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Abstract

The present work describes a method known as techniques for measuring toxic Bentazon, one of the most problematic pes-
ticides polluting in water samples, and extremely harmful to humans and animals even at low concentrations using G-C;N,
nanosheets sensor. Here, we report the use of an electrochemical approach for analytical determination of toxic Bentazon
that takes 100 s. The calibration curve was linear in the range of (0.2 to 16.0 umol L="). The current response was linearly
proportional to the Bentazon concentration with a R?~0.99. We demonstrated a sensitivity a limits of detection of (0.2 umol
L), and quantification of (0.22 umol L"), were obtained for the proposed electrochemical sensor by nanosheets G-C;N,/
CPE with (99%) which is below the U.S. Health Advisory level. Finally, the developed nanosheets G-C;N,/CPE based sensor
was used to detect toxic bentazon in water samples with high accuracy, and sensor nanosheets G-C;N,/CPE were introduced

for other toxics analysis in samples.
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Introduction

Herbicides are classes of agricultural pesticides for products
that improve in quality [1]. Toxic bentazon is the common
name for the herbicide 3-isopropyl-1H-2,1,3-benzothiadi-
azin-4-(3H)-one 2, 2-dioxide and usually used to protect a
crop and increase the agriculture yields [2, 3] assuming that
they will be applied according to authorized agricultural
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patterns of good agricultural practices [3, 4]. On the other
hand, the misuse of pesticides may lead to extensive concen-
trations of residue pesticides in the agricultural products and
waters [5]. Since toxic bentazon is the widely applied herbi-
cide, monitoring and determination of bentazon in ground
and surface waters and in cultivated areas where it is used
are of high significance [6]. Until now, different methods
such as gas chromatography [7], liquid mass chromatogra-
phy [8], liquid chromatography [9, 10]. Despite the selectiv-
ity and specificity of some analytical techniques, they are
too expensive, complex, cumbersome, and time-consuming
and require a larger amount of samples. On the other hand,
electrochemical (SWASV) techniques have many benefits in
comparison to the others, for example, simplicity, low-cost,
accurateness, sensitivity, ability to determine, and electrode
surface can be a good candidate in solving electrode poison-
ing problems [11-13].

One of the most nano-materials in recent years has been
graphenes, which has attracted increasing attention as a
transducer combined with biological sensing element for
highly selective and sensitive, real-time response [14, 15].
lity, high-specific surface area, chemical stability, excellent
catalytic activity and conductivity. These merits have made
graphene an attractive channel material, also as sensing
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element for the detection of various analytes and their char-  fabrication of sensitive and specific sensors toward BTZN
acterization has become a pivotal research area in materials  activity. As toxic BTZN oxidation is a two-electron trans-
science research [16—18]. Graphene not only has excellent  fer process, the electrochemical oxidation of toxic BTZN
electron mobility, thermal conductivity, mechanical strength, on nanosheets G-C3N4/CPE takes place by direct trans-
and large surface-to-volume ratio, but also shows unique  fer of two protons and two electrons by a chemical con-
tunable ambipolar characteristics and extremely low ther-  version. As shown in Fig. 1, this led to the formation of
mal and electrical noise due to high conductivity and few = nanosheets G-C;N,-BTZN assembly, and Fig. 2 shows
surface defects [19, 20]. Accordingly, G-C;N, nanosheets  the aggregated structure of G-C;N, nanosheets of BTZN
have very interesting features among these methods have  when they react. The sensitivity of the G-C;N, nanosheets
the electrochemical (SWASV) can techniques measurement ~ was significantly enhanced owing to the high absorbing
in determining BTZN be highlighted [21, 22]. efficiency of G-C;N, nanosheets to BTZN [6, 23]. Under

This research was applied by using G-C;N, nanosheets ~ optimum conditions, the G-C;N,/CPE showed high activ-
and preparing modified CPE successfully utilized for the ity to electro-oxidation of BTZN. The G-C;N,/CPE was
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Fig.2 Schematic of the reaction between G-C;N, nanosheets and BTZN yielding G-C;N, nanosheets-BTZN complex as the product
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used for determination of trace amounts of BTZN on dif-
ferent samples.

