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The commercial multi-walled carbon nanotube (MWCNT) was carboxylated using sulphuric and