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ABSTRACT: A nonenzymatic electrochemical sensor is drop
casted for sensitive and specific fenitrothion (FT) detection, where
a glassy carbon electrode (GCE) is modified by depositing an ink
containing nitrogen—sulfur co-doped activated carbon-coated
multiwalled carbon nanotubes (NS-AC-MWCNTs). We provide
a method for NS-AC-MWCNT synthesis as follows. First,
polypyrrole is coated on multiwalled carbon nanotubes (PPy-
MWCNT). Then, the PPy coating is carbonized and chemically
activated to enhance the specific surface area. The activated carbon
coating, co-doped with nitrogen—sulfur, improves its surface
electrical conductivity and electrocatalytic response as an electrode.
Electrochemical impedance spectroscopy (EIS) confirms enhanced
charge transfer for the NS-AC-MWCNT/GCE in comparison with

Electrochemical
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MWCNT/GCE and GCE. Scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HRTEM)
with fast Fourier transform (FFT) elucidate the morphology of the material, and X-ray photoelectron spectroscopy (XPS) and
Raman spectroscopy its chemical and structural characteristics. An NS-AC-MWCNT-containing ink is prepared and deposited on a
GCE to fabricate a sensor to detect FT. The volume of NS-AC-MWCNT ink deposited, buffer solution pH, accumulation potential
V,, and time t,,, and square wave voltammetry (SWV) parameters are optimized. For 0.05—40 M FT concentrations, the sensor
provides a linear current response with a 4.91 nM limit of detection (LOD) with a signal-to-noise (S/N) ratio of 3. Chemical
interferents have negligible influence on FT detection. The sensor detects FT in real lake and tap water samples.

KEYWORDS: fenitrothion, organophosphates, square wave voltammetry, carbon nanotube, nitrogen—sulfur doping, activated carbon,

nonenzymatic sensor

B INTRODUCTION

The use of pesticides to control weeds, insect infestations, and
diseases has increased steadily to meet rising global food
demand, contributing to pesticide accumulation in the
environment that is harmful to humans and other life forms."
Pesticide runoff contaminates surface and groundwater,
increasing its toxicity toward microorganisms, which reduces
* Since their introduction in the 1960s, the
consumption of organophosphorus compounds (OP) that
replace dichlorodiphenylytrichloroethane (DDT) has consis-
tently increased.” Used in agricultural fields, gardens, and

commercial areas, OP are the most used pesticides,
5,6

soil fertility.”

contributing 70% toward overall pesticide consumption.
Continuous OP exposure produces severe and fatal physio-
logical effects in humans, including mental disorders such as
depression, anxiety, headache, blurred vision, nausea, vomiting,
lowered heart rate, loss of coordination, fever, coma, and
death.” The World Health Organization reports that over
750000 people suffer from pesticide poisoning yearly, of
whom 350 000 die.® Human pesticide poisonings and related
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illness are estimated to have an annual economic cost of $1
billion in the United States alone.”

Several analytical methods are used to detect OP, including
gas or high-performance liquid chromatography'® and mass
spectrometry.’’ These techniques are typically complicated,
costly, and require complex sample procedures and trained
professionals to operate, limiting their operation in field
conditions.'” An electroanalytical method based on inhibition
of immobilized acetylcholinesterase (AChE) enzyme'>'* is
used for rapid on-site pesticide analysis. However, it cannot
provide real-time pesticide analysis with confidence because of
the poor chemical and physical stability of enzymes due to
their denaturation, sensitivity to the chemical environment
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Figure 1. (A) Schematic of NS-AC-MWCNT synthesis, where prepared PPy-coated MWCNTs are activated with KOH and carbonized at 700 °C.
(B) Schematic of the sensor fabrication. NS-AC-MWCNT modification of GCE is performed with drop casting the ink on GCE which is used to

detect FT in ABS via SWV.

