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ABSTRACT

Butachlor is a herbicide that belongs to the acetanilide family. It is widely used as a granule-based post-
emergence herbicide on rice in India. As a result of the ongoing usage of these synthetic substances,
soil fertility and soil organisms are declining. Differential pulse voltammetry was used to determine
butachlor herbicide in soil samples with a modified glassy carbon electrode voltammetric sensor with
palladium-supported multiwalled carbon nanotubes (PdA@MWCNTs). Scanning electron microscopy,
energy dispersive x-ray spectroscopy, and X-ray diffraction spectroscopy were used to investigate the
morphology of PdA@MWCNTs, while cyclic and differential pulse techniques were used to investigate the
voltammetric properties. The butachlor herbicide under voltammetric investigation involves irreversible,
two-electron reduction based on the protonation of the carbonyl group (>C=0). The voltammetric method
was developed for the determination of butachlor in phosphate buffer solution at pH 6.0 as a supporting
electrolyte. A good linear response to butachlor in the concentration ranging from 0.10 ug-mL™ to 32.0
ug-mL* was observed, and a limit of detection of 0.044 pg-mL™ was obtained with the calculation based
on signal/noise=3. The suggested method was efficaciously applied for the detection of butachlor in soil

samples.
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INTRODUCTION

Butachlor (N-(butoxy ethyl)-2-chloro-2%6-
diethyl)acetanilide (Fig. 1)) is a chloroacetanilide
class of chemistry and is the herbicidal active
ingredient in Machete®[1]. Butachlor was used as
the pre-emergence herbicide to control undesirable
grasses and broadleaf weeds in transplanted,
direct-seeded rice, barley, and green vegetable
fields [2]. It has anthropoid toxicity following
acute oral, dermal, and inhalation exposure [3, 4].
Thus, butachlor has the potential to cause allergic
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skin reactions following repeated or prolonged
exposure. Subchronic and chronic exposure
primarily produces liver and kidney toxicity for
which large safety margins exist [5, 6]. Many
monitoring methods have been reported for the
quantitative analysis of various pesticides such as
capillary electrophoresis [7-9], spectrophotometry
[10], high-performance liquid chromatography
(HPLC) [11, 12], liquid chromatography-mass
spectrometry (LC-MS) [13,14], ultra-performance
liquid chromatography coupled to tandem mass
spectrometry [15] and voltammetry [4, 16].

Most of the above methods are time-demanding

[-<)=EEE This work is licensed under the Creative Commons Attribution 4.0 International License.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/.

P.Reddy Prasad et al. / Pd@MWCNTs/GCE based voltammetric sensor

ro\/\/

N\n/\m
o)

Fig. 1. Chemical structure of butachlor

procedures, expensive, and required more toxic
solvents with multiple sample preparation and
measurement steps. Electrochemical analysis of
pesticides offers simple, rapid, and cost-effective
methods with few sample pre-treatment steps.
Hence, there are a wide variety of modified
electrodes developed for the determination of
pesticides viz. Nafion double-layer membrane
modified electrode, Au-MWCNTs, polyaniline
modified GCE, nano TiO, polymer film modified
GCE  CNTs-encapsulated  polypyrrole  and
polyaniline copolymer modified GCE and nano
TiO,/Nafion composite, etc., [17-24]. Hence,
to improve the analytical figures of merit, there
exists a need for highly sensitive sensors for early
detection and accurate determination of butachlor
herbicide in soil matrices. Nevertheless, to the best
of our knowledge, there are no electro analytical
reports concerning the determination of butachlor
herbicide using PA@MWCNTs modified glassy
carbon electrode.

Here, the reliable electrochemical nanosensor
based on palladium (Pd) supported multiwalled
carbon nanotubes (MWCNTs) is used for the
determination of butachlor herbicide in soil
samples by differential pulse voltammetry. The
electrochemical characteristics of PA@MWCNTs
nanocomposites were systematically examined
by cyclic and differential pulse voltammetry. The
electrochemical study was based on the fact that
palladium-supported MWCNTs can improve
the advances in electrochemical properties and
lead to enhancements of their electro-catalytic
performance.

MATERIALS AND METHODS
Apparatus

Electrochemical studies were carried out by
Autolab PG STAT 101 supplied by Metrohm
Autolab B. V. Netherlands. A three-electrode
system comprising a glassy carbon electrode (GCE)
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modified with Pd@MWCNTs nanocomposites
served as the working electrode. Saturated Ag/
AgCl/KCl was used as a reference electrode and
Pt wire as a counter electrode. The morphology
of the electrode surface was carried out using a
scanning electron microscope (SEM) of the Ultra
55 Carl Zeiss instrument with an operating voltage
of 10 kV. X-ray diffraction (XRD) using CuKa
with A = 1.54 A, and a lineon X’pert PRO X-ray
diffractometer. The pH meter model ELICO LI-
120 supplied by ELICO Ltd. Hyderabad, India., was
used to determine the pH of the buffer solution.

Materials and reagents

H,PdCl,, NaH,PO,, NaBH, and NaHPO, were
attained from Merck Chemicals Ltd. Multiwalled
carbon nanotubes (MWCNTSs) (with diameters
of 6-9 nmx5um, 295% carbon basis) purchased
from Sigma Aldrich. Butachlor was procured
from Siddarth Inc. in Hyderabad, India. A stock
solution of 1000 mg/L butachlor was prepared by
dissolving 100 mg butachlor in 100 mL acetone.
Phosphate buffer solutions at different pH values
(pH 2.0-12.0) were prepared by mixing standard
solutions of 0.1 M NaH,PO, and 0.1 M Na,HPO,
and adjusting the pH with 0.1 M NaOH. Ultrapure
water (18.2 MQ.cm) was used in all experiments.
All other chemicals and solvents were of analytical
reagent grade.