Experimental
Materials and instrumentation

Graphite powder (10 pm average particle size) and pure
paraffin oil were purchased from Merck. A stock solution
of 1000 mg/L of analytical grade toxic bentazon (BTZN)
(97%) from Sigma-Aldrich was prepared by dissolving 0.1 g
of the BTZN in solution and diluting it to 100 mL in a volu-
metric flask. Absorption studies were carried out using a
UV-Vis spectrophotometer model Maya Pro 180 (Shimadzu
Company, Japan). For experiments, Potentiostat/galvanostat
system (Model SAMA 500 Esfahan, Iran) and a copper wire,
an Ag/AgCI/KCI (3 molL™!) were used. Transmission Elec-
tron Microscopy (TEM) images (Zeiss EM902A), X-ray dif-
fractometer (38,066 Riva, d/G. Via M. Misone, 11/D (TN)).
The pH was measured using an Inolab wtw720 (Germany).

Sample preparation

Water samples were collected from Karkheh dam water, Dez
dam water, and Karun River, Iran. All the water samples
were filtered using 0.45 um micropore membranes to remove
suspended particles and the pH water samples were adjusted
to 3.5 followed by storing in glass containers at 4 °C [24].

Fig.3 A Schematic of G-C;N,
nanosheet synthesis B obtained
after G-C;N, ultrasonic treat-
ment

Calcination
600°C -N,

Procedure synthesis sensor G-C;N, nanosheets

To synthesis the G-C;N,, one gram of melamine was placed
on a ceramic quartz boat crucible and heated at a rate of
5 °C min to 550 °C in a furnace for 3 h. The crucible was
then cooled to room temperature, and the light-yellow
colored G-C;N, was collected, as shown in Fig. 3 [25, 26].
It is worth mentioning that as-synthesized bulk G-C;N, has
poor conductivity, poor water solubility, and large particle
size (low specific area), so it is not suitable for electrochemi-
cal applications. The exfoliated ultrathin G-C;N, nanosheets
have higher specific surface area and provide more surface-
active sites. More importantly, reports have demonstrated
that the ultrathin G-C;N, nanosheets activity and stability
than bulk G-C;N, nanosheets have better electrochemical;
this suggests that exfoliated ultrathin G-C;N, nanosheets are
a promising candidate material for electrochemical applica-
tions [27]. The bare CPE adopted an aqueous phase exfo-
liation method for the preparation of G-C;N, nanosheets.
Herein, 0.05 g G-C;N, was stirred for 1 h and then ultrasoni-
cated in a hot water bath. Once the reaction is completed, it
cools naturally to ambient temperature until a clear solution
was persed containing G-C;N, nanosheets [23, 28].

Analytical procedure
The analyte of toxic BTZN by SWASV technique was per-

formed in an electrolytic cell having Platinum thin wire as
counter, Ag/AgCl, as a reference, whereas either pare GCE
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or Ag/AgCl-nanosheets G-C;N, was used as working elec-
trode in 20 mL capacity cell, and 1 ml of 0.1 M acetate
buffer as a supporting electrolyte medium investigated, pH
of the solution under all optimized parameters was 3.5. The
solution of BTZN was investigated at a potential range, — 0.6
to 0.4 V, and peak currents were measured at potentials of
about 0.2 V vs. Ag/AgCl for BTZN, 100 s, respectively [28].

Results and discussion
Characterization of synthesized G-C;N, nanosheets

Figure 4 shows the SEM, TEM morphology and particle
diameter result G-C;N, nanosheets. The surface morphol-
ogy G-C;N, nanosheets are recorded by the SEM as shown
in Fig. 4a, b, which revealed the presence of agglomerated
particles. The G-C;N, nanosheet shapes are distorted spheri-
cal, with an average size range of 25-30 nm as shown by

Fig.4 The a SEM image of

the G-C;N, nanosheets in

100 nm. The b SEM image of
the prepared G-C;N, nanosheets
in 10 nm. ¢ TEM image of
G-C;N, nanosheets before and
after addition of toxic BTZN
analysis. G-C;N, nanosheets
(A) G-C3N, nanosheets-BTZN
(B) Close-up image of G-C;N,
nanosheets (C) Close-up image
of G-C3N, nanosheets-BTZN
(D). d XRD pattern of synthe-
sized G-C;N, nanosheets. e Size
analysis of G-C;N, nanosheets
(f) G-C;N, nanosheets — BTZN

SEM image (Fig. 4a, b) and shown by TEM image in Fig. 4c.
Upon the addition of BTZN, G-C;N, nanosheets aggregated
due to the presence of substance with groups S and N [23,
25]. Different X-ray emission peaks are G-C;N, nanosheets
shown in Fig. 4d. The signal at 260 =28.5° is ascribable to
diffractions and reflections from the carbon atoms. The posi-
tions of diffraction peaks are in agreement with the standard
samples of G-C;N, nanosheets [27, 28].