(e.g, pH), and chemical degradation during fabrication,
storage, and use.'®

The sensitivity of an electroanalytical sensor is influenced by
its specific surface area, electrical conductivity, thereby the
electrocatalytic property of the working electrode.'™"" The
higher surface area available with nanomaterials amplifies the
analyte signal response. Carbon nanomaterials (e.g., carbon
nanotubes and graphene), conductive polymers (e.g, PANI,
PEDOT, and polypyrrole), and metal nanoparticles (e.g., Au,
Ag, and Pt) have been investigated in this regard.zo_22 Porous
materials, such as activated carbon (AC), with a higher
available surface area, are used to detect heavy metal ions, e.g,,
Cd(11), Pb(I1), Cu(Il), and Hg(I).”> The conductivity of
porous carbon materials can be increased with heteroatom
doping.”*™** The nitrogen—sulfur co-doping of AC also
supplies additional valence electrons and enhances conductiv-
ity. Since it is more electronegative than carbon, nitrogen
doping polarizes surrounding carbon atoms, enhancing their
electrocatalytic activity through a higher charge density. The
atomic size difference between sulfur and carbon changes
interlayer spacing and orbital matching in AC, creating
additional active sites that enhance its electrocatalytic
behavior.”

Our objective is to synthesize and fabricate AC-coated
MWCNTs for detecting organophosphates with low resistance
and high sensitivity. We hypothesize that the activated carbon
coating co-doped with nitrogen—sulfur on multiwalled carbon
nanotubes increases both the surface area and surface electrical
conductivity. Concisely, MWCNTSs act as a supporting
structure for the NS-AC coating, where AC-coated MWCNTSs
provide a higher electroactive surface area, enhancing the
number of active sites available for OP detection. NS co-
doping of AC improves the electrical conductivity of the
electrode surface and promotes faster charge transfer between
FT and the electrode. The enhanced electrocatalysis provides
the motivation for modifying a glassy carbon electrode (GCE)
to detect OP. Hence, we synthesize a novel nitrogen—sulfur
co-doped activated carbon-coated multiwalled carbon nano-
tube (NS-AC-MWCNT) composite and deposit it in the form
of an ink over GCE to fabricate a sensor that serves as an
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electrode to detect the OP surrogate fenitrothion (FT) with
SWV.

The synthesis of N-AC-MWCNT has been accomplished by
carbonizing PPy-MWCNT, prepared using cetrimonium
bromide (CTAB) and ammonium persulfate (APS) as
dispersant and oxidant, respectively.’”*" Sulfur and nitrogen
co-doped carbon nanotubes were synthesized using methyl
orange as a dopant and aniline as a nitrogen source.”> We have
a conceptually different approach by utilizing pyrrole as the
nitrogen source and eriochrome cyanine (ECR) as the
multifunctional dopant to prepare our material. ECR has
advantages over CTAB and methyl orange, since the structure
of the aromatic compound promotes carbon nanotube
adsorption, and the charged groups promote electrostatic
repulsion between the nanotubes, improving nanotube
dispersion. Charged groups on aromatic compound are also
beneficial for polymerization. Therefore, as a multifunctional
dopant, ECR provides better nanotube dispersion and a better
polypyrrole coating.”**

Below, we (1) describe the synthesis of NS-AC-MWCNT by
carbonizing PPy-MWCNT prepared with ECR and APS, a new
method to fabricate a composite that has higher conductivity
and surface area for effective electrochemical sensing; (2)
report the first use of an NS-AC-MWCNT ink to detect FT
with square wave voltammetry; (3) characterize the influence
of the amount of ink deposited on the GCE, buffer solution
pH, accumulation potential and time, and SWV parameters on
the wave shape and current response of the FT sensor; (4)
confirm sensor sensitivity and specificity for FT detection; (5)
confirm the use of the sensor to detect FT in real lake and tap
water samples; and (6) compare the sensing performances of
differently modified electrodes.

B MATERIALS AND METHODS

Chemicals and Instruments. Fenitrothion (FT, analytical
grade), pyrrole (Py, purity >98%, stored at 4 °C before use), sodium
acetate buffer solution (ABS, molecular biology grade), potassium
hydroxide (KOH), dichlorvos, chlorpyrifos, ammonium persulfate
(APS), and eriochrome cyanine (ECR) were purchased from Sigma-
Aldrich (Canada). Multiwalled carbon nanotubes (MWCNTs) with
an outside diameter of 13 nm, inner diameter of 4 nm, and lengths
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between 1 and 2 pm were obtained from Bayer Inc. (Germany).
Deionized water (DI) and all reagents were used without further
modification. The pH of the buffer solution was adjusted using a pH
meter with 0.1 M NaOH and 0.1 M HCI solutions. Stock solutions of
FT were prepared in ethanol and stored in a refrigerator at 4 °C
before use. Laboratory tap water and Lake Ontario lake water from
Bayfront Park in Hamilton, Canada, were used as is to detect spiked
FT.