Preparation of PA@MWCNTs and PA@MWCNTs/
GCE

Production of PA@MWCNTs electrochemical
sensor, initially the MWCNTs were oxidized by
adding a 40 mL acidic mixture of H,SO,/HNO, (3:1
ratio) and ultra-sonicated for 5 hours. The oxidized
MWCNTs were then vacuum filtered, washed with
ultra-pure water several times to remove the acidic
contents, and dried overnight in an oven at 60 °C.
Then, 5 mg of the dried oxidized MWCNTs were
dispersed in 2 mL of ultra-pure water to form

J. Water Environ. Nanotechnol., 7(2): 121-131 Spring 2022
[ E—



P.Reddy Prasad et al. / Pd@MWCNTs/GCE based voltammetric sensor

Palladium salts

MWCNTs MWCNTs-COOH

Reduction 3
—

Pd@MWCNTs/GCE

Pd@MWCNTs

Scheme 1. Schematic representation of the preparation of PdA@MWCNTs/GCE

Fig. 2. SEM images with two different magnifications of Pd (left) and Pd supported MWCNTs (right).

a suspension solution. The 10 mg of 0.02 mM of
H,PdCI, was added to 2 mL ultra-pure water and
then mixed in an oxidized MWCNTs suspension
solution. Afterward, after 1 hour of ultrasonication,
50 mL of 20 mM NaBH, was added dropwise to the
reaction mixture and agitated at room temperature
until the suspension was black. The resultant
suspension was centrifuged and washed with
ultrapure water and ethanol, followed by vacuum
oven drying at 90 °C. Afterward annealed at 200 °C
to strengthen the attachment of palladium on the
surface of MWCNTs.

Before the electrodeposition process, the GCE
was first cleaned with 0.3 um alumina powder
using a BAS polishing kit followed by an ultrasonic
bath in ethanol for 10 minutes. Then, 10 mg of Pd@
MWCNTs in acetone was dropped on the surface
of the cleaned GCE. The GCE was then dried
under the lamp for 30 minutes and rinsed in ultra-
pure water several times. The resulting modified
electrode denoted as PA@MWCNTs composite
film modified GCE was then rinsed with double
distilled water and used for the electrochemical
analysis. A similar procedure was repeated to
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modify the GCE with the Pd and MWCNTs. The
preparation of Pd@MWCNTs/GCE 1is depicted
schematically in Scheme 1.

RESULTS AND DISCUSSION

The surface morphology of Pd@MWCNTs
nanocomposites was examined by scanning
electron microscopy (Fig. 2A & B). Typical
morphology of MWCNTs noticed in all two images
are consistent for all examined samples showing
that the agglomerated MWCNTs bundles. It was
found to have an irregular shape and size, which
indicates that the surface area is very large from
SEM analysis (Fig. 2). However, the exact length
is difficult to be measured because the bundle is
always in the meandering form. The diameter of a
meandering form of multiwalled carbon nanotubes
is in the range of 9 nm while the length can reach
more than several micrometers. The palladium
nanoparticles are observed around spherical
shapes or clusters on the surface of MWCNTs with
a diameter of up to 12 nm. The energy dispersive
X-ray (EDX) spectroscopy (Fig. 3) indicates the
atomic and mass % of elements present in the Pd@
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Fig. 3. EDX spectrum of Pd supported MWCNTs
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Fig. 4. XRD spectrum of MWCNTSs and Pd supported MWCNTTs.

MWCNTs. The atomic percentage of C, O, and
Pd was felt to be 52.66, 28.45, and 18.89 precisely.
The mass percentage of C, O, and Pd was found to
be 50.86, 34.90, and 14.24 respectively. From the
spectrum, the peaks reveal that the presence of C,
O, and Pd is 0.5, 0.8, and 2.9 KeV specifically.

As shown in Fig. 4, XRD pattern analysis
was used to investigate the structural analysis of
MWCNTs and PA@MWCNTs. The pattern of the
MWCNTs shows a high intense peak at 20 = 24.6°
and a low intense peak at 20 = 43.9°, corresponding
to the (002) and (100) lattice space [26]. The three
diffraction peaks in the PdA@MWCNTs composite,
which correspond to the (111), (200), and (220)
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lattice plane diffraction of Pd, are centered at 20 =
40.15, 46.72, and 68.24°. These peaks match those
found in the JCPDS No: 89-4897 [27], which were
reported Pd nanocomposites. The pattern revealed
that the particles have a face-centered cubic crystal
structure with a cell dimension of 3.889 and a
wavelength of 1.54 A°. Furthermore, no discernible
peaks owing to PdCl, can be found in the XRD
pattern, indicating that Pd (II) has been reduced
to Pd (0). From the primary diffraction peak, the
predicted average crystalline size of Pd NPs in
MWCNTs is around 12 nm (111).

The preliminary studies on the electrochemical
behavior of the PdA@MWCNTs-modified electrode
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Fig. 5. Cyclic voltammograms for butachlor (6.0 ug-mL") at bare GCE (a), MWCNTs/GCE (b), Pd/GCE (c) and PdA@MWCNTs/GCE
(d) in pH 6.0 (0.10 M of phosphate buffer); accumulation potential -1.13 V; accumulation time 80 s; pulse amplitude 30 mV; scan rate
50 mVs™.

were performed by cyclic voltammetry and
differential pulse voltammetry in 0.10 M phosphate
buffer solution (pH 6.0) atascanrateof 50mVs™. The
differential pulse voltammogram measurements
were performed to optimize the experimental
conditions and determine the butachlor at room
temperature in the potential range from —-0.20 V
to —1.60 V. The analyte solutions were thoroughly
deoxygenated by bubbling high-purity nitrogen
before each voltammetric analysis.

