Open Access Article. Published on 10 January 2023. Downloaded on 1/19/2026 3:13:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2023, 13, 1867

ROYAL SOCIETY
OF CHEMISTRY

(3

Electrochemical behaviour of cellulose/reduced
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towards the highly sensitive detection of amitrole
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Amitrole is a non-selective triazole herbicide that is widespread used to control a variety of weeds in
agriculture, but it may pollute the environment and do harm to organisms. Thus, it is of critical
significance to enlist a low-cost, sensitive, stable and renewable method to detect amitrole. In this paper,
electrochemical experiments were carried out using carbon fibers/reduced graphene oxide/cellulose

paper electrodes, which demonstrated good electrocatalytic performance for amitrole detection. The

electrochemical process of amitrole on the surface of the reduced paper electrode was a quasi-
reversible reaction controlled by diffusion. Cyclic voltammetry and the amperometric i—t curve method
were used for amitrole determination at a micro molar level and higher-concentration range with the
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following characteristics: linear range 5 x 107® mol L™ to 3 x 107° mol L™ detection limit 2.44 x

10~" mol L. In addition, the relative standard deviation of repeatability is 3.74% and of stability is 4.68%.
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rsc.li/rsc-advances

1. Introduction

Amitrole (3-amino-1,2,4-triazole) is a non-selective triazole
herbicide, which is commonly used in combination with other
chemical agents to control a variety of weeds in agriculture.™ It
is an organic heterocyclic compound that can block the
biosynthesis of carotenoid.>® This herbicide has strong polarity,
low volatility and high solubility in water, so it may pollute
groundwater, surface water and contaminate food through
plants, fruit and water medium. Even worse, it will cause toxic
side effects and damage human health when it enters the
body.*® Traditional strategies and analytical techniques have
been developed for the detection of amitrole, such as high
performance liquid chromatography (HPLC),” gas/liquid
chromatography-mass spectrometry (GC/LC-MS)'*"* and capil-
lary electrophoresis.”** However, these methods have their
drawbacks with high operation cost,” complicated procedure,
time-consuming, and requirement of skilled personnel.***?
Electrochemical methods have attracted much attention due to
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The reduced paper electrode with high sensitivity, low detection limit, good stability and repeatability
provides novel ideas for on-site amitrole detection in food and agriculture.

their advantages of simple and convenient operation, cost-
effectiveness, precision and rapid analysis and high sensi-
tivity.'*"” Electrochemistry has unique versatilities, its detection
data is easy to read and analyze, and it is suitable for minia-
turization, intelligence and field applications to screen and
monitor pollutants.'®>°

In the electrochemical detection of analytes, the working
electrode is extremely important.” When using electrochemical
methods, applying voltage through various electrochemical
technologies such as cyclic voltammetry will cause electro-
chemical redox reaction of analytes on the working electrode.*
The reaction mechanism and chemical properties of the ana-
Iytes can be explored by outputting the change of its response
current. The working electrodes made of different materials
have different properties and have their own advantages in the
detection of analytes. When detected on traditional bare elec-
trodes, amitrole has a high oxidation overpotential and will
contaminate the electrode.’ The selectivity of detection is also
affected by the coexistence of other interfering molecules with
similar oxidation potential.”® These limitations can be over-
come by electrode modification. A literature investigation has
shown that different kinds of modified electrodes have been
used for the electrochemical detection of amitrole, including
metals and their oxides,****®* phthalocyanine,>'*" labeled
enzyme or probe reactions®** and carbon materials,>>*° etc.
These modified electrodes have high sensitivity and good
selectivity, but the modification process is complex and time-
consuming. In this regard, functionalized paper-based elec-
trodes provide opportunities for low-cost, efficient, and
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environmentally friendly stable chemical analysis.””*® At
present, a variety of paper-based electrochemical sensors have
been developed for environmental field monitoring,* rapid
analysis of food safety,* biomedical detection,** but there are
few examples of pesticide detection in literature reports.'**>