Cyclic voltammetry (CV), square wave voltammetry (SWV), and
electrochemical impedance spectroscopy (EIS) were performed with a
PARSTAT 2273 potentiostat (Princeton Applied Research) using its
conventional three-electrode configuration that consists of a glassy
carbon electrode as the bare working electrode, platinum wire as
counter electrode, and Ag/AgCl as reference electrode, all immersed
in ABS. Chemical analysis was performed by XPS (Physical
Electronics, model Quantera II) with a monochromatic Al Ka X-ray
source at 1486.6 eV. Raman spectroscopy was conducted with a
Renishaw inVia spectrometer at a 514 nm laser excitation by drop-
casting 4 pL of the sample on a glass substrate. The synthesized
material was characterized by SEM (JEOL 6610LV), HRTEM (FEI
Titan 80-300 LB), and FFT performed with Image] software.

Synthesis of PPy-Coated MWCNT. Polypyrrole (PPy)-coated
MWCNTSs were synthesized through chemical polymerization®*
utilizing APS as oxidant and ECR as a dopant for Py and dispersant
for MWCNTSs,*® as shown in the schematic in Figure 1A. Two
hundred milligrams of MWCNTSs were homogenously suspended
with ultrasonication in 20 mg of ECR dissolved in 200 mL of DI
water. The resulting suspension was stirred at 4 °C in an ice bath to
which 800 mg of Py was added. Typically, 3.4 g of APS was dissolved
in 15 mL of DI water, added to the MWCNT suspension, and stirred
for 20 h in an ice bath at 4 °C. The synthesized material was washed
with DI water and dried in an oven at 70 °C.

Synthesis of NS-AC-MWCNT. Nitrogen—sulfur co-doped
activated carbon-coated MWCNT (NS-AC-MWCNT) was synthe-
sized through chemical activation and carbonization (Figure 1A) 393
After synthesis, 1 g of PPy-coated MWCNT was dispersed in 25 mL
of 4 M KOH and the suspension was stirred and dried in air at 80 °C
to form a powder. The powder was activated and carbonized under a
nitrogen atmosphere in a tube furnace, first at 700 °C for 2 h and then
cooled to room temperature. The resulting filtrate was made pH
neutral by washing it with 1 M HCI and DI water after which it was
dried for 12 h in an oven at 70 °C. The synthesized NS-AC-MWCNT
material was dispersed in ethanol to form a uniform 1 mg/mL
suspension. Different deposition volumes of the material were drop
cast on GCE and dried in air to obtain electrodes.

The fabrication of the NS-AC-MWCNT/GCE electrochemical
sensor is illustrated in Figure 1B. The electrodes were electrochemi-
cally activated by successively scanning them in an acetate buffer (pH
5) from 0.1 to 1.2 V (at a scan rate of 100 mV/s) until stabilized. CV
or SWV were utilized to obtain the current response of FT. CVs were
scanned for S0 4uM FT in a 0.2 M acetate buffer (pH 5.0) at a scan
rate of 50 mV/s between —0.8 and 0.5 V vs Ag/AgCl. CV was also
performed to determine the electroactive surface area of different
electrodes in 1 mM Fe(CN),>~/Fe(CN)*/0.1 M KClI solution for
scan rates from 25 to 200 mV/s. SWV was performed in 0.2 M acetate
buffer to determine the optimum amount of NS-AC-MWCNT
deposited, pH of the acetate buffer, accumulation potential,
accumulation time, and SWV parameters, such as amplitude, step
potential, and frequency. SWV was utilized to analyze the FT
response. The optimized SWV conditions were a 10 Hz frequency, 10
mV step potential, and 140 mV amplitude. The limit of detection
(LOD) of the sensor was calculated from standard deviation ¢ of the
current response of the NS-AC-MWCNT/GCE in ABS at optimized
conditions when no FT was present and the slope of the linear
regression fit of the calibration curve m for samples containing FT
using the formula LOD = 36/m.”” Sensor selectivity was examined by
introducing 10-fold excess concentrations, i.e., 200 uM, above the FT
concentration of nine commonly found salt interferents and
organophosphates (dichlorvos and chlorpyrifos) in drinking or usable
water. The salts were of Ni** (NiSO,-6H,0), Zn** (ZnSO,-7H,0),
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Mn?** (Mn(CH;COO),-4H,0), Co** (Co0SO,-7H,0), Fe3*
(H,Fe,0,58,), CI~ (NaCl), PO~ (Na,PO,), NO,~ (KNO,), and
S0,*” (K,S0,), in 20 uM of FT in ABS. Lake water was filtered with
8 um pore size filter paper. Thereafter, 0.2 M (pH = S) solutions of
lake water and laboratory tap water samples were obtained by adding
2 mL of 2 M acetate buffer to each 18 mL of sample. These samples
were spiked with known concentrations of FT and a linear regression
fit used to calculate the FT concentration.