The cyclic voltammograms (CV) of butachlor in
0.10 M phosphate buffer at pH 6.0 in concentration
6.0 pg-mL" and scan rate 50 mVs™. The reduction
peak appears at -1.13 V, which may be due to the
reduction of the carbonyl group (>C=0) of the
butachlor and no oxidation peak is observed in
the anodic area which suggests that the process is
irreversible. Fig.5 shows comparative CVs of the
bare GCE (Fig. 5a), MWCNTs/GCE (Fig. 5b), Pd/
GCE (Fig. 5¢), and PdA@MWCNTs/GCE (Fig. 5d).
As can be seen from Fig.5a there is no prominent
peak for the reduction of butachlor at bare GCE.
While the MWCNTs/GCE and Pd/GCE displayed
a slight reduction in peak current, it was assessed to
be inadequate for the reduction of butachlor. Based
on the above results, the palladium-supported
MWCNTs were successfully immobilized on the
GCE surface and shows synergistic electro-active
nature with a strong reduction peak at -1.13 V
based on the preceding results. Additionally, the
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electrochemical sensor provides high electro-
catalytic activity because of its large surface area
and efficient electron transfer. As the scan rate is
increased, the peak current also increased and no
peak appeared in the reverse sweep, indicating
the irreversible nature of the reaction process.
The influence of diverse scan rate (v) on the
irreversible reduction peak current of butachlor at
the PA@MWCNTs/GCE was also studied by cyclic
voltammetry. The irreversible reduction peak
current increases upon the increase of scan rate.
One can see that good linearity between the I of
the irreversible reduction peak and v was obtained
within the range of 50-250 mV s, with linear
regression equation I (1A)=-7.24-0.0204v'"? (mVs
1), R=0.998 [25]. This indicates that electrochemical
kinetics is controlled by the adsorption of butachlor
molecules.

The differential pulse voltammetric response of
6.0 pg-mL"'butachlor was studied at PdA@MWCNTs
with 0.10 M phosphate buffer at pH 6.0 as a
supporting electrolyte at the pulse amplitude of 30
mV and a scan rate of 50 mVs™! (Fig. 6). The bare
GCE (Fig. 6 curve @) and MWCNTs/GCE (Fig.
6 curve ‘D) whereas no obvious reduction peak
was attained for 6.0 ug-mL" butachlor in 0.10 M
phosphate buffer at pH 6.0. At fabricated Pd/GCE
(Fig. 6 curve“c’) the minor reduction peak current
was observed at significantly higher than the
bare GCE and MWCNTs/GCE reduction current
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Fig. 6. Differential pulse voltammograms for 6.0 ug-mL" butachlor at bare GCE (a), MWCNTs/GCE (b), Pd/GCE (c) and Pd@
MWCNTs/GCE (d) in pH 6.0 (0.10 M of phosphate buffer); accumulation potential —-1.13 V; accumulation time 80 s; pulse amplitude
30 mV; scan rate 50 mV s,
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Fig. 7. Effect of pH on the electrochemical response of the PdA@MWCNTs/GCE. The concentration of butachlor is 6.0 pg-mL"'; accu-
mulation potential -1.13 V; accumulation time 80 s; pulse amplitude 30 mV; scan rate 50 mV s™.

respectively. The enrichment of the reduction
peak current of the PA@MWCNTs modified GCE
was acquired owing to the expectant area and
great electrical conductibility of the butachlor
(Fig. 6 curved’). Therefore, the differential pulse
voltammograms were observed for bare GCE,
MWCNTs/GCE, and PA@MWCNTs, and it was
found to be not so effective for the reduction of the
peak current of butachlor.

Optimum parameters on the response of butachlor
The effect of the pH of 0.1 M phosphate buffer
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on the electrochemical behavior of butachlor at
the modified electrode was studied using cyclic
voltammetry over the pH range 2.0-12.0. Fig. 7,
shows the cyclic voltammograms of 6.0 pg-mL"
butachlor in phosphate buffer at various pH values.
The peak current increased with pH until it reached
its maximum value at pH 6.0. then the peak current
response decreased at pH values above 6.0. This
is presumably due to the electrostatic attraction
between the PA@MWCNTs/GCE and the carbonyl
group of butachlor pesticides. By observing that the
I and E of butachlor were radically dependent
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Fig. 9. Effect of accumulation potential on the electrochemical response of butachlor at PA@MWCNTSs; accumulation time 80 s; pulse
amplitude 30 mV; scan rate 50 mV s™.

on pH, it can be concluded that protons are
participating in the electro-reduction process of
butachlor on the modified PdA@MWCNTs/GCE.
The process responsible for this behavior must
be the reduction of the carbonyl group in the
butachlor and the maximum peak was observed
at pH 6.0 on PA@MWCNTs/GCE. Moreover, at
25 °C (equivalent to a Nernst system), the slope
of E_vs. pH of butachlor was also 12 mV/pH,
suggesting that the reduction process involves
the same number of electrons and protons, i.e for
two electrons and two protons. According to the
cyclic study, the mechanism of the electrochemical
reaction of butachlor is shown in Fig. 8.