Cellulose-based paper has attracted considerable attention
due to environmentally friendly and degradability of the cellu-
lose substrate.**** Graphene has high specific surface area,
excellent electrochemical performance and thin-layer nano-
structure, which is a good catalyst support.*>** In our previous
work, a composite paper electrode made from carbon fibers
(CF), graphene oxide (GO) and cellulose fibers was fabricated in
large scale with superior electrocatalytic property.>® To expand
the electrochemical application of the CF/GO/cellulose paper
electrode, we selected this composite paper electrode for
amitrole detection. As far as we know, this work is the first
report on amitrole detection by using paper electrode, which is
low-cost, simple, fast and efficient, and environmentally
friendly. We explored the electrochemical reaction type, detec-
tion range and detection limit of amitrole by cyclic voltammetry
and amperometric i-¢ method. In addition, the interference
experiment and real sample detection were carried out. The
results show that the CF/GO/cellulose paper electrode has the
potential to electrochemical detection of pesticides with
portable and disposable manner, which provides novel ideas for
on-site amitrole detection in food and agriculture.

2. Experimental

2.1. Materials

Amitrole was obtained from Sigma. The carbon fibers/graphene
oxide/cellulose paper electrochemical sensors were received
from State Key Laboratory of Pulp and Paper Engineering, South
China University of Technology (SCUT). The 0.1 mol L™" phos-
phate buffer (PB) used as the supporting electrolyte was
prepared with appropriate amounts of Na,HPO,-12H,0 and
NaH,PO,-2H,0, and the pH adjusted with 0.1 M H3;PO, or
NaOH. Ultrapure water of resistivity 18.2 M was obtained from
a Molgene and was used throughout the experiments. All the
experiments were carried out at room temperature. All other
reagents were analytical reagent grade and were used as
received without further purification.

2.2. Instrumentation

Electrochemical experiments were recorded using a three elec-
trode system controlled by CHI 840D electrochemical worksta-
tion (Shanghai, China), with a CF/GO/cellulose composite paper
(1 x 1.5 cm) as a working electrode, an Ag/AgCl reference
electrode and a platinum counter electrode. The surfaces of the
paper-based electrodes were characterized by scanning electron
microscope (SEM).

2.3. Electrochemical measurements

2.3.1 Electrochemical reduction of GO. Graphene oxide
(GO) of the CF/GO/cellulose paper was electrochemically
reduced by amperometric i-¢ curve (I-t) using a three-electrode
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system, the electrolyte was 1 M KCI solution, the reaction
condition was —0.9 V, and the reaction time was 1000 s.>®

2.3.2 Electrochemical sensing. The electrochemical
performance of paper electrode under different parameters was
studied by cyclic voltammetry (CV) and amperometric it curve
(I-t). Electrochemical experiments were performed using
a three-electrode system and the electrolyte was 0.1 M PB. The
parameters for the CV were: a potential range between —0.8 V
and +0.8 V; the scan rate was varied from 5-500 mV s~ '. The
applied potentials for the I-t were: +0.45 V/+0.50 V/+0.55 V and
run time was varied with concentration range.

3. Results and discussion

3.1. Characterization of CF/GO/cellulose paper electrode

The composite paper is composed of carbon fibers (CF), gra-
phene oxide (GO) and cellulose, wherein the mass ratio of CF
and cellulose is 1 : 1, and the content of GO is 8% (w/w).>® CF can
impart conductivity to paper electrodes, GO endow them with
electrocatalytic activity. The composite paper is uniform, stable
and foldable. As shown in Fig. 1a, the composite paper (25 cm in
diameter) can be cut into desired shapes to facilitate the
experiment. Fig. 1b shows the rectangular sheets (1 x 1.5 cm),
which were used as working electrodes in subsequent experi-
ments by clamping them with electrode clips. Then, we
observed the surface microstructure of the paper electrode
using scanning electron microscopy (SEM). Fig. 1c shows that
the surface microscopy of the paper electrode is relatively
uniform, which is interwoven by cellulose/GO and CF, while GO
covers on the surface of cellulose.