B RESULTS AND DISCUSSION

Material Characterization. The morphology of the
synthesized NS-AC-MWCNT is observed from SEM and
HRTEM images and FFT sample analysis. Figure 2A presents

Figure 2. Morphological characterization of the composite material:
(A) SEM and (B) HRTEM images, and (C, D) FFT images of the
marked regions in the HRTEM image. The crystalline (C) and
amorphous (D) locations are identified by solid and dashed lines in
(B) that correspond to the carbon nanotubes and activated carbon
coating.

an SEM image that shows the microstructure of the randomly
interconnected nanotubes forming a spongelike architecture,
illustrating the three dimensionalities of the material. Carbon-
ization of PPy-coated MWCNT produces AC-coated
MWCNT.>**" Figure 2B shows an HRTEM image of the
NS-AC-MWCNT with the region of crystalline carbon
nanotube and amorphous coating of AC on MWCNT being
marked by solid and dashed lines, respectively. The FFT
analysis® of the marked regions in the HRTEM image is
presented in Figure 2C,D. Well-defined spots in Figure 2C
correspond to the (002) and (100) crystalline planes of carbon
nanotube.” Blurred spots correspond to the amorphous
activated carbon coating on the outer surfaces of the nanotubes
(Figure 2D). The obtained core—shell architecture of the AC-
coated MWCNT is in agreement with the previously reported
work."!

The XPS survey spectra in Figure 3A show weak peaks for K
2s and K 2p that occur due to KOH treatment of the PPy-
MWCNT, as well as peaks for C 1s, O 1s, O Kl], S 1s, S 2p,
and N Is. Elemental composition from the XPS data reveals
that carbon, nitrogen, sulfur, oxygen, chlorine, and potassium
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Figure 3. (A) XPS survey spectra for NS-AC-MWCNT and pristine MWCNT. (B, C) Higher-resolution XPS spectra for N 1s and S 2p for NS-
AC-MWCNT confirm nitrogen- (N-S, N-6, and N-Q) and sulfur-comprising groups (sulfoxide, sulfate, and sulfite). (D) Raman spectra for pristine
MWCNT and NS-AC-MWCNT reveal D and G bands, where the intensity ratio of the G band to D band Ig/Ip indicates the degree of

graphitization.

in NS-AC-MWCNT are present in 78.7, 2.3, 2.3, 10.6, 1.2, and
5.1 wt %, respectively (Table S1). The higher-resolution N 1s
spectrum of Figure 3B reveals peaks at 398.4, 400.2, and 400.9
eV corresponding to the N-6 (pyridinic), N-S (pyrrolic), and
N-Q (quaternary) nitrogen groups, respectively.3'0’40 Quater-
nary and pyridinic nitrogen groups have a strong electron
donor tendency® that enhances electron transfer and improves
sensor sensitivity. In addition to the C—C (284.7 eV), C—OH
(285.7 eV), C=0 (287.4 eV), and COOH (290.8 eV) peaks
of C 1s of MWCNT (Figure S1A), the NS-AC-MWCNT
spectrum provides another C—N (285.6 eV) peak with C—C
(284.8 eV) and C=0 (287.5 eV) peaks (Figure S1B) that
correspond to nitrogen doping.”® The S 2p spectra of Figure
2C contain peaks at 165.7, 168.4, and 171.4 eV for sulfoxide,
sulfate, and sulfite groups*’ that confirm sulfur doping. PPy
served as a source for nitrogen-containing groups, while
multifunctional dopant, ECR and oxidant, APS served as the
sources for sulfur-containing groups. The O 1s spectra for both
MWCNT (Figure S1C) and NS-AC-MWCNT (Figure S1D)
show oxygen-containing C=0, C—OH, and COOH groups.