Electrochemical oxidation of toxic BTZN
by nanosheets G-C;N,/CPE

Electrochemical oxidation of 10.0 umol L' of toxic BTZN
was tested on a bare CPE and nanosheets G-C;N,/CPE (at a
scan rate of 50 mV s~! in nanosheets G-C;N,/CPE is illus-
trated in Fig. 5. The impact of scan rate (v) on toxic BTZN
oxidation peak current (Ip) was investigated at G-C;N, using
an electrochemical (SWASV) measurement method. In the
Randles—Sevcik formula (Eq. 1), it can be clearly seen that
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Fig.5 SW voltammograms in the absence electrolyte and presence
10.0 umol L™! of BTZN in electrochemical conditions on the surface
of bare CPE: (line green) absence by G-C;N, in the presence BTZN,
(line red) absence CPE of the analyte and (line blue) absence G-C;N,
nanosheets/CPE

the increases against square roots of scan rate with a linear
correlation coefficient of (R? pa Where Ip) 0.9992 (Fig. 8b)
[29].

Ip = (2.69 x 10°)n*/2AD'2Cv'/? (1)

The oxidation peak current (A), n is the number of trans-
ferred electrons per mole, A is the active surface area of the
electrode (cm?), D is the diffusion coefficient (cm?/sec), C is
the concentration (mol/cm?) and v is the scan rate (V/s) [30].

SW voltammograms in the absence of electrolyte
and presence of toxic BTZN in electrochemical
conditions

To realize individual detection of BTZN by electrochemi-
cal SWV measurement method, at first, the working elec-
trode has been modified with a modified material by putting
it into a mixture solution including in acetate buffer (pH
3.5) and BTZN. In order to obtain well-defined (SWASYV)
peaks and the best response, the electrochemical measure-
ments from— 0.6 to 0.4 V; the amplitude 0.2 V; the step
height potential 6 mV; the time of integration 10 s; and the
frequency 50 Hz were done. As shown in Fig. 5, potential
0.2 V vs and nanosheets G-C;N,/CPE can be useful for the
determination of BTZN in an aqueous solution [23, 31].
After adding each analyte, distinct stripping peaks can be
seen for toxic BTZN in the peak separation of 0.2 V vs. Ag/
AgCl. This peak was attributed to facilitating electron trans-
fer between toxic BTZN and nanosheets G-C;N,/CPE. The
response of modified electrode is dependent on many fac-
tors including pH of the solution, accommodation potential,

—@— acetate
—@— cCitrate
- —@— phosphate

0.1 0.2 0.3 0.2

(=]
un

conc of buffer (M)

Fig.6 Effect of buffer on the voltammetric current for 10.0 umol L=,
toxic BTZN solution

time, and the instrumental parameters of SWV in the lowest
detection limit. Based on these observations, it is convenient,
nanosheets G-C;N,/CPE can be useful for determination of
toxic BTZN in aqueous solution [11, 32].

Optimization of sensing conditions

In order to reach the best result response in detecting BTZN
rests upon the systematic optimization of pH, buffer, and
incubation time step by step were optimized.

Impact of buffer

In this section, the best type of buffer (citrate, acetate and
phosphate buffer), and its volume for a maximum of BTZN
availability for detection purposes with nanosheets G-C;N,/
CPE sensor are investigated. Furthermore, 1.0 mL of acetate
buffer was selected as optimum. It can clearly be seen from
Fig. 6 [23].

Impact of pH

According to data, pH 3.5 produced the best results as com-
pared to other pH values among the pH range from 2 to
7. Thus, this pH could be useful for stability of deposited
nanosheets G-C;N,/CPE at electrode. As shown in Fig. 7a,
the peak current was decreased by further increasing pH; it
may be owing to the BTZN hydrolysis. Hence, the pH of 3.5
was selected for the subsequent experiment [33, 34].