It is reported that reduction of GO in the paper electrode has
a significant impact on electrochemical detection.”® Thus, the
CF/GO/cellulose paper electrode was reduced at —0.9 V for
1000 s. The functional groups of the GO paper electrode before
and after the reduction were studied by FTIR spectroscopy. As
shown in Fig. 1d, the strong peak at 3450 cm ' from the
stretching vibration of O-H group, the bonds at 2980 cm™* and
2910 cm ! are attributed to C-H stretching and the peak at
1640 cm ™' corresponded to the skeletal vibration of the C=0
stretch.*® For the GO paper electrode, characteristic peaks cor-
responding to various functional groups, including C-O
(1120 ecm ™', 1050 cm ™ '), C-OH (1310 cm™ ').>”*# After the GO is
electrochemically reduced, the broad O-H stretching bond and
the C=0 bond remain, but the intensity of the oxygen func-
tionalities C-O bond at 1050 cm™ ' was markedly weakened,
indicating that part of GO was reduced to rGO.

3.2. Electrochemical performance of CF/rGO/cellulose paper
electrode

3.2.1 Electrocatalytic characterization of reduced paper
electrode. The effective sensing surface area of the paper elec-
trode was determined using cyclic voltammetry (Fig. 2a) on the
[Fe(CN)e]>"*~ redox system and applying the Randles-Sevcik
eqn (1):*

I, = (2.69 x 10°)n*?4D"*Cy'? (1)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) The appearance of CF/GO/cellulose paper (diameter is 25 cm) and it was cut into different shapes. (b) Working electrodes: 1 x 1.5 cm paper

slices. (c) Surface microstructure of the GO paper electrode by SEM. (d) FTIR spectra: the upper curve shows GO paper electrode and the lower curve

shows reduced GO paper electrode.

where I, is the anodic peak current (A), n is the number of
electrons transferred, A is the effective sensing surface area
(cm?), D is the diffusion coefficient of [Fe(CN)qJ*/*~ (cm*s™?), C
is the bulk concentration of redox probe (mol cm?), and v is the
scan rate (Vs *). The D and n values for [Fe(CN)s]>*~ were 7.6
x 107% em?® s7' at 25 °C (ref. 40) and 1 respectively.
Experiments at different scan rates were performed in
a solution of 1 mM K[Fe(CN),] in 1 M KCL The plot of 1, vs. v'"?
(Fig. 2b) was found to be linear with the slope of 70.88 and

136.67 for the paper electrode (PE) and the reduced paper
electrode (rPE) respectively regarding following equations:

PE: I, (1 x 107* A) = 70.88v"* (V s7') — 0.549; R* = 0.999
rPE: I, (1 x 107* A) = 136.67v'* (V s7") — 5.018; R* = 0.999

The effective sensing surface areas were estimated to be
9.56 cm® for PE and 18.43 cm? for rPE. Therefore, rPE is
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Fig.2 (a) CVs of the paper electrodes in 1 mM KzFe(CN)g in 1 M KCL. Scan rate = 50 mV s~. (b) Plots of oxidation peak current (I,/1 x 107 A) vs.
square root of the scan rate (v*/?) for PE and rPE. (c) CVs of PB (pH 7) and 2 mM amitrole. Scan rate = 50 mV s™*.
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expected to perform better than PE based on the effective
electrode area. The peak potential separation (AE) can reflect
the electron transfer ability, which is used to evaluate the
electrode surface performance as an electrocatalytic platform,
the lower the AE, the better the electron transfer ability of the
electrode.** Thus the electron transfer ability of rPE (0.185 V) is
better than PE (0.300 V), proving that the reduction of GO
resulted in a higher electron transfer ability. Fig. 2c shows the
CV curves of PE and rPE in 0.1 M phosphate buffer (PB, pH = 7)
and 2 mM amitrole in 0.1 M PB at the scan rate of 50 mV s ". As
illustrated, there are redox peaks observed for amitrole both on
the PE and rPE. Comparing with PE, the catalytic peak current
of amitrole on the rPE is enhanced and the oxidation peak
potential is slightly negatively shifted, proving that the reduc-
tion of GO has a catalytic effect on the detection of amitrole.
Therefore, the rPE is selected as the working electrode in the
following experiments.