Raman spectroscopy reveals the degree of ordered structure,
defects, and hybridization*”** and evaluates the extent of
graphitization that influences the electrical conductivity.*"*°
Raman spectra for MWCNT and NS-AC-MWCNT (Figure
2D) show two peaks at 1343.5 and 1574.1 cm ™" for the D and
G bands, respectively, where the D band is associated with
disordered carbon (sp*) and the G band with graphitic carbon
(sp®).* The intensity ratio I5/Ip, is indicative of the degree of
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graphitization. For MWCNT and NS-AC-MWCNT, Ig/I, =
0.95 and 1.20, respectively, confirming the enhancement of
graphitization, thereby electrical conductivity, in the Ilatter
composite material.

The electrochemical response of synthesized NS-AC-
MWCNT composite is investigated using CV, SWV, and EIS
to understand the effect of different modifications on the
charge transfer at the electrode—electrolyte interface. Figure
4A shows the electrochemical impedance data in the Nyquist
plot. Nyquist plots for GCE, MWCNT/GCE, and NS-AC-
MWCNT/GCE are fitted per Randles equivalent circuit
model.”” The charge transfer resistance is calculated from
the experimental data and the analysis of the equivalent circuit.
There is a significant decrease in the charge transfer resistance
R, at the interface of electrolyte and electrode surface when
the GCE is coated with MWCNT, where R, = 49.4 Q for GCE
and 12.6 Q for MWCNT/GCE. This R, decrease occurs due
to the higher electrical conductivity and surface area for the
MWCNT with respect to the GCE.*** For the NS-AC-
MWCNT/GCE, R, further decreases to 5.4 Q. This significant
decrease in resistance is attributed to the associated increase in
the electrochemically active surface area, therefore active sites
available for FT detection, and electrical conductivity, thereby
enhancing electrocatalysis by the NS-AC-MWCNT-modified
GCE.

The interaction of FT and the NS-AC-MWCNT is
investigated with CV and SWV. We suggest 7—7 interactions
are involved between FT and electrode. These interactions
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Figure 4. Electrochemical characterization of the sensor. (A) Nyquist plot for the three-electrode modifications in a 1 mM Fe(CN)s*~/
Fe(CN)s*7/0.1 M KCl solution (0.1—10° Hz, 5 mV). The inset shows the higher frequency range of the Nyquist plot for differently modified
working electrodes: R, R, Cy, and Z,, denote electrolyte resistance, charge transfer resistance, double-layer capacitance, and Warburg impedance,
respectively. (B) Comparison of the cyclic voltammograms for (a) GCE in the absence of fenitrothion with (b) GCE, (c) MWCNT/GCE, and (d)
NS-AC-MWCNT for 50 uM FT in 0.2 M acetate buffer solution (pH 5.0) at a scan rate of S0 mV/s. (C) SWVs for GCE (a: FT absent, b: FT
present), and for (c¢) MWCNT/GCE and (d) NS-AC-MWCNT/GCE with S0 uM FT in 0.2 M acetate buffer solution (pH 5.0) at a scan rate of
50 mV/s. (D) Plots of I, vs 1'/? obtained from cyclic voltammograms of GCE, MWCNT/GCE, and NS-AC-MWCNT/GCE in 1 mM Fe(CN)63_/

Fe(CN)¢*"/0.1 M KClI solution at scan rates: 25, 50, 100,

150, and 200 mV/s.
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Figure S. (A) Effect of pH on the SWV for S0 M fenitrothion with an NS-AC-MWCNT-modified GCE in 0.2 M acetate buffer solution. (B) Plot
of peak potential (V) vs pH of the 0.2 M acetate buffer for SO M fenitrothion.