The optimum parameter of the scan rate
influence was investigated. The results suggested
that the differential pulse voltammetric peak
current reached maximum value when the scan
rate was 50 mVs™. As for the scan rate the current
response with increasing the scan rate from 10
mVs™ to 150 mVs’!, gives the maximum response at
50 mVs™. The optimal value of -1.13 V was chosen
for accumulation potential which coincides with
the reduction potential for butachlor at selected
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conditions (Fig. 9). This interesting observation
indicates that products of the electrochemical
reduction of butachlor herbicide in a certain way
influence maximum peak current by differential
pulse voltammetry. Hence, enhanced absorption
and the accumulation of butachlor on the Pd@
MWCNTs/GCE after its pre-treatment at -1.13 V
can be exploited here to significantly increase the
sensitivity of the differential pulse voltammetry.
Fig. 10 shows that the signal has a prolongation
of the accumulation time (t_) up to 80 s. The
peak current increased rapidly with the increase
of accumulation time and almost reached a
platform after 80 s. For analytical purposes, Pd@
MWCNTs/GCE was initially pre-treated for 80 s
into the solution of 6.0 pug-mL"' of butachlor 0.10
M phosphate buffer solution before it was used
for measuring the concentration of butachlor to
achieve down to the low ppm-level. The additional
preconcentration time of 80 s was employed before
each measurement. Selected pre-treatment time
is enough to obtain a stable analytical signal due
to saturation of electrode surface. Therefore, the
80s was selected as the optimum accumulation
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Fig. 10. Effect of accumulation time on the electrochemical response of butachlor at PA@ MWCNTSs; accumulation potential -1.13 V;
pulse amplitude 30 mV; scan rate 50 mVs™.
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Fig.11. Differential pulse voltammograms recorded at PdA@MWCNTs/GCE for different concentrations of butachlor [0, 0.1, 1.0, 2.0,
4.0, 8.0, 16.0, 24.0 and 32.0 ug-mL™ (from bottom to top)] in 0.10 M phosphate buffer solution (pH 6.0); accumulation potential -1.13
V; accumulation time 80 s; pulse amplitude 30 mV; scan rate 50 mV s; Calibration curve of butachlor (insert).

time for the determination of butachlor on the
electrochemical sensor. In addition, it should
be emphasized that palladium nanoparticles
are electrocatalysts which in synergism with a
developed surface area of MWCNTs enables the
successful application of this electrode for butachlor
determination.  Accordingly, the optimum
conditions for recording a maximum developed
and sharper peak for butachlor are accumulation
time 80 s, accumulation potential -1.13 V, scan rate
50 mVs’, pulse amplitude 30 mV, and optimum
temperature 25 °C.

The influence of interference ions like Na*,
Ca’, K+, CI, Ag", HCO,", NO,", CO,”, SO and
some of the biomolecules (urea, ascorbic acid,
linuron, and imidacloprid) on the determination
of butachlor was also investigated. Initially,
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differential pulse voltammograms signal of
butachlor (6.0 pg-mL™") was recorded using the
Pd@MWCNTs/GCE, then either the selected
ion was added in a concentration that is 40 times
higher than butachlor or selected biomolecules was
added in the same final concentration as butachlor.
The solutions were analyzed by the proposed
method and all investigated ions or biomolecules
neither influenced peak potential nor peak current
intensity of butachlor expressively at optimized
conditions.

Electrochemical characterization

The differential pulse voltammogram was
recorded under the optimum experimental
conditions at PA@MWCNTs/GCE. Fig. 11 shows
the typical differential pulse voltammogram
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Table 1. Application of the recommended method to the determination of butachlor in soil samples

Amount added Amount found Recovery* L
Sample . R Standard Deviation
(ugmL™) (ngmL™) (%)
5.0 4.85 97.0 0.012
Black soil 10.0 9.90 99.0 0.008
25.0 24.9 99.6 0.014
5.0 4.90 98.0 0.030
Red soil 10.0 9.92 99.2 0.050
25.0 24.7 98.8 0.075

*n=>5 (no. of determinations)

Table 2. Comparison between the proposed PA@MWCNTs sensor with some published sensors for detection of other pesticides.

Linear range  Limit of detection

Electrode H Pesticide Ref.
P (ugmL™) (pgmL™)
Carbaryl 0.01-4.02 0.001
GO-Cu/CuO-Ag/GCE 3.0 28
1GO-Cu/CuO-Ag/ Fenamiphos 0.02-6.03 0.001
7.0 Thiamethoxam 2.42
Graph ide/GCE 10-200 29
raphene oxide/ 80  Imidacloprid 2.02
Au/CNTs/GC 5.0 Parathion 0.001-7.0 0.0005 30
X Methyl hi .5-16. . 1
AWMWCNTSs 6.3 et y parathion 0.5-16.0 0.050 3
6.62  Methiocarb 0.1-55 0.15 32
Pd/MWCNTSs/GCE 6.0 Butachlor 0.10-32.0 0.044 Present work

rGO: reduced graphene oxide; CNTs: carbon nanotubes

recorded in various concentration ranges from
0.10 pg-mL™* to 32 pg-mL™* (0.0, 0.1, 1.0, 2.0, 4.0,
8.0, 16.0, 24.0 and 32.0 yg-mL"') at 50 mV s™
Fig.11 (insert) shows the calibration curve of
the sensor for the determination of butachlor.
Under the optimized conditions, the sensor
exhibits a linear relationship between the peak
current and the concentration of butachlor in the
range of 0.10 ug-mL™ to 32 pg-mL™* The linear
regression equation was determined to be I (uA)
= 0.54162+0.536 C pg-mL™" with a correlation
coefficient of 0.997, the limit of detection (LOD =
3(sd)/b) and limit of quantitation (LOQ = 10(sd)/b)
were calculated, where sd is the standard deviation
of the intercept and b is the slope of the calibration
graph [14]. LOD and LOQ were found to be 0.044
pug-mL™ and 0.835 pg-mL™ of butachlor on Pd@
MWCNTs/GCE.

Applications of the electrochemical sensor
Differential pulse voltammetry was applied
to the determination of butachlor herbicide in
soil samples at room temperature (~25 °C). The
agricultural soil analysis of black and red soil
samples was collected from around the agricultural
field of Tirupati., A.P,, India. The soil was collected
at 10-15 cm deep, sieved, and stored in an airtight
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plastic container at room temperature. Then, the
stored soil samples were centrifuged and filtered
using 0.2 um filter paper to free them from
other impurities. Additionally, spiked with three
different concentrations of butachlor herbicide
into the filtered soil samples and it was analyzed
by differential pulse voltammetry. The soil samples
showed peak currents for different concentrations
of spiked butachlor at the potential of -1.13 V.
From the calibration graph, we found the results as
tabulated in Table 1. To check the precision of the
method, five replicates analyzed of each sample were
carried out. The average recoveries obtained in soil
samples were 97.0- 99.6% with a relative standard
deviation of 1.89% respectively. The electrochemical
performances viz., high sensitivity, detection limit,
and dynamic range of the PdA@MWCNTs/GCE are
compared with the other pesticides-based sensors.
As per the results, the developed electrochemical
sensor exhibits good detection limit and dynamic
range than previous sensors, which illustrates the
Pd@MWCNTs modified GCE could be enhancing
the electronic and catalytic properties of butachlor
herbicide (Table 2.).

The repeatability of PA@MWCNTs/GCE was
tested by taking five successive signals with a
standard solution of 6.0 pg-mL™ of butachlor on
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the same day under ideal conditions. The Pd@
MWCNTs/GCE sensor succeeds on average peak
current has retained the initial peak response 0f 98.5
%. Such findings supported the strong repeatability,
great shelf life, and accuracy of the advanced Pd@
MWCNTs/GCE sensor. Reproducibility relates to
the difference in measurements produced under
different conditions on a subject. The sensor
reproducibility was investigated within the day at
ambient temperatures, minimal deviations with
an analogous standard deviation value (RSD) of
1.8 % were identified in the voltammetric signals.
In addition, the electrode reproducibility was
constantly analyzed for 3 days, and also the RSD
level was determined found to be ~1.2%. This result
reveals the modification of glassy carbon electrode
with PA@MWCNTs nanoparticles sustain the good
qualities of greater stability as well as reproducibility
as the notable voltammetric applications.

CONCLUSIONS

An electrochemical sensor of PA@MWCNTs
can be successfully prepared and fabricated on
a glassy carbon electrode for differential pulse
voltammetry. The proposed sensor has shown
to be a fairly efficient method for rapid and
sensitive determination of butachlor herbicide in
soil samples. The obtained PA@MWCNTs sensor
possesses a favorable morphology with a fast
electron-transport MWCNTs network decorated
by palladium nanoparticles enabling advantageous
electrocatalytic behavior for reduction of butachlor
with attained relatively low limits of detection and
quantitation. The sensing characteristics of Pd@
MWCNTs/GCE toward butachlor were found
to be superior to the MWCNTs/GCE and bare
GCE and as well as very convenient and sensitive,
indicating that the PA@MWCNTs modified glassy
carbon electrode is promising for the detection of
butachlor in soil samples.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

REFERENCES

1. Hemanth Kumar NK, Shobha J, Cytological effects of
herbicide butachlor 50 EC on Somatic cells of Triticum
aesticum L. Journal of Applied Biology & Biotechnology,
2015; 3: 30-34.

2. Konstantinou IK, Hela DG, Triantafyllos AA, The status
of pesticide pollution in freshwater resources (rivers and
lakes) of Greece. Part I. Review on occurrence and levels.
Environmental Pollution, 2006; 141: 555-570.

3. Tripathi DK, Varma RK, Singh S, et al. Silicon tackles

130

10.

11.

12.

13.

14.

15.

16.

17.

18.

butachlor toxicity in rice seedlings by regulating anatomical
characteristics,  ascorbate-glutathione  cycle, proline
metabolism and levels of nutrients. Scientific Reports,
2020;10:14078.

Abigail MEA, Samuel SM, Ramalingam C, Addressing
the environmental impacts of butachlor and the available
remediation strategies: a systematic review. Int. J. Environ.
Sci. Technol. 2015;12:4025-4036.

Kaur P, Randhawa SK, Duhan A, Bhullar MS. Influence of
long-term application of butachlor on its dissipation and
harvest residues in soil and rice. Bull Environ Contam
Toxicol, 2017;98(6): 874-880.

Liu W, Xu H, Chen Z. Method for the determination
of butachlor residues in water, Soil and rice. Pestic. Sci.
1991;33: 81-86.

Joseph W, Madhu PC, Ashok M, Chen W. Capillary
electrophoresis Microchips for Separation and detection of
organophosphate nerve agents. Anal.Chem. 2001; 73: 1804-
1808.

Chang P, Hsieh M, Chiu T. Recent advances in the
determination of pesticides in environmental samples by
capillary electrophoresis. Int ] Environ Res Public Health,
2016;13(4):409.

Ashok KM, Werner E A review of analysis of pesticides
using capillary electrophoresis. Critical Reviews in
analytical Chemistry, 2001; 31(3):223-279.

Vanisha Das ], Ramachandran KN, Gupta VK. Extractive
spectrophotometric determination of dimethoate with
molybdate and methylene blue by a flotation-dissolution
method. Analyst, 1994; 119: 1387-1390.

Jackson Ellington J, John JE, Keith BP, William LC.
High performance liquid chromatographic separation
of enantiomers of organophosphorous pesticides on
poly saccharide chiral stationary phases. Journal of
chromatography A, 2001; 928: 145-154.

Kiso Y, Li H, Shigtoh K, Kitao T, Jinno K. Pesticide analysis
by high performance liquid chromatography using direct
injection method. Journal of chromatography A, 1996;
733(1-2): 259-265.

Chamkasem N, Ollis LW, Harmon T, Lee S, Mercer G.
Analysis of 136 pesticides in Avocado using a modified
QuEChERS method with LC-MS/MS and GC-MS/MS.
Journal of Agriculture and food chemistry, 2013; 61: 2315-
2329.

Kowalska G, Pankiewicz U, Kowalski R. Estimation of
pesticide residues in selected products of plant origin
from Poland with the use of the HPLC-MS/MS Technique.
Agriculture, 2020; 10: 192.

Chen L, Song E Liu Z, Zheng Z, Xing J, Liu S. Multi-
residue method for fast determination of pesticide
residues in plants used in traditional chinese medicine by
ultra-high-performance liquid chromatography coupled
to tandem mass spectrometry. J. Chromatogr. A, 2012;
1225: 132-140.

Khadem M, Fardbod E Norouzi P. et al. Voltammetric
determination of carbofuran pesticide in biological and
environmental samples using a molecularly imprinted
polymer sensor, a multivariate optimization. Journal of
Analytical Chemistry, 2020;75 (5):669-678.

Li C, Wang C, Ma Y, Hu S. Voltammetric determination
of Trace amounts of fenitrothion on a novel nano-TiO2
Polymer film electrode. Microchim. Acta. 2004; 148:27-33.
NiJ, Ju H, Chen H, Leech D. Amperometric determination

J. Water Environ. Nanotechnol., 7(2): 121-131 Spring 2022
[ E—


https://jabonline.in/abstract.php?article_id=67&sts=2
https://jabonline.in/abstract.php?article_id=67&sts=2
https://jabonline.in/abstract.php?article_id=67&sts=2
https://jabonline.in/abstract.php?article_id=67&sts=2
https://pubmed.ncbi.nlm.nih.gov/16226830/
https://pubmed.ncbi.nlm.nih.gov/16226830/
https://pubmed.ncbi.nlm.nih.gov/16226830/
https://pubmed.ncbi.nlm.nih.gov/16226830/
https://www.nature.com/articles/s41598-020-65124-8
https://www.nature.com/articles/s41598-020-65124-8
https://www.nature.com/articles/s41598-020-65124-8
https://www.nature.com/articles/s41598-020-65124-8
https://www.nature.com/articles/s41598-020-65124-8
https://link.springer.com/article/10.1007/s13762-015-0866-2
https://link.springer.com/article/10.1007/s13762-015-0866-2
https://link.springer.com/article/10.1007/s13762-015-0866-2
https://link.springer.com/article/10.1007/s13762-015-0866-2
https://link.springer.com/article/10.1007/s00128-017-2070-1
https://link.springer.com/article/10.1007/s00128-017-2070-1
https://link.springer.com/article/10.1007/s00128-017-2070-1
https://link.springer.com/article/10.1007/s00128-017-2070-1
https://onlinelibrary.wiley.com/doi/abs/10.1002/ps.2780330109
https://onlinelibrary.wiley.com/doi/abs/10.1002/ps.2780330109
https://onlinelibrary.wiley.com/doi/abs/10.1002/ps.2780330109
https://pubs.acs.org/doi/10.1021/ac001424e
https://pubs.acs.org/doi/10.1021/ac001424e
https://pubs.acs.org/doi/10.1021/ac001424e
https://pubs.acs.org/doi/10.1021/ac001424e
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4847071/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4847071/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4847071/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4847071/
https://www.tandfonline.com/doi/pdf/10.1080/20014091076758
https://www.tandfonline.com/doi/pdf/10.1080/20014091076758
https://www.tandfonline.com/doi/pdf/10.1080/20014091076758
https://pubs.rsc.org/en/Content/ArticleLanding/AN/1994/AN9941901387
https://pubs.rsc.org/en/Content/ArticleLanding/AN/1994/AN9941901387
https://pubs.rsc.org/en/Content/ArticleLanding/AN/1994/AN9941901387
https://pubs.rsc.org/en/Content/ArticleLanding/AN/1994/AN9941901387
https://www.sciencedirect.com/science/article/abs/pii/S0021967301011384
https://www.sciencedirect.com/science/article/abs/pii/S0021967301011384
https://www.sciencedirect.com/science/article/abs/pii/S0021967301011384
https://www.sciencedirect.com/science/article/abs/pii/S0021967301011384
https://www.sciencedirect.com/science/article/abs/pii/S0021967301011384
https://www.sciencedirect.com/science/article/pii/0021967395010580
https://www.sciencedirect.com/science/article/pii/0021967395010580
https://www.sciencedirect.com/science/article/pii/0021967395010580
https://www.sciencedirect.com/science/article/pii/0021967395010580
https://pubmed.ncbi.nlm.nih.gov/23362971/
https://pubmed.ncbi.nlm.nih.gov/23362971/
https://pubmed.ncbi.nlm.nih.gov/23362971/
https://pubmed.ncbi.nlm.nih.gov/23362971/
https://pubmed.ncbi.nlm.nih.gov/23362971/
https://www.mdpi.com/2077-0472/10/6/192/pdf
https://www.mdpi.com/2077-0472/10/6/192/pdf
https://www.mdpi.com/2077-0472/10/6/192/pdf
https://www.mdpi.com/2077-0472/10/6/192/pdf
https://pubmed.ncbi.nlm.nih.gov/22257925/
https://pubmed.ncbi.nlm.nih.gov/22257925/
https://pubmed.ncbi.nlm.nih.gov/22257925/
https://pubmed.ncbi.nlm.nih.gov/22257925/
https://pubmed.ncbi.nlm.nih.gov/22257925/
https://pubmed.ncbi.nlm.nih.gov/22257925/
https://link.springer.com/article/10.1134/S1061934820050068
https://link.springer.com/article/10.1134/S1061934820050068
https://link.springer.com/article/10.1134/S1061934820050068
https://link.springer.com/article/10.1134/S1061934820050068
https://link.springer.com/article/10.1134/S1061934820050068
https://link.springer.com/article/10.1007/s00604-004-0257-8
https://link.springer.com/article/10.1007/s00604-004-0257-8
https://link.springer.com/article/10.1007/s00604-004-0257-8
https://www.sciencedirect.com/science/article/abs/pii/S0003267098005698

19.

20.

21.

22.

23.

24.

25.

P.Reddy Prasad et al. / Pd@MWCNTs/GCE based voltammetric sensor

of Epinephrine with an Osmium complex and Nafion
Double layer Membrane Modified electrode. Anal. Chem.
Acta, 1999; 378:151-157.

Jian-Chun M, Wei-De Z, Gold nanoparticle-coated
multiwall carbon nanotube-modified electrode for
electrochemical determination of methyl parathion.
Microchim Acta, 2011; 175: 309-314.

Gamze E, Ersin karagozler A, Investigation and comparison
of the electrochemical behaviour of some organic and
biological molecules at various conducting polymer
electrodes. Talanta, 1997; 44: 2011 - 2018.

Dan Du, Xiaxue Ye, Jie Cai, Juan Liu, Aidong Z,
Acetylcholinesterase biosensor design based on carbon nano
tube-encapsulated polypyrrole and polyaniline copolymer
for amperometric detection of organophosphates, Biosens.
Bioelectron. 2010; 25, 2503 - 2508.

Hunde T, Berhe M, Tadese A, Tirfu M, Woldu A, Menasbo
B, Saini PC. Nano Fe,O,-Graphite paste electrochemical
sensor for phosphatic pesticide-Chlorpyrifos. Momona
Ethiopian Journal of science, 2017; 9(1):76 — 89.

Hegde RN, Hosamani RR, Nandibewoor ST. Electrochemical
oxidation and determination of Theophylline at carbon
paste electrode using acetyltrimethyl ammonium bromide
as enhancing agent. Anal. Lett, 2009;42:2665 — 2682.
Samsidar A, Siddiquee S, Shaarani SM. A review
of extraction, analytical and advanced methods for
determination of pesticides in environment and food-
stuffs. Trends Food Sci Technol, 2018;71:188-201.

Luo S, Yuanhui W, Hua G, A voltammetric sensor based on
GO-MWNTs hybrid nanomaterial-modified electrode for
determination of carbendazim in soil and water samples.

J. Water Environ. Nanotechnol., 7(2): 121-131 Spring 2022
[ Ia—

26.

27.

28.

29.

30.

31.

32.

Tonics, 2013;19: 673-680.

Ahmed A, Shaheen A, Carbon Nanoparticles-Decorated
Carbon Nanotubes. Scientific Reports, 2020;10: 4878.
Kantam ML, Roy M, Roy S, Sreedhar B, Madhavendr
SS, Choudary BM, Raji Lal De, Polyaniline supported
palladium catalyzed Suzuki-Miyaura cross-coupling of
bromo and chloroarenes in water. Tetrahedron. 2007; 63:
8002-8009.

Hashemi P, Karmmian N, Khoshsafar H, Arduini E
Mesri M, Afkhami A, Bagheri H. Reduced graphene
oxide decorated on Cu/CuO-Ag nanocomposite as a
high-performance material for the construction of a non-
enzymatic sensor: Application to the determination of
carbaryl and fenamiphos pesticides, Materials Science &
Engineering C, 2019;102: 764 — 772.

Urbanova V, Bakandritsos A, Jakubec P, Szambo T, Zboril
R. A facile graphene oxide-based sensor for electrochemical
detection of neonicotinoids. Biosensors and Bioelectronics,
2017;89:532 - 537.

Zhang Y, Kang TE, Wan YW, Chen SY. Gold nanoparticles-
carbon nanotubes modified sensor for electrochemical
determination of organophosphate pesticides. Microchim
Acta, 2009;165: 307 - 311.

Ma JC, Zhang WD. Gold nanoparticle-coated multiwall
carbon nanotube-modified electrode for electrochemical
determination of methyl parathion. Microchim Acta, 2011;
175: 309 - 314.

Chylkova ], Tomaskova M, Svancara, Janikova L, Selesovska
R. Determination of methocarb pesticide using differential
pulse voltammetry with a boron-doped diamond electrode.
Anal.Methods, 2015;7:4671 - 4677.

131



https://www.sciencedirect.com/science/article/abs/pii/S0003267098005698
https://www.sciencedirect.com/science/article/abs/pii/S0003267098005698
https://www.sciencedirect.com/science/article/abs/pii/S0003267098005698
https://link.springer.com/article/10.1007/s00604-011-0681-5
https://link.springer.com/article/10.1007/s00604-011-0681-5
https://link.springer.com/article/10.1007/s00604-011-0681-5
https://link.springer.com/article/10.1007/s00604-011-0681-5
https://pubmed.ncbi.nlm.nih.gov/18966947/
https://pubmed.ncbi.nlm.nih.gov/18966947/
https://pubmed.ncbi.nlm.nih.gov/18966947/
https://pubmed.ncbi.nlm.nih.gov/18966947/
https://www.sciencedirect.com/science/article/pii/S0956566310001880
https://www.sciencedirect.com/science/article/pii/S0956566310001880
https://www.sciencedirect.com/science/article/pii/S0956566310001880
https://www.sciencedirect.com/science/article/pii/S0956566310001880
https://www.sciencedirect.com/science/article/pii/S0956566310001880
https://www.researchgate.net/publication/317716737_Nano_Fe3O4-graphite_paste_modified_electrochemical_sensor_for_phosphatic_pesticide_-chlorpyrifos
https://www.researchgate.net/publication/317716737_Nano_Fe3O4-graphite_paste_modified_electrochemical_sensor_for_phosphatic_pesticide_-chlorpyrifos
https://www.researchgate.net/publication/317716737_Nano_Fe3O4-graphite_paste_modified_electrochemical_sensor_for_phosphatic_pesticide_-chlorpyrifos
https://www.researchgate.net/publication/317716737_Nano_Fe3O4-graphite_paste_modified_electrochemical_sensor_for_phosphatic_pesticide_-chlorpyrifos
https://www.tandfonline.com/doi/abs/10.1080/00032710903243620
https://www.tandfonline.com/doi/abs/10.1080/00032710903243620
https://www.tandfonline.com/doi/abs/10.1080/00032710903243620
https://www.tandfonline.com/doi/abs/10.1080/00032710903243620
https://www.sciencedirect.com/science/article/pii/S0924224417303783
https://www.sciencedirect.com/science/article/pii/S0924224417303783
https://www.sciencedirect.com/science/article/pii/S0924224417303783
https://www.sciencedirect.com/science/article/pii/S0924224417303783
https://link.springer.com/article/10.1007/s11581-013-0868-3
https://link.springer.com/article/10.1007/s11581-013-0868-3
https://link.springer.com/article/10.1007/s11581-013-0868-3
https://link.springer.com/article/10.1007/s11581-013-0868-3
https://www.nature.com/articles/s41598-020-61726-4
https://www.nature.com/articles/s41598-020-61726-4
https://www.sciencedirect.com/science/article/pii/S0040402007009325
https://www.sciencedirect.com/science/article/pii/S0040402007009325
https://www.sciencedirect.com/science/article/pii/S0040402007009325
https://www.sciencedirect.com/science/article/pii/S0040402007009325
https://www.sciencedirect.com/science/article/pii/S0040402007009325
https://www.sciencedirect.com/science/article/pii/S0928493118340049
https://www.sciencedirect.com/science/article/pii/S0928493118340049
https://www.sciencedirect.com/science/article/pii/S0928493118340049
https://www.sciencedirect.com/science/article/pii/S0928493118340049
https://www.sciencedirect.com/science/article/pii/S0928493118340049
https://www.sciencedirect.com/science/article/pii/S0928493118340049
https://www.sciencedirect.com/science/article/pii/S0928493118340049
https://www.sciencedirect.com/science/article/pii/S0956566316302329
https://www.sciencedirect.com/science/article/pii/S0956566316302329
https://www.sciencedirect.com/science/article/pii/S0956566316302329
https://www.sciencedirect.com/science/article/pii/S0956566316302329
https://link.springer.com/article/10.1007/s00604-008-0134-y
https://link.springer.com/article/10.1007/s00604-008-0134-y
https://link.springer.com/article/10.1007/s00604-008-0134-y
https://link.springer.com/article/10.1007/s00604-008-0134-y
https://link.springer.com/article/10.1007/s00604-011-0681-5
https://link.springer.com/article/10.1007/s00604-011-0681-5
https://link.springer.com/article/10.1007/s00604-011-0681-5
https://link.springer.com/article/10.1007/s00604-011-0681-5
https://dk.upce.cz/bitstream/handle/10195/61656/ChylkovaJ_DeterminationOf_2015.pdf?isAllowed=y&sequence=1
https://dk.upce.cz/bitstream/handle/10195/61656/ChylkovaJ_DeterminationOf_2015.pdf?isAllowed=y&sequence=1
https://dk.upce.cz/bitstream/handle/10195/61656/ChylkovaJ_DeterminationOf_2015.pdf?isAllowed=y&sequence=1
https://dk.upce.cz/bitstream/handle/10195/61656/ChylkovaJ_DeterminationOf_2015.pdf?isAllowed=y&sequence=1

	Pd@MWCNTs/GCE based voltammetric sensor for butachlor herbicide detection in soil samples 
	ABSTRACT
	Keywords
	How to cite this article 
	INTRODUCTION
	MATERIALS AND METHODS 
	Apparatus
	Preparation of Pd@MWCNTs and Pd@MWCNTs/GCE 
	Materials and reagents 

	RESULTS AND DISCUSSION 
	Optimum parameters on the response of butachlor 
	Electrochemical characterization 
	Applications of the electrochemical sensor 

	CONCLUSIONS 
	CONFLICT OF INTEREST 
	REFERENCES