3.2.2 Effect of pH variation of the supporting electrolyte.
The pH variation of the supporting electrolyte significantly
alters the electrochemical oxidation of amitrole on the electrode
surface.® The effect of pH on the current response of amitrole (2
mM) was evaluated using CV employing reduced paper elec-
trode (rPE) over the pH range of 5-11. As shown in Fig. 3a, there
is no obvious redox peak under acidic conditions while it was
observed under neutral and alkaline conditions. The cyclic
voltammogram in Fig. 3b can investigate the reduction and
oxidation process of amitrole. When the applied voltage reaches
+0.5 V (vs. Ag/AgCl), the amitrole will oxidize on the surface of
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the rPE, and the current response will increase, forming an
oxidation peak on the CV diagram. Similarly, when the voltage
reaches about —0.1 V (vs. Ag/AgCl), the reductive reaction will
occur, forming a reduction peak. The oxidation peak potential
E, is about +0.5 V (vs. Ag/AgCl), which is much lower than most
electrocatalytic potential of modified electrode.*** It was
observed that the oxidation peak potential shifted slightly
negatively as pH of the electrolyte was increased. Since the
background current detected by rPE in PB is also affected by pH,
we used the ratio of oxidation peak current I, to background
current I, to evaluate the detection effect. Fig. 3c shows the
effect of pH on oxidation peak current (I,) and the detection
effect (I,/I,). The experimental results show that optimum
detection effect and high oxidation peak current were obtained
at pH 9, suggesting the suitability for the detection of amitrole
employing the reduced paper electrode.

3.2.3 Effect of scan rate variation and kinetic studies of
amitrole. Scan rate variation studies reveal the adsorption or
diffusion mechanism,® reversibility of the electrocatalytic reac-
tions of amitrole and kinetic parameters* at the reduced paper
electrode at pH 9 by cyclic voltammetry (Fig. 4a). It is observed
that the current response of background and amitrole increases
with increasing scan rate ranging from 5 mv s~ ' to 500 mV s~ .
To reduce the influence of background current, we used the
ratio of oxidation peak current I, to background current I, to
evaluate the detection effect. Comparing the oxidation peak
current (I,) and detection effect (I,/I,) shown in Fig. 4b, it is
found that 100 mV s~ is the optimum scan rate.

(a) 0=
[— pH=6
—— pH=7
<
¥ 5
() (]
= =
= 0 =
(] ()
=) =)
= =}
O-20 @)
-40
0.8 0.4 00 -0.4 -0.8 0.8 04 00 -0.4 -0.8
(b)20 Potential/V 30 Potential/V 3.0
— PB (c) —— I/le-4A
—— 2 mM amitrole 250 . 2.5
< 1 . 1./1,
' 2.0
2 < 20 )
= 0 215 1.5
e = =
5 g ~ 10 1.0
O -20
I 5 0.5
-40 0 0.0
0.8 lo.4 00 -0.4 -0.8 6 7 8 9 10 11
E, Potential/V pH

Fig. 3 (a) CVs of varying pH electrolyte at the scan rate of 50 mV s~%. The electrolyte: left is PB, right is 2 mM amitrole in PB. (b) CVs of PB and
2 mM amitrole in PB at the scan rate of 50 mV s~ and pH 9. (c) Plot of oxidation peak current (I,/1 % 10~* A) and detection effect (I/1g) vs. pH.
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Fig. 4 (a) CVs of different scan rate values (5-500 mV s™3), the electrolyte (pH = 9): left is PB, right is 2 mM amitrole in PB. (b) Plot of oxidation
peak current (/1 x 10~* A) and detection effect (/,/lo) vs. scan rate. (c) Plot of oxidation peak current (I,/1 x 10™* A) vs. square root of the scan
rate (v’?); plot of logarithm of peak current (log I/l x 10~ A) vs. logarithm of scan rate (logv/mV s74). (d) Plot of peak potential (Ep/V) vs.

logarithm of scan rate (log v/V s7).