turther facilitate the charge transfer by enhancing the reduction
and oxidation capabilities of the electrode for the —NO, group
on FT. Under a formal potential, the —NO, group first
undergoes an irreversible reduction to the -NHOH group at a
negative cathode potential of —0.59 V vs Ag/AgCl, followed by
a reversible oxidation at —0.005 V vs Ag/AgCl and reduction
of the —NO group at —0.06 V vs Ag/AgCl during the
subsequent reverse scan,”” as shown in Figure 4B and
Schematic S1 in the Supporting Information.

The CV and SWV electrochemical profiles for NS-AC-
MWCNT/GCE in the presence of FT are compared with
profiles for GCE and MWCNT/GCE under similar conditions
in Figure 4B,C. Compared to MWCNT/GCE, coating the
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MWCNT with nitrogen—sulfur co-doped activated carbon
enhances the Faradaic current due to the higher electro-
catalytic behavior of the modified electrode as discussed above.
The electroactive surface areas of the GCE and modified
electrodes with MWCNT and NS-AC-MWCNT were
evaluated with CV using the Randles—Sevcik equation®

I, =269 X 10°:%/2ACD"/?!/?

where I, denotes anodic peak current, n number of electrons, A
electroactive surface area, C concentration of Fe(CN)¢™/
Fe(CN)¢*, D diffusion coefficient, and v scan rate. CV
measurements are performed in a 1 mM Fe(CN)s 7/
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Figure 6. (A) SWVs for 0.05—40 uM fenitrothion concentrations measured with the NS-AC-MWCNT-modified GCE in 0.2 M acetate buffer

solution at pH = S. (B) Calibration of I

e (peak current, uA) vs FT concentration (uM) detected by the sensor. (C) Sensor SWV response to 20

UM FT concentration at pH = 5 in ABS in the presence of different 200 M (10X or 10-fold) concentrations of interferent species. (D) Percentage
change in the current response to the FT solution spiked with different interferent species with respect to the response toward FT alone, i.e., in the

absence of interferents.

Fe(CN)¢*"/0.1 M KCI solution for scan rates of 25, 50, 100,
150, and 200 mV/s. Figure 4D shows the anodic peak current
(I,) vs square root of scan rate (/) for the GCE, MWCNT/
GCE and NS-AC-MWCNT/GCE. From the slope of I Vs

V"2, the surface areas of the GCE, MWCNT/GCE, and NS
AC- MWCNT/ GCE electrodes are determined as 0.019, 0.037,
0.094 cm?, respectively. Hence, with respect to the GCE, the
electroactive surface area for the MWCNT/GCE increases 1.9-
fold and by 4.9-fold for NS-AC-MWCNT/GCE.

Sensor Optimization. The current at the redox peak for
SWYV conducted at 0.0002 V with varying amounts of NS-AC-
MWCNT deposited on the GCE increases with increasing
amounts of NS-AC-MWCNT, as shown in Figure S2, which
can be attributed to the increase in surface coverage of the bare
electrode. The current reaches a maximum for a 15 uL
deposition volume, but for larger depositions, the response
remains virtually the same. Hence, the 15 uL deposition
volume is selected for all further experiments.

The effect of varying the pH of acetate buffer solution from
3 to 6 on the peak current and peak oxidation potential is next
investigated using SWV, as shown in Figure 5. Increasing the
pH from 3 to S increases the current at the peak oxidation
potential for the redox couple, but above pH = 5, this current
decreases with increasing pH, as seen in Figure SA. The
lowering of current is attributed to the decrease in the proton
concentration required to reduce the —NO group of FT.”
Thus, pH = S is identified as the optimum acidity for our
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investigation. In a S0 uM FT sample, the peak oxidation
potential becomes negative as the acetate buffer pH increases
due to proton participation in the oxidation of -NHOH to
—NO.”” Figure 4B shows a linear relationship between the
peak oxidation potential and solution pH of the form peak
potential (V) = —0.0569 pH + 0.2877 with R* = 0.9937 and a
56.9 mV pH™" slope, indicating equal 1:1 contributions from
protons and electrons during the electrochemical reaction of
FT.ZI,ZZ,SI

