanthraquinone hybrid; CPE - carbon paste electrode; CS - chitosan; CuO NFs - copper oxide nanoflowers; FesO4NP -
iron oxide nanoparticles; f-SWCNT-b-CD - carboxylic acid-functionalized single-walled carbon nanotubes—b-cyclodextrin; FTO -
fluorine doped tin-oxide; GCE - glassy carbon electrode; GAHCF - gadolinium hexacyanoferrate; GE -gold electrode; GNRs -
graphene nanoribbons film; GNs - graphene nanosheets; GPE - graphene doped carbon paste electrode; GR - graphene; HTPB -
hydroxyl-terminated polybutadiene; IL - ionic liquids; ITO - indium tin oxide; LACC - laccase; LB - Langmuir—Blodgett monolayer
film; MIP - molecularly imprinted polymer; MPTMS - mercaptopropyltrimethoxysilane layers; MWCNT - multiwalled carbon
nanotubes; NA - nafion; OHP - overhead projector films; PABFC - poly 4-acryloyloxybutyl(ethyl) ferrocene carboxylates;
Pin5COOH - poly(indole-5-carboxylic acid); RGO - reduced graphene oxide; rGO-NH; - amine functionalized reduced graphene
oxide; SPCE - screen printed carbon electrode; SWCNTs - single walled carbon nanotubes; TYR - tyrosinase; ZnSe QDs - ZnSe
quantum dots; ZrO, - zirconium oxide. Quantification methods: AMP - amperometry; CV- cyclic voltammetry; DP-AdSV -
differential pulse adsorptive stripping voltammetry; DPV - differential pulse voltammetry; POT potenciometry; SWV- square wave
voltammetry.

speed, sensitivity, simplicity, repeatability and efficiency
compared to previously reported procedures for its

In addition, it has the widest potental “window” (from -2V
to 2V) of all reported electrodes, a small basic current, a large

overvoltage in the separation of hydrogen and oxygen, and good
mechanical performance (Uslu & Ozkan, 2007.). Jevti¢ et al.,
2018a. applied BDDE for the determination of bentazone
herbicide in river waters with significant advantages in terms of

CHEMISTRY

27

quantification. The sensitivity of the method is 05. The
electrochemical reduction of imidacloprid insecticide on BDDE
was first performed by Benbrahim et al. 2015. The quantification
was efficiently executed by SWV in fruit with high accuracy and



precision. The first data on the electrochemical behavior of
pentoxamid were given by Jevti¢ et al. 2018b. The assay was
carried out in Britton-Robinson buffer at pH 4 and the result was
an anode peak at 1.35 V vs reference Ag/AgClI electrode. With a
detection limit of 1.37 uM this method is proposed as a fast,
cheaper and simpler alternative to conventional chromatography.
A similar situation exists in the case of detection of metiocarb
with a detection limit of 0.15 mg / ml (Chylkova et al., 2015.),
methomyl in commercial products and water with a detection
limit of 1.2 x 10°® mol / L (Costa et al ., 2017.) and clomazone in
surface waters with a detection limit of 0.2 uM (Djurdji¢ et al.,
2018.).

ELECTRODE MODIFIERS
Nanomaterials

Intensive efforts to improve selectivity and sensitivity in
determining the most serious pesticide pollutants today have led
to the mass introduction of nanomaterials in electrochemistry
(Govindhan et al., 2014.). The International Organization for
Standardization of Nanomaterials defines them as materials
whose particles are between 1 and 100 nm. In combination with
modern electrochemical techniques, they are a very effective
instrument for controlling pollution due to significant advantages
such as effective catalysis, rapid mass transport and large surface
area (Saini et al., 2017.). Nanomaterials that have been used in
the target period as modifiers are discussed below, and their
connection with the electrodes on which they are applied and
numerous other data are given in Table 1. As it can be seen,
carbon materials were extensively used as electrode materials
and also as electrode modifiers. Structures of mentioned carbon
materials were presented in Figure 2.

Carbon nanotubes (CNTS)

Carbon nanotubes exist in the form of single-walled
nanotubes that contain one layer of graphene curved in the tube
(SWNTSs) and multi-walled nanotubes containing several layers
in the form of tubes concentrated around the same axis
(MWNTSs). They are characterized by good conductivity,
stability, flexibility and reactivity. Despite the difficulties in
isolating single-walled nanotubes, their application was reported
in the analysis of chlorpyrifos, insecticides from the
organophosphate group, with a detection limit of 70 pg / ml
under optimal conditions. They are applied in combination with
copper-oxide nanoparticles to GCE. The sensor is easily
regenerated by urea and allows detection of this pesticide with
excellent selectivity (Xu G. et al., 2017.). In combination with
cyclodextrin, the GC nanoparticles were applied for the purpose
of analyzing methyl parathion in plant specimens where a
detection limit of 0.4 ng / ml was reached (Yao et al., 2014.).
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Fig. 2. Carbon material used as electrode materials and
modifiers: A) graphite, B) graphene, C) single-walled carbon
nanotubes, D) multi- walled carbon nanotubes, E) fullerene, F)
boron-doped diamond and G) glassy carbon.