The obtained results exhibited that the oxidation peak
current (I,) of amitrole followed a linear relationship with the
square root of scan rate (v*/?) as indicated in Fig. 4c. The linear
regression equation is shown below:

I, (1 x 107* A) = 4.084"> (mV s7") — 6.469; R* = 0.984

Further, the slope value of logarithm of I, vs. logarithm of v
was calculated to be 0.667 for amitrole, which is near to the

32
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i 167— 293 K
& —— 28K
= — 303 K~
= 0 :
L
©-161 [,
—3gl
0.8

0.4 0.0 -0.4 -0.8

Potential/V

theoretical value as observed for the diffusion controlled
processes,*** confirming that the electrochemical process of
amitrole on the surface of rPE is diffusion controlled.** The
linear regression equation is shown below:

logl, (1 x 107* A) = 0.667 log v (mV s™') + 0.124; R* = 0.977

Fig. 4d shows the anodic peak potential £, and the cathodic
peak potential E,. were proportional with the logv with the

8.5x - 1.185
978
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<
=
:Q_ 29 "*0.0033 0.0??:_ 0.003 :
20 y2=0.385x-90.171
R*=0.983
18 : : : -
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Fig.5 (a) CVs of 0.5 mM amitrole with respect to different temperature at rPE in pH 9, scan rate = 100 mV s~*. (b) Plot of oxidation peak current

(I/1 x 10~* A) vs. temperature, inset: plot of In(lp) vs. 1/T.
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linear regression equations as: Ep, (V) = 0.193logv (Vs ') +
0.760 (R* = 0.989) and Ey, (V) = —0.192 logv (Vs™') — 0.323 (R
= 0.946), respectively. According to Laviron's theory, the slopes
of the lines are equal to 2.3RT/(1 — a)nF for the anodic peak and
—2.3RT/anF for the cathodic peak, respectively.***” The charge
transfer coefficient « can be calculated to be 0.50, indicating
that the activated complex is at least halfway between substrate
and the product on the reaction coordinate.” With the increase
of scan rate, the oxidation peak potential gradually shifts
positively and the reduction peak potential shifts negatively,

(a) 40
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indicating that the electrochemical reaction of amitrole on the
surface of rPE is a quasi-reversible reaction.®

3.2.4 Effect of temperature. The influence of temperature
on the detection of amitrole was investigated by using CV
technique on the reduced paper electrode at the scan rate of
100 mV s~ *. With temperature increased from 283 K to 303 K,
the oxidation peak current of amitrole increased linearly, as
shown in Fig. 5. According to the thermodynamic eqn (2), the
plot of In(Iy) vs. inverse temperature is determined to be rela-
tively linear.

y =14.131x + 14.796

0.0 0.2 0.4 0.6 0.8 1.0
Concentration/mM

Fig. 6 (a) CVs of different concentration of amitrole at the scan rate of 100 mV s~* and pH 9: a-blank, b-0.1, c-0.2, d-0.3, e-0.4, f-0.6, g-0.8, h-
1.0 mM. (b) Plot of oxidation peak current (/,/1 x 10~* A) vs. amitrole concentration.