Impact of deposition time
The impact of deposition time on the stripping responses
of BTZN was studied from 25 to 150 s with a deposition

potential of 0.2 V, and it has been found that the oxidation
response is increased by increasing accumulation time up to
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Fig.7 a Effect of pH on the voltammetric currents for 10.0 ymol L™
of BTZN solution. b Effect of deposition time on the voltammetric
currents for 10.0 pmol L™! of BTZN solution

100 s [34]. Therefore, the accumulation time, a reaction time
of 100 s, was chosen in this experiment as shown in Fig. 7b.

Analytical application

This section purposes the examined and analytical per-
formance of G-C;N, nanosheets/CPE for the determina-
tion of BTZN. First, examined and drawn voltammogram,
solution with different concentrations of BTZN from (0.2
to 16.0 umol L) using the (SWASV) technique, which is
shown in Fig. 8a. Also, in the BTZN calibration equation,
shown in Fig. 8b, it can be seen there is a direct and linear
relationship between the concentration and the peak oxida-
tion current, and peak oxidation current the concentration
of BTZN gradually increases. Also, for 10 replicate meas-
urements of 0.2 umol L~' BTZN solution under optimized
conditions, the relative standard deviation was (2.2%), limits
of detection (LOD) of (0.2 umol L™, and quantification
(LOQ) of (0.22 umol L"), respectively (Fig. 8b) [11, 23].
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Fig.8 The modified electrode G-C;N, nanosheets/CPE in the analyte
BTZN. (a) SW Voltammograms using Cyy,y the analytes, (b) BTZN
Calibration curve diagram (0.1-16.0 pmol L1 solution, pH 3.5, time
100 s, in acetate buffer

Evaluation of reproducibility and stability
of the modified electrode

G-C;N, nanosheets/CPE electrode reproducibility by record-
ing SW Voltammetry repeated n (10) from constant con-
centrations 10.0 umol L™! of BTZN, pH 3.5 and extracting
peak currents from each voltammogram studied the rela-
tive standard deviation (RSD) was (+2.2%), and detection
of the method (0.2 pumol L) for (BTZN), which indicates
the excellent reproducibility and the high accuracy of the
introduced analytical method. Then, the impact of electrode
shelf life and stability was compared after one month and
two months by comparing the voltammogram results with
the initial voltammogram results. The obtained currents had
reached 94.2% and 94.4% of their initial values, respectively.
Also, the response of electrodes for 10.0 umol L~! of BTZN-
G-C;N, nanosheets retained 94.0% of its initial stripping
response after a period of two months. The results indicate
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that the G-C;N, nanosheets/CPE has excellent repeatability,
reproducibility, and long-term stability [24, 35].

Studies detection electrochemical behavior
of simultaneous bentazon (BTZN) and other
herbicides at the nanosheets G-C;N,/CPE

It is essential to develop a fast and user-friendly sensor for
determining problematic pesticides with low cost, high
sensitivity, and selectivity. The simultaneous detection
of the analytes is depicted in Fig. 9, SW voltammograms
(10.0 umol L") of the analytes in phosphate buffer (pH 3.5,
0.1 M) at the bare CPE and G-C;N,/CPE by for 100 s. Ben-
tazon (BTZN) accumulation potential 0.2 V vs. As shown in
Fig. 9, acceptable results have been obtained simultaneous
detection for BTZN in the presence of other analytes [11,
23].

Investigation of competition of bentazon (BTZN)
with other ions

The study was performed in the presence of cations and ani-
ons in a solution containing 10.0 umol L~! of BTZN in pH
3.5, and acetate buffer (0.1 M), the bare CPE, and G-C;N,/
CPE by for 100 s in the potential (0.2 V vs). Ag/AgCl. The
results are shown in Fig. 10 [23, 36].