Graphene

Graphene, either in its basic form or in the form of oxide or
reduced oxide, possesses unique physico-chemical properties
very suitable for use, among others in electrochemistry (Zeng et
al., 2016.). The reported case of BDDE modification by
graphene led to significantly enhanced pixel intensity in relation
to the application of an unmodified electrode. Simultaneous
detection of pesticide paraquat and carbaryl in apple juice was
performed by DPV technique with a detection limit of 0.01 uM
and 0.07 uM respectively. (Pop et al., 2017.). Prasad et al., 2015.
determined dimethylvinphos and naphthalofos using GCE
modified reduced graphene oxide and ciosane. The
electrochemical response was significantly better than that
without the presence of graphene derivative, which was
explained by the strong absorption of targeted pesticides on the
film of the modifier, and due to its excellent conductivity. The
large surface area significantly improved the sensitivity of the
method. Graphene-oxide nanotubes are not as popular as other
graphene derivatives, but were successfully applied in
combination with silver particles and screen printed technology
for methyl paration detection. The electrocatalytic ability of



silver in combination with the good properties of these nanotubes
(good conductivity, large contact surface and catalytic capacities)
make this sensor very suitable for the detection of the mentioned
pesticide in fruit and vegetables with a detection limit of 0.5 nM
(Govindasamy et al., 2017.).

Fullerene

The behavior of graphene and carbon nanotubes is very
similar to the behavior of fullerene, the difference lies in the
larger surface of the graphene due to its one-layer structure. In
spite of that, the chemical activity of the graphene is lower than
the indicated fullerene (Chehimi & Pinson 2013.). Fullereng, in
combination with multidisciplinary nanoparticles and nafion,
was used to detect carbendazim fungicide from benzimidazole
with a detection limit of 10 mol / L. (Teadoum et al., 2016.).

Biocomponents and Metal nanoparticles

The biosensors for detection of pesticides function on the
principle of loss of activity of the biocomponent due to the
smallest amount of highly toxic pesticides, or on the direct
interaction of biocomponents with targeted analytes (Sassolas et
al.,, 2012.). In past five years, the most commonly used bio-
component in biosensors for pesticide analysis is the
acetylcholinesterase enzyme, and in almost all cases it is applied
in combination with some nanoparticles. Zhang et al., 2015.
determined pesticide phoxim using a combination of
acetylcholinesterase, gold nanoparticles and reduced graphene
oxide. Acetylcholinesterase, in normal conditions, naturally
accelerates the decomposition of acetylcholine chloride to
thiocholine, which is electro-active. Reduction of this
electroactivity in electrochemical measurements is proportional
to the presence of phoxim. On this principle, its application in
combination with Fe;O4 NPs for the amperometric detection of
chlorpyrifos which reach LOD of 9.1 nM. (Chauhan et al.,
2015.), and in combination with carbon nanoferms for the
detection of carbofuran and phenitrothion (Cai et al., 2014.), was
presented. Laccase and tyrosinase enzymes for voltammetric
detection of ziram, propoxur, carbaryl and formetanates were
used together with golden nanoparticles and cytosan. The sensor
shows better characteristics in the presence of both enzymes,
compared to the presence of only one of them. The reason for
this synergy effect is a stronger flow of electricity due to their
simultaneous catalytic action on phenol compounds (Oliveira et
al., 2014.).

As can be seen, from metal nanoparticles, lately, the gold
nanoparticles have undoubtedly been the most popular.
Althought gold is considered to be an inert material in redox
exchanges, in nano scale it becomes an excellent component for
making chemical and biological sensors (Tang & Tang 2015.).
Guler et al., 2017. used these nanoparticles in combination with
reduced graphene oxide, naphion and  enzyme
acetylcholinesterase for the detection of chlorpyrifos, malathion
and methidathion, and in a similar combinations, without nafion
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the insecticide proxima was also selected (Zhang et al., 2015.).
Fluorine doped tin oxide, chlorpyrifos antibodies, and gold
nanoparticles are the combination for detection of chlorpyrifos
with a detection limit of 10 uM (Gandhi et al., 2018.).

Cytosan is one of the most commonly used natural
polymers. Its presence provides a suitable biocompatible
environment for enzymes. It is also easily formed into films or
any other form (Arduini et al., 2016). With the reduced graphene
oxide on GC electrode it was used to detect naphthalofos and
dimethylvinphos by a group of researchers, Prasad et al., 2015

The exceptional specificity of the antigen-antibody
interaction found its place in electrochemistry. Liu et al., 2014.
determined atrazines with a combination of anti-atrazine with
gold nanoparticles applied to the gold electrode with a detection
limit of 0.016 ng / mL. With fluorine-doped tin oxide (FTO) and
gold nanoparticles, anti-chlorpyrifos antibodies for the detection
of chlorpyrifos were combined. (Gandhi et al., 2018.). The FTO
has the role of a modifier carrier on gold or carbon-based
electrodes.

CONCLUSION

A literature review brings us to a conclusion that
electrochemical techniques have a good chance of replacing
conventional chromatographic pesticide quantification in future.
Cyclic voltammetry remains an indispensable instrument for
observing reaction mechanisms, while amperometry, and
especially pulse methods, are applied to achieve as low as
possible detection limits. The sensitivity and selectivity of the
products from year to year are getting better owing to the use of
electrodes of various performances additionally enhanced by
modification using different materials. In this field, the
popularity of nano-sized materials, especially those based on
carbon, is evident. The use of biomaterials, enzymes and
antibodies, as well as combinations of biomaterials and
nanoparticles, also greatly contributed to the improvement of the
techniques.

In the future, the goals are in speed simplifying and
speeding up the method, lowering the detection limits,
increaseing selectivity and, in view of the nature of pesticide
contamination, finding a suitable way to monitor them on the
ground in all conditions and real samples. Different
combinations of electrochemical techniques, electrode materials,
modifiers, and production techniques, miniaturization due to
construction of microelectrodes, taking the best of all, almost
certainly prove that these goals of application of electroanalytical
methods in pesticide control are highly achievable.
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