~~
[ab)
~
e

— E=+0.45 V
— E=+0.50 V
— E=+0.55 V

Current/le-4A

0. 4mM
0. TmM1. Oml\{

5
P

Time/sec

0. 005m

-0.9
-1.21 — E=+0.55 V
0 200 400 600 800 1000
Time/sec

Fig. 7

0 200 400 600 800 1000 1200

S E=+0.45 V
ot E=+0.50 Y i .
<t —
3o E=+].55 V
=
L
Pt A
& ;o W@
oo
0L® : : : : -
0.0 0.4 08 1.2 1.6 2.0
( ) Concentration/mM
C .
1.9 e E=+0.55YV g i i
I 0.5 i
S oo
o
< 0.3
E 0.2
E‘“ =11.332x +0.150
S IR2=0988
0.00 0.01 0.02 0. 03]
0.0
0.0 0.1 0.2 0.3 0.4
Concentration/mM

(a) Amperometric response at reduced paper electrode kept at different applied potential (vs. Ag/AgCl) in PB (pH 9), with concentration in

the range 0 mM to 2.0 mM; plot of current response vs. amitrole concentration. (b) /-t curve of amitrole concentrations ranging from 0 mM to
0.4 mM at applied potential +0.55 V. (c) Plot of amperometric current vs. amitrole concentration.
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Table 1 Comparative study of LOD for amitrole with other reported methods

S.-No. Modified electrode Method Linearity range (uM) LOD (M) Ref.

1 GCE“/Nafion/lead-ruthenium oxide SWv¢ 30-250 3.8 x 1077 3
pyrochlore

2 CPE/iron(u) phthalocyanine CA® 0.001-0.012 3.62 x 107° 2
nanoparticles

3 GCE/tetraaminophthalocyanine-single CA 63-100 2.15 x 1077 17
walled carbon nanotube dendrimer

4 WO;-0.33H,0/CPE SWV 0.1-0.28 2.30 x 107° 8

5 GCE/calcium cross linked pectin SWv 0.1-1.5 2.0 x 1078 1
stabilized gold nanoparticle film

6 GCE/graphene oxide-MWCNTSs® = 5-3545 4.5 x 1077 25

7 GCE/calcium-doped zinc oxide SwWv 0.01-0.6 3.58 x 107° 5
nanoparticlessMWCNTs

8 GCE/N-doped carbon nanotube arrayed DPV* 20-250 7.0 x 107° 26
mesoporous carbon

9 Carbon fibers/reduced graphene oxide/ It 5-30 2.44 x 1077 Present work

cellulose paper

“ GCE; glassy carbon electrode.  CPE; carbon paste electrode. ¢ MWCNTSs; multi-walled carbon nanotubes. ¢ SWV; square-wave voltammetry. ¢ CA;
chronoamperometry.f I-t; amperometric i—t. ¥ DPV; differential pulse voltammetry.

o B
g =0 ¢ RT
@
D = D% &t

where E, is the activation energy, ¢/D-conductivity/diffusibility,
¢°/D%standard conductivity/initial diffusibility, T-temperature
in kelvin, R-universal gas constant.

The activation energy value of the oxidation peak current of
amitrole is calculated from the Arrhenius equation to be
11.96 kJ mol *. Although the oxidation peak current is larger at
higher temperature, this may be due to the diffusibility varia-
tions of the amitrole molecule.>*

3.3. Electrochemical behaviour towards amitrole

3.3.1 Concentration variation and detection limit of
amitrole. Cyclic Voltammetry (CV) was employed to detect
varying concentration of amitrole using the reduced paper
electrode with scan rate 100 mV s~ at pH 9. As shown in Fig. 6,
the oxidation peak potential £, of amitrole is about +0.5 V (vs.
Ag/AgCl), and it is obvious that an orderly increase in the
oxidation peak current I, at increasing concentration. In the
concentration range 0.1 mM to 1.0 mM, the I;, has a good linear
relationship with the concentration, the regression equation of
the linear plot is as follows:

I, (1 x 107* A) = 14.131C5 (mM) + 14.796; R* = 0.994

where C, represents the concentration of amitrole. The limit of
detection (LOD) is 1.5 x 10~> mol L™ " and sensitivity is 1.41 mA
mM ", LOD is calculated from the calibration curve using the
following equation:** LOD = 3SD/b. SD stands for the standard
deviation of blank value (the corresponding anode current value
of the CV curve scanned in PB at +0.5 V was taken as blank
value), and b is the slope of the linear regressive equation.
3.3.2 Amperometric detection of amitrole at the reduced
paper electrode. Amperometric method® under stirred