Recovery evaluation for real samples
Sensor testing performance of the developed using the
modified G-C;N, nanosheets/CPE electrode was success-

fully used to measure toxic BTZN in water samples and
the results were compared by standard spectrophotometric

Bentazon

Fenpyroximate

EpA
ta

0.6 04 02 0 0.2 0.4
E/V vs. Ag/AgCl

Fig.9 The modified electrode G-C;N, nanosheets/CPE in the analyte
solutions of simultaneous detection of the analyte bentazon (BTZN),
and other herbicides (10 pmol L’l) solution, pH 3.5, time 100 s, in
acetate buffer

BTIN

Different ions

Fig. 10 Impacts of the different ions on the determination of the ben-
tazon (BTZN) with G-C;N, nanosheets/CPE (pH 3.5, time 100 s, in
acetate buffer

methods, and the total amount of the measure toxic BTZN
was estimated (n=3). The results are summarized in Table.
1. Firstly, analysis of the samples provided the absence of
the toxic BTZN and then the accuracy of the mentioned
method was evaluated by analyzing the samples spiked with
the known amount of the toxic BTZN. Satisfactory spiked
recovery results illustrated that the matrix effects were unim-
portant for determining the toxic BTZN in some natural real
samples (Table. 1) [36]. By comparing the results of toxic
BTZN measurements with the proposed method and stand-
ard spectrophotometric methods and evaluating them with
a t-Test, it was found that there is no significant difference.
These results characterized that the new method for deter-
mining toxic BTZN is appropriate for the quality control
and determination of toxic BTZN in water samples [37, 38].

Comparison of presented work with other
electrodes for the measurement of toxic BTZN

The proposed electrochemical sensor could be renewed
quickly and easily by mechanical polishing whenever
needed. Comparisons of different electrodes for the deter-
mination of toxic BTZN are shown in Table 2. The proposed
sensor shows good selectivity, reproducibility, repeatability,
and stability.

Conclusions

This study describes a method (SWASV) for the determi-
nation of toxic BTZN one of the most problematic pesti-
cides polluting in water samples, and extremely harmful
to humans and animals even at low concentrations using
G-C;N, nanosheets sensor. Applying provides a modified
carbon paste electrode based on G-C;N, nanosheets for the
determination of toxic BTZN in Karun River water, Karkheh
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Table.1 Detec.tion of an}ounts Samples Added Founded by Founded by UV.vis tex Recovery %
of residual toxic BTZN in water (umol SWYV (umol spectrophotometer (umol !
samples (n=3) mL~") mL™" mL™")
Karun river water Ahvaz 0 2.8+2.7 2.7+2.5 092 —
5 7716 97.6
10 12.7+1.5 99
Dez dam water 0 3.6+1.8 3.8+1.8 233 —
5 8.7+1.0 102
10 13.6+1.4 102
Karkheh dam water 0 29+2.7 3.0+2.38 097 —
5 8.0+1.8 98
10 129+1.6 97.7

Mean value + standard deviation, (n=3)

The recovery was calculated on the basis of the obtained results from the Square Wave Anodic Stripping

Voltammetry (SWASV) Method

Table2 Comparison of Linear

Analyte Modified electrode/method Linear range D L (umol L™')  References
range and DL of the some (umol L)
recently suggested electrodes
for the determination of BTZN Bentazon (BTZN)  boron-doped diamond electrode(BDD)/  9.9-91.0 4.95 [11]
CPE (SWV)
Bentazon (BTZN) Poly-Ac MnODEAETPc/GCE (SWV)  50-750.0 0.25 [12]
Bentazon (BTZN) BDDE (DPV) 2.0-100.0 0.5 [14]
Bentazon (BTZN) SPE//GCE (SWV) 0.19-50.0 0.034 [24]
Bentazon (BTZN) Carbon Nanotube B Cyclodextrin (CV) 10.0-80.0 1.6 [31]

Bentazon (BTZN) G-C;N,/CPE (SWV)

0.2-16.0 0.2 This work

dam water, and Dez dam water. The calibration curve was
linear in the range of (0.2-16.0 umol L™!). The standard
deviation method (0.2 umol L™") and quantification (LOQ)
of (0.022 umol L") for toxic BTZN were obtained for the
proposed electrochemical sensor by G-C;N, nanosheets,
respectively. The application of the sensor in the natural
water sample and its validation with the standard addition
method for toxic BTZN detection confirms its authenticity
for application in nearly every type of water. Moreover, the
developed sensor holds promises for implementation in a
wide range of environments including biological and water
samples.
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