The accumulation potential V,,, and accumulation time £,
are relevant when an analyte reaction, i.e., of FT, is adsorption-
controlled. The influence of these parameters on the Faradaic
current response is investigated by varying V,,, from —0.5 to
—0.8 V vs Ag/AgCl and t,, from 40 to 140 s with magnetic
stirring of the solution. Figure S3A shows that peak current
increases as V,,, (applied at t,, = 30 s) increases from —0.5 to
—0.6 V vs Ag/AgCl, followed by a decrease in current when
V,p is further increased to —0.8 V vs Ag/AgCl. Consequently,
—0.6 V vs Ag/AgCl (Figure S3B) is selected as the optimum
V,p for FT detection with SWV. The effect of ¢, on the peak
current at —0.6 V vs Ag/AgCl is shown in Figure S3C, where
the current saturates at tp = 100 s (Figure S3D). Hence, we
select V,, = —0.6 V vs Ag/AgCl with t,, = 100 s to develop the
FT sensor.

The SWV parameters are optimized for current response
and peak shape as shown in Figure S4. The frequency is varied
between S and 25 Hz (Figure S4A) maintaining the step
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Table 1. Voltametric Detection of Fenitrothion with Different Electrodes

electrode technique
Ce0,/rGO/GCE DPV“
RGO/DPA/PGE SWV
Zr0,/rGO/MoS,-Au/GCE SWv
AuNPs@GNIP-GR-IL/GCE DPV”
nano-TiO,/GCE DpPV*
PNT/PGE SWV
MWCNT/GCE SWvV
TiO,/nafion/GCE DPV*
NS-AC-MWCNT/GCE SWvV

“DPV—differential pulse voltammetry.

linear range (4M) LOD (uM) references
0.025-2.0 0.003 52
0.096—1.912 0.00348 53
0.018-21.6 0.00794 16
0.010—-S5.0 0.008 54
0.025—-10.0 0.010 5§
0.114-1.172 0.0196 56
0.20—60.0 0.080 22
0.20—4.0 0.0866 57
0.050—40.0 0.00491 this work

potential and amplitude at 10 and 50 mV, respectively. The
maximum current response occurs at 10 Hz (Figure S4B) and
then decreases as the frequency increases. Hence, 10 Hz is
selected as the optimal frequency to optimize the step potential
that is varied between 2 and 20 mV (Figure S4C). The
maximum current occurs at 10 mV (Figure S4D), which we set
as the optimum step potential. As shown in Figure S4E, the
current increases as the amplitude increases from 20 to 140
mV, following which it decreases slightly with further increases
in the amplitude (Figure S4F). On this basis, the 140 mV
amplitude at 10 Hz frequency and 10 mV step potential is
selected to examine the SWV response toward FT.

Sensor Performance. The analytical sensitivity of the
sensor is investigated by spiking different concentrations of FT
in ABS, as shown in Figure 6A. The sensor response provides
the calibration curve in Figure 6B (Table S2). The response is
linear for 0.05—40 uM FT concentrations, where the peak
current response I, (uA) = 5.09C (uM) + 26.38 with R*
0.98. The LOD for FT is 4.91 nM for S/N = 3 based on three
replicates for each concentration, n = 3. This performance is
compared with previously reported results in Table 1. The
analytical performance of the NS-AC-MWCNT-modified GCE
sensor is comparable with CeO,/rGO/GCE and RGO/DPA/
PGE and better than that of several other sensors which are
attributed to its larger electroactive surface area and higher
electrical conductivity of NS-AC-MWCNT compared to
MWCNT, AuNPs, TiO,, and peptide nanotubes (PNT).

The selectivity of the NS-AC-MWCNT-modified GCE
sensor is investigated by spiking organophosphates (dichlorvos
and chlorpyrifos) and the salts of nine commonly found
interferents in drinking or usable water, namely, Ni**, Zn?",
Mn**, Co*, Fe*, CI5, PO,*", NO;~, and SO, in FT-
containing ABS. Figure 6C,D shows that a 10-fold excess
concentration of any salt interferent above the FT concen-
tration has a negligible effect on the Faradaic current for the
optimized FT sensing conditions. The shape of the peak was
observed to be influenced by the presence of interferents. It is
suggested that interactions of ions with FT in solution likely
influence the mass transport of FT and hence the kinetics of
the electrode reactions. On the other hand, dichlorvos and
particularly chlorpyrifos influence FT detection. The effect of
the latter compound is attributed to passivation of the
electrode surface due to chlorpyrifos adsorption, possibly
through 7—7 interactions between chlorpyrifos and the NS-
AC-MWCNT/GCE. Overall, the results support the selective
sensing ability of the sensor for detecting FT in contaminated
water.

After confirming the sensitivity and selectivity of the NS-AC-
MWCNT/GCE sensor, we explore its applicability for
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detecting FT in realistic lake and tap water samples spiked
with known FT concentrations. The sensor reports FT
concentrations that equal 86.4—90.6% of the spiked concen-
trations with a maximum RSD of 8.2% (number of replicates, n
= 3) for lake water, where this recovery is a larger 91.2—97.9%
for tap water with maximum RSD of 2.7% (n = 3), as reported
in Table 2. The lower FT recovery for lake water is attributed

Table 2. Recovery of Various Concentrations of Spiked
Fenitrothion in Lake and Tap Water (n = 3, Where n Is the
Number of Replicates for Each of the Spiked FT
Concentration)

sample spiked fenitrothion recovery
type concentration (4M) found (uM) (%)

lake 20 18.12 + 1.07 90.6 + 5.3
water 10 894 + 074 894 + 74
S 432 + 041 864 + 8.2

tap water 20 19.51 £ 028 975+ 14
10 9.12 + 0.27 912 + 2.7

N 4.89 + 0.10 97.9 + 2.0

to signal loss due to coadsorption of lake water components,
consisting of microorganisms, heavy metal ions, and waste,>®
on the electrodes, leading to their subsequent passivation and
fouling. Nevertheless, the sensor can detect FT in contami-
nated water bodies. Sensor stability was assessed by storing
NS-AC-MWCNT/GCE for 6 days at 4 °C after which the
sensor response toward 20 yM FT was 86.1% of the initial
current response. Overall, the sensor exhibits excellent
reproducibility since the RSD is lower than 5% for all FT
concentrations in the 0.05—40 yM range.

B CONCLUSIONS

We describe the facile fabrication of an effective, simple, and
rapid electrochemical sensor to detect fenitrothion. A novel
NS-AC-MWCNT composite is synthesized for use as the
sensing material. The charge transfer resistance of the NS-AC-
MWCNT/GCE electrode is 5.4 Q compared to 12.6 L of the
MWCNT/GCE electrode. The amorphous coating of
activated carbon around the nanotube composite has a
spongelike porous microstructure, which increases the overall
surface area. Compared with GCE, MWCNT/GCE, and other
reported electrodes, the NS-AC-MWCNT/GCE electrode has
a higher sensitivity of FT detection, as low as 4.91 nM with a
signal-to-noise ratio of 3. Tenfold concentrations of interferent
salts of Ni**, Zn**, Mn**, Co**, Fe**, CI", PO,*", NO;, and
SO,*” and organophosphates (dichlorvos and chlorpyrifos)

above the FT concentration do not have a significant effect on

https://doi.org/10.1021/acsanm.1c00376
ACS Appl. Nano Mater. 2021, 4, 4781-4789


http://pubs.acs.org/doi/suppl/10.1021/acsanm.1c00376/suppl_file/an1c00376_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.1c00376/suppl_file/an1c00376_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.1c00376/suppl_file/an1c00376_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.1c00376/suppl_file/an1c00376_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.1c00376/suppl_file/an1c00376_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.1c00376/suppl_file/an1c00376_si_001.pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c00376?rel=cite-as&ref=PDF&jav=VoR

ACS Applied Nano Materials

www.acsanm.org

its detection. With 5 uM FT spiked samples, the sensor
satisfactorily recovers 86.4 + 8.2% of FT in real lake and 97.9
+ 2.0% in tap water samples.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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Schematic of electrochemical reactions; XPS character-
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tion, accumulation potential, accumulation time, SWV
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