© 2023 The Author(s). Published by the Royal Society of Chemistry

conditions has a much higher current sensitivity than cyclic
voltammetry, so it can be used to examine the sensitivity of the
reduced paper electrode and the lower limit of detection of
amitrole. Under the action of magnetic stirrer (rotation speed 80
rpm), which provides convective transmission,” the reduced
paper electrode (rPE) was immersed in 0.1 M PB (pH = 9)
solution and reacted for 2000 s to stabilize the background
current. In order to explore the effect of applied potential,
Fig. 7a shows the amperometric I-¢ curve obtained for amitrole
at rPE in a homogenously stirred PB at different applied
potential (vs. Ag/AgCl), with concentration in the range 0 mM to
2.0 mM. It was found that when the potential is +0.55 V (vs. Ag/
AgCl), the current response of amitrole is obvious.

We further demonstrated the I~t curve of amitrole concen-
tration in the range 0 mM to 0.40 mM under conditions at
which the potential of rPE was kept at +0.55 V vs. Ag/AgCL
Initially, 0.005 mM amitrole was added at a time, then gradu-
ally increased the concentration to 0.01 mM, 0.02 mM and

NaNoO,

4 K,SO,

Signal change/%
<

Urea

Glucose

-5

Fig. 8 Interference studies of ions and dissolved organic matters in
the determination of amitrole by CV technique.
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0.05 mM. Fig. 7b shows that during the successive addition of
amitrole, typical current responses were observed. In the
process of amperometric -t detection, the increase rate of
response current gradually decreases as the concentration of
amitrole increases (Fig. 7c). This may be because the oxidized
product was partially blocked on the paper electrode, leading to
the reduction of its electrochemical activity and the decrease of
sensitivity in the subsequent concentration detection.’*>** As
shown in inset of Fig. 7c, the amperometric current response
was increased linearly with increasing amitrole concentration
in the range 0.005 mM to 0.030 mM. The regression equation of
the linear plot is shown as:

I(1 x 107* A) = 11.332Cx (mM) + 0.150; R> = 0.988

where I represents the current response, and C, represents the
concentration of amitrole. The electroanalytical parameters
such as LOD (2.44 x 1077 mol L™, based on S/N = 3) and
sensitivity (1.13 mA mM ') were also evaluated from the above
expression. Comparing the calculated values with the literature
data in Table 1, the linear range and the low detection limit of
the carbon fibers/reduced graphene oxide/cellulose paper elec-
trode towards amitrole oxidation are comparable to other
electrodes that require complex modifications.

View Article Online
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4. Analytical applications

4.1. Interference studies

The selectivity of the reduced paper electrode towards amitrole
was carried out using CV method. In the existence of 100 folds
excess concentration (50 mM) of interfering ions and dissolved
organic matters such as KCl, NaNOj;, NaAc, K,SO,, urea, and
glucose, it was seen from Fig. 8 that the above mentioned
interferents did not show any significant effect (did not surpass
+5%) on the oxidation peak current of amitrole. The results
suggested the reduced paper sensor has high selectivity in the
detection of amitrole.

4.2. Analysis of amitrole in water samples

From I-t technique, the practical feasibility of the reduced
paper sensor detection of amitrole was demonstrated in lake
and tap water samples. First, filter paper was used to remove
impurities and dust particles from the water sample. Then,
pretreated water samples were prepared with corresponding
concentrations of 0.01, 0.02 and 0.03 mM with standard
amitrole solutions to study the recovery. The results of water
samples evaluation are shown in Table 2. The recovery and
relative standard deviation results proved that the reduced

20
(a) — P1 1 Oxidation peak current
—— P2 121
i P13 03 10,367 10,467
< 10 10,3 10367 4 g5 2
] — P4
S +—7ps 3
= s 8
o 0. p—
£ it
S
-101 47
=20+ T y T T 0 T T T T
0.8 0.4 O. 0 -0.4 -0.8 1 2 3 4 5
20 . Potential/V Sample
(b) L Gay [ oxidati (c) [ oxidati K t
—— 50 days 12 Oxidation peak current 1o xldatlion peak curren
60 days 10.3 10.26
< 10{— 70 days =— —x— 9.882 9.783
L |~ 80 day < - =] 8.822 g.g75 247 9.11
- < 7.929 § T
= o 8 T & 81
5 0] = =
] o,
Lg) -
~10] 4 o
=20 0 ~ 0= T T T
0.8 0.4 0.0 -0.4 -0.8 1 50 6(_) 70 80 1 2 3 4 b
Potential/V Storage time/day Day
Fig. 9 (a) Reproducibility. CVs of 0.5 mM amitrole by five pieces of rPE taken from different locations of composite paper at a scan rate of 50 mV

s and pH 9. (b) Storage stability. CVs and the oxidation peak current of 0.5 mM amitrole at a scan rate of 50 mV s~ and pH 9; The rPE were
stored in the atmosphere for 80 days. (c) Repeatability. The oxidation peak current of 0.5 mM amitrole tested for five consecutive days.
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Table 2 Detection of amitrole in water samples by /-t technique

Water Added Detected Recovery
samples (107* M) (107* M) (%) RSD (%)
Tap water 0.1 0.1047 104.7 3.19

0.2 0.2075 103.8 5.02

0.3 0.3020 100.7 2.34
Lake water 0.1 0.1016 101.6 3.81

0.2 0.2036 101.8 6.59

0.3 0.3048 101.3 5.74

paper sensor has practicability in actual environmental
samples.

4.3. Stability and reproducibility

The reduced paper electrode has good current response effect
and low detection limit towards amitrole detection. The
repeatability®* and stability*® of rPE were investigated by cyclic
voltammetry. As illustrated in Fig. 9a, five reduced paper elec-
trodes were taken and tested in PB (pH = 9) solution containing
0.5 mM amitrole at a scan rate of 50 mV s '. Stable and
reproducible current responses for amitrole oxidation were
obtained, the average oxidation peak current is 10.43 x 10~ * A
with a relative standard deviation (RSD) of 3.74%, indicating
that the inter-electrode reproducibility® of rPE is very good. To
check the storage stability of rPE, it was stored in air at room
temperature for 80 days. Fig. 9b shows the CVs and the oxida-
tion peak current of 0.5 mM amitrole during this period. It was
found that the current response for amitrole oxidation has
reserved more than 95% of the initial value after 60 days. In
addition, the CV curves in 0.5 mM amitrole solution for 5
consecutive days tested the repeatability of the electrocatalytic
effect of the rPE. As shown in Fig. 9c, the RSD of the oxidation
peak current was 4.68%, indicating that the measurement of the
rPE can be used multiple times. These results demonstrate that
the reduced paper electrode is an efficient and stable electro-
chemical sensor for amitrole analysis.

5. Conclusion

This study shows that paper-based electrodes prepared from
carbon fibers (CF), reduced graphene oxide (rGO) and cellulose
exhibit excellent performance in electrochemical detection of
amitrole. Compared with traditional electrodes, the reduced
paper electrode has certain advantages, such as easy fabrica-
tion, good reproducibility, storage stability and excellent cata-
lytic activity. The paper electrode has good electrocatalytic
performance for the oxidation of amitrole, showing low peak
potential, high sensitivity, wide linear range and low detection
limit, which is expected to realize the electrochemical detection
of pesticides with portable, disposable, patterned paper-based
electrodes. The sensitive electrochemical method can detect
amitrole at the micro molar level, which is promising as an
amperometry-based sensor to determine amitrole content in
the field of food safety inspection and agricultural wastewater
monitoring.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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