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Abstract Fabrication of nano size poly(3.4-ethylenedi-
oxythiophene)/multiwalled carbonnanotubes film on a
glassy carbon electrode (PEDOT/MWCNT/GCE) in the
presence of anionic and cationic surfactants is reported.
The modified composite electrodes were characterized by
scanning electron microscopy (SEM) and X-ray diffraction
(XRD) studies. SEM studies confirmed the formation of
nano size film on the working electrode. Electroanalytical
studies were carried out using the above prepared electrode
by cyclic voltammetry (CV) and differential pulse stripping
voltammetry (DPSV). This electrode exhibited higher
sensitivity towards the reduction of cypermethrin (CYP),
deltamethrin (DEL), fenvalerate (FEN) falling under
pyrethroids family and an organochlorine pesticide dicofol
(DCF). In CV, all the selected pesticides were found to
exhibit one well-defined irreversible reduction peak at
pH 13. Optimum conditions for DPSV were experimentally
determined by varying several parameters. The practical
application of the newly developed sensor was affirmed by
quantification of the selected pesticides in spiked water
samples.
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1 Introduction

In this era of utilizing nanomaterials for various applica-
tions, electrochemical-sensing devices with nanostructured
surfaces have attracted much attention [1]. In particular,
multiwalled carbon nanotubes (MWCNTSs) have been
extensively employed for the fabrication of electrochemical
sensors and biosensors with excellent electrocatalytic
activity and enhanced sensitivity [2, 3]. CNTs have superior
electrical properties, high specific surface area, and chemi-
cal stability, for this reason they are largely used in sensing
applications [2-5]. Conducting polymers have also been
used widely in the development of sensors because of their
interesting electrical, optical and electrocatalytic properties
[6,7]. Thus in the recent years, interest has been shown on the
synthesis of conducting polymer/MWCNTSs composites that
exhibit special properties of both individual components in a
synergistic manner [8]. Addition of MWCNTs to polymer
also results in a significant increase in the mechanical
properties of polymer and enhances the electrical properties
by facilitating the charge-transfer processes between these
two components [9]. Composites of MWCNTs with
poly(aniline) [10, 11], poly(pyrrole) [11, 12], poly(3,4-ethylene-
dioxythiophene) [11, 13], poly(diphenylamine) [14, 15] and
poly(3-methyl thiophene) [16] were prepared for different
applications. Among the polythiophene derivatives, PEDOT
[17], electrosynthesized either in organic or in aqueous
media, has the advantage of providing very stable and highly
conductive films [18, 19].

Environmental pollution is a serious concern in recent
times due to the damage of eco-system in the globe.
Among the pollutants, pesticides are considered as haz-
ardous chemicals used in agriculture. In particular, pyre-
throids and organochlorine pesticides (OCPs) are widely
used, as they control pests and diseases effectively in plant
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species. Because of their low biodegradability and high
persistence, they are extensively found in environmental
samples such as air, water, soil, sediments, food and bio-
logical tissues [20-23]. Moreover, these chemicals induce
cancer and act as endocrine disrupters in several organisms
due to their high degree of toxicity. Although the use of
most pyrethroids and OCPs has been prohibited or limited
in developed countries, they are still used in many devel-
oping and under developed countries for controlling of
pests and insecticides [24-27]. In this purview, we have
prepared a composite comprising of MWCNTs and PE-
DOT doped with surfactants in the intension of utilizing to
good effect the twin advantages of high sensing potential of
this particular conducting polymer PEDOT [28] and anti-
fouling activity of the surfactants [29]. PEDOT nano par-
ticles with enhanced conductivity and processability were
produced by polymerization in surfactant micellar solution
[30]. Also, this work describes the sensing ability of newly
fabricated electrodes and its sensing capability towards the
voltammetric determination of CYP, DEL, FEN and DCF.

2 Experimental
2.1 Reagents

Multiwalled carbon nanotubes (MWCNTSs) (I.D. x length
2-15 nm x 1-10 pm) produced by arc method was pur-
chased from Sigma-Aldrich (Bangalore, Karnataka). CTAB
(AR-Rankem) (Chennai, Tamil Nadu), SDS (AR-Merck)
(Bangalore, Karnataka), 3,4-ethylenedioxy thiophene (Sigma-

Aldrich) and Lithium perchlorate (Sigma-Aldrich) were
purchased and used without further purification. 0.1 M stock
solution was made up in ethanol for all the pesticides. For
studies in aqueous media, 0.1 M H,SO, (for pH 1.0), Britton
Robinson Buffers (for pH 4.0,7.0,9.2) and 0.1 M NaOH (for
pH 13.0) in 50% aqueous alcohol were used. Bench top pH
meter model-Cyperscan 500 Eutech Instrument was used for
pH measurements. Structures of all the selected pesticides
were furnished in Table 1.

2.2 Fabrication of PEDOT/MWCNT on glassy carbon
electrode

1 mg MWCNT was dispersed into 1 mL of 0.1 M sodium
dodecyl sulphate (SDS) by 30-min ultrasonic agitation to
get a homogeneous MWCNT suspension. Then 5 pL of the
MWCNT-SDS suspension was coated on pretreated GCE
surface and allowed to evaporate in an oven at 50 °C.
PEDOT was deposited by the electrooxidation of 0.01 M
EDOT in acetonitrile medium containing 0.1 M lithium
perchlorate as a supporting electrolyte and cycling the
potential between —0.2 and 1.2 V.

2.3 Fabrication of CTAB and SDS doped
PEDOT/MWCNT

PEDOT was electrodeposited on MWCNT/GCE from
0.01 M EDOT in the presence of 0.01 M CTAB or 0.01 M
SDS and 0.1 M lithium perchlorate as a supporting elec-
trolyte and cycling the potential between —0.2 and 1.2 V.

Table 1 Structure and physical

properties of the selected Compounds

Structure

insecticides

Cypermethrin [(RS)-a-cyano-3-phenoxybenzyl
(1RS)-cis, trans-3-(2,2-dichloro-vinyl)-2,
2-dimethylcyclopropanecarboxylate]

©\O/©\: /O\C%—\\ YCI

1

Deltamethrin [[cyano-(3-phenoxyphenyl)-methyl] H

3-(2,2-dibromoethenyl)-2,2-dimethyl-cyclopropane- ‘
1-Carboxylate] Q Q — ‘C —O0— C
Br

O

Fenvalerate [o-cyano-3-phenoxybenzyl
2-(4-chlorophenyl)-3-methylbutyrate]

Dicofol [2,2,2-trichloro-1,1-bis(4-chlorophenyl

ethanol)]

H

CC‘% CN

@@
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2.4 Electroanalytical studies

CV and DPSV experiments were used to study the elec-
trochemical activity of newly fabricated electrodes towards
the reduction of pyrethroids and organochlorine pesticide.
These experiments were carried out using CHI 760C
electrochemical workstation (CH Instruments, USA) cou-
pled with a conventional three-electrode cell. Modified
GCE’s were used as the working electrode (area of plain
GCE is 3 mm). Counter electrode was platinum wire. The
potentials reported in this work are against Ag/AgCl ref-
erence electrode.

2.5 Real sample analysis

In order to assess the possible applications of the proposed
method in the determination of pesticides, these samples
are spiked with water and then analyzed using the fol-
lowing procedure. The water sample to be analyzed was
prepared by adding known amount of CYP stock solution
and pesticide-free water and then allowing them to stand
24 h. A glass column was filled with amberlite XAD-4
resin up to a height of 20 cm. The column was washed with
ethanol, diethyl ether and distilled water. Then the spiked
water was filtered through the column at an average rate of
10 mL min~'. After completion of this process, the tap
was closed and dichloromethane filled with column and
then allowing them to stand for 20 min and then the

column was drained into a beaker. The extract was evap-
orated to dryness by gentle heating on a water bath. The
residue was transferred into a 250 mL calibrated flask,
dissolved in ethanol and made up to the mark. CYP was
determined by differential pulse stripping voltammetric
method. Percentage of recovery and relative standard
deviations for CYP were determined for six different
concentrations. Similar experiments were carried out for
other pesticides and the results are discussed in Sect. 3.4.1.

3 Results and discussion
3.1 Fabrication and characterization of electrodes

PEDOT/MWCNT/GCE was prepared by placing
MWCNTs on GCE and subsequent polymerization of
EDOT by potential cycling method as detailed in experi-
mental section. Figure 1A displays the growth behaviour of
0.01 M EDOT on MWCNT/GCE. Increase in peak current
seen in the consecutive cycles suggested polymer growth
on the electrode surface. Figure 1B revealed the polymer-
ization of 0.01 M EDOT in the presence of 0.01 M SDS
(anionic surfactant). Increase in peak current was observed
with increase in the number of cycles indicative of polymer
formation. In the case of CTAB (cationic surfactant)
(Fig. 1C) doped PEDOT/MWCNT, only marginal increase
in peak current between successive cycles was observed.

Fig. 1 Cyclic voltammetric A 300
growth behavior of A PEDOT/ / C 900
MWCNT/GCE and B CTAB; 225 f
C SDS doped PEDOT/ 700 1
MWCNT/GCE in acetonitrile r] 150 § <
medium, 0.1 M LiClO,4 E ] = 500 1
as a supporting electrolyte 2 75 t
and sweep rate of 0.1 V5™’ 3 £ 300 1
(o]
0 100 A
-76 1 -100 -
-0.3 0 0.3 0.6 0.9 1.2 -0.3 0 0.3 0.6 0.9 1.2
Potential / V Potential / V
B 700
500
2 300
£
o
100
-100 -
-0.3 0 0.3 0.6 0.9 1.2
Potential | V
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However an increase in the overall peak current showed
that the polymer growth was good on the electrode surface.
Surfactants doped PEDOT/MWCNT film exhibited higher
conductivity than undoped one. This observation can be
attributed to the facilitation of exchange of electron
between the monomer and the electrode. Out of the two
surfactants employed, growth behaviour of SDS doped
PEDOT/MWCNT was better than CTAB as evidenced
from good conductivity between successive cycles and
overall peak current as per earlier report [31].

Scanning electron micrograms of above fabricated elec-
trodes were presented in Fig. 2. As can be seen from SEM
microgram of PEDOT/MWCNT/GCE (Fig. 2A), polymeri-
zation of EDOT has taken place in the network of MWCNTs.
Also MWCNTs provide nano backbone for the polymeriza-
tion of same. The average tube size of the material was
approximated to be 50 nm. As in the case of surfactants
doped PEDOT/MWCNT/GCE, all tubes are seriously tan-
gled to form compact nanostructures, which possess higher
stability and uniformity than undoped one. Here too, the tube
size was 50 nm (Fig. 2B, C). In the presence of surfactants,
one can find different PEDOT deposition on MWCNT matrix
and fine tubular morphology than the undoped film. Fig-
ure 3A—C depicts the X-ray diffraction patterns of modified
electrode surfaces, which show substantial amorphous nat-
ure, the characteristic behaviour of the polymer.

3.2 Electrochemical response of pesticides
at the fabricated electrode systems

CV was utilized for examining and comparing the elec-
trochemical signal of newly fabricated electrode systems to
the selected pesticides. In order to study the effect of pH,
five pH values viz., 1.0, 4.0, 7.0, 9.2 and 13.0 were chosen.
The study was made using 1.0 mM L~' CYP, DEL, FEN
and 0.99 mM L~!' DCF at a sweep rate (v) of 0.1 V sl
All the selected pesticides gave better response at pH 13.0.
The effect of sweep rate (v) was studied by varying it from
0.025 to 0.500 Vs~'. Figure 4A—C provide details
regarding the electrochemical behaviour of pyrethroids
CYP, DEL and FEN at pH 13.0 and a sweep rate of
0.1 V s~'. All compounds exhibited one cathodic peak at
—1.39V (132.7 pA), —1.38 V (145.9 pA) and —1.37 V,
(161.1 pA) for CYP, —1.49V (84.58 pA), —149V
(105.7 pA) and —1.48 V (130.6 pA) for DEL, —1.43 V
(98.92 nA), —1.42 V (126.3 pA), and —1.41 V (143.0 pA)
for FEN at PEDOT/MWCNT/GCE, PEDOT(CTAB)/
MWCNT/GCE, PEDOT(SDS)/MWCNT/GCE respec-
tively. Figure 4D indicates the details of representative
CVs obtained at PEDOT/MWCNT/GCE, PEDOT(CTAB)/
MWCNT/GCE, PEDOT(SDS)/MWCNT/GCE in pH 13.0
medium containing 0.99 mM L~' DCF, at a sweep rate of
0.1 V s~'. It showed one well-defined cathodic peak at
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—135V (1519 pA), —1.36 (1574 pA) and —1.35V
(162.8 nA). Absence of anodic peak in all cases indicated
irreversible electron transfer process, which in turn was
confirmed by fractional value of transfer coefficient (o)
(0.4-0.63). All pesticides underwent diffusion controlled
adsorption process at all modified systems when linear
increase in peak current with lower sweep rates (v) and
linearity with square root of sweep rate (v'’%) at higher
sweep rates were observed. The slope value (0.55-0.69)
obtained from the plot between log v vs. log i, showed
diffusion controlled adsorption nature of all the selected
pesticides. Herein, for all the four pesticides, peak current
was higher at surfactants doped PEDOT/MWCNT. This
may be due to spontaneous adsorption of surfactants on the
surface of MWCNTs by hydrophobic interactions and the
resultant formation of a monolayer of surfactants on the
electrode surface [32, 33]. The improved response is due to
enhanced adsorption of pesticides in surfactants adsorbed
layer. The weak hydrophobic adsorption of surfactants on
hydrophobic and smooth surface of MWCNTSs is the key
for improving the sensitivity and antifouling capacity of
carbon nanotube-based electrochemical sensors by surfac-
tants [32, 33]. Among the two surfactants employed,
PEDOT(SDS)/MWCNT/GCE showed higher current
response. This is because, cationic radicals of PEDOT
formed during the electropolymerisation [34] in the
micellar environment of SDS, spontaneously reacts with
the anionic end of SDS, resulting in the formation of
compactly arranged tubular structures. The increase in
surface area of PEDOT-SDS matrix offers a favourable
platform for sensitive detection of selected pesticides.

3.3 Electroanalytical determination of pesticides

All the selected pesticides are electroactive and responded
well in CV. Hence, adsorptive stripping voltammetric
studies were performed for the determination of above-said
pesticides in PEDOT(SDS)/MWCNT/GCE. Differential
pulse stripping was chosen for the present study.

Herein, accumulation potential varied and higher peak
current response was obtained at 0.1, 0, 0.2 and 0 V for
CYP, DEL, FEN and DCEF respectively. Absence of anodic
and cathodic deposits shows adsorption of neutral substrate
on the electrode. Accumulation time varied between 5 and
60 s for all the pesticides and maximum peak current was
observed at an accumulation time of 15 s for CYP and DCF,
20 s for DEL and 10 s for FEN. Accumulation of these
pesticides on the best performing electrode surface was
examined from changes in the modified electrode surface
before and after accumulation process. Surface morphology
of pesticides accumulated surfaces was determined through
SEM. Irregular adsorption CYP was found from Fig. 2D.
Figure 2E suggesting small ball like particles dispersed
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Fig. 2 SEM micrographs of A PEDOT/MWCNT/GCE; B PEDOT(CTAB)/MWCNT/GCE; C PEDOT(SDS)/MWCNT/GCE and D CYP;
E DEL; F FEN; G DCF adsorbed on PEDOT(SDS)/MWCNT/GCE modified system

randomly on the modified surface. Mixed needle and stick-
like structure are observed from FEN adsorption (Fig. 2F).
Figure 2G indicates a small broken leave-like structure,

suggesting the adsorption of DCF. All these factors confirm
adsorption process. XRD patterns of pesticides adsorbed
surfaces are slightly different from that of pesticides
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adsorbed surfaces (Fig. 3D-G) that showed additional
sharp peaks due to little increase in crystalline nature of
adsorbed pesticide molecules.

Other stripping parameters such as Initial scan potential
(Eis), pulse amplitude (AP) and pulse width (PW) are also
influencing the peak current response. For all pesticides, E;g
varied from —0.200 to —1.200 V and optimum values were
found to be —0.800 V for CYP, —1.000 V for DEL, FEN
and —0.900 V for DCF. An increase in peak current was
identified, when pulse amplitude was changed from 0.025
to 0.075 V. Hence AP of 0.075 was chosen for all pesti-
cides. The decrease in peak current was noted, when pulse
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width was changed from 0.025 to 0.1 s. Hence, for all
pesticides pulse width of 0.025 s was preferred.

The representative differential pulse stripping voltam-
mograms are given in Fig. 5. Under the best possible
experimental conditions, effect of pesticide concentration
on stripping signal was studied. Calibration plots were
made which indicated linear dependence of peak current
with concentration and it was found to be good from 0.015
to 5 x 10* ug L™', 0.063 to 5 x 10* pg L', 0.061 to
5x 10* ug L™" and 0.01 to 5 x 10* ug L™"' for CYP,
DEL, FEN and DCF on PEDOT(SDS)/MWCNT/GCE
system respectively. Detection limit obtained here is
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Fig. 5 Differential pulse striping voltammograms of A CYP; B DEL; C FEN; D DCF on (a) PEDOT(SDS)/MWCNT/GCE, (b) PEDOT(CTAB)/
MWCNT/GCE, (¢) PEDOT/MWCNT/GCE at 50 pug L™" (d) real sample

comparatively lower than earlier reports [35-38] and the
results are provided in Table 2.

3.3.1 Repeatability and stability of the modified electrode

The electrode capability for reproducibility was examined
by CV data obtained in optimum pH from six separately
prepared modified electrodes under the same experimental
conditions. Reproducibility is fairly good with a standard
error of about 2.5%. In addition, long-term stability of the

fabricated electrodes was tested over a four-week period.
When CV’s were recorded after the electrode was stored in
an atmosphere at room temperature, the peak potential was
unchanged and the current signals showed only less than
2.4% decrease of the initial response. Also, reproducibility
of stripping signal was understood from the relative standard
deviation (1.8-3.0%) calculated for six identical measure-
ments at a concentration level of 10 ug L' in DPSV. The
low RSD values indicate good reproducibility of the present
method, compared to other techniques [38, 39].
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Table 2 Comparison of LOD’s with available methods

S. no. Techniques Pesticides
CYP DEL FEN DCF
1 Gas chromatography-Mass spectrometry (g kg~') [35] 0.495 0.106 0.06 -
2 Gas chromatography—time of flight mass spectrometry (ng mL™") [36] 10 - 3 3
3 Microwave assisted headspace solid-phase microextraction (ng LY [37] 1 2.6 1.3 -
4 Solid-phase extraction and liquid chromatography/electrospray ionization 0.02 0.03 0.02 -
ion trap mass spectrometry (mg kg™") [38]
5 Voltammetric method (ng L) [Present method] 0.015 0.063 0.061 0.01

Table 3 Tolerance limit of anions and other pesticides in the deter-
mination of 250 pg L' of CYP, DEL, FEN and DCF at the modified
systems

Anions Tolerance limit Other Tolerance limit
(ug L™YH pesticides (ug L™hH

ar! 450 Phenol 500

Br! 400 Malathion 525

! 420 Methyl parathion 550

S0,2~ 450 Endosulfan 450

NO;~ 300 - -

3.3.2 Interference study

The influence of various substances as potential interference
compounds on the determination of these pesticides was
studied. Tolerance limit is defined as the maximum con-
centration of interfering substance that caused an error less
than 5% for the determination of above said pesticides. The
results are presented in Table 3. Herein, wide range of
interferents was studied compared to other methods [35-39].

3.4 Analytical applications
3.4.1 Recovery studies in real samples

We examined the applicability of modified electrode for
the determination of pesticides in water samples. These
recoveries indicate that, the proposed voltammetric method
can be easily applied to real samples. Precision and accu-
racy of this method was determined after dosing known
amount of analytes into environmental sample solution.
The percentage of recoveries with standard error of all
insecticides is presented in Table 4. Stripping voltammo-
grams thus obtained are given in Figs. SA(b)-D(b) on the
same system. The percentage of recovery obtained by this
method is comparatively higher than solid-phase extraction
and liquid chromatography/electrospray ionization ion trap
mass spectrometric method [38] and voltammetric method
reported by Oudou et al. [39].
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Table 4 Percentage recovery of selected pesticides from water
samples

Pesticides Spiked (pg L™ Found Recovery (%) RSD?
CYP 25 23.54 94.16 2.8
100 96.25 96.25 32
DEL 25 23.40 93.60 2.7
100 95.98 95.98 3.1
FEN 25 24.10 96.40 2.6
100 95.65 95.65 29
DCF 25 24.42 97.68 33
100 97.01 97.01 35
“n=6

4 Conclusions

The role of electrochemistry in pesticides analysis has been
well defined and is likely to get preference when newer
sensors are reported with attractive limits of detection.
Herein, easily prepared surfactants doped PEDOT/
MWCNT film modified GCE was used to investigate the
electrochemical behaviour of CYP, DEL, FEN and DCF.
The prepared material showed characteristic properties of
both constituents, i.e. good electron transfer ability and
large surface area. This electrode improved the electro-
chemical response drastically, which clearly demonstrates
the electrocatalytic activity of modified film in the reduc-
tion of above-said pesticides. In particular, SDS doped
PEDOT/MWCNT electrode gave stable and reproducible
response and shows the determination range of 0.01 to
5 x 10* pg L™'. MWCNT modified film also provides a
nanobackbone for the polymerization of EDOT, which is
confirmed through SEM studies. Also, SEM micrographs
and XRD pattern revealed the adsorption of pesticide
molecules on modified film. Further, a sensitive DPSV
method was developed for the determination of pesticides
in real samples with good results. It can be envisioned that
conducting polymer/carbon nanotubes composite film
made by this simple approach would have great potentials
in the development of pesticide sensors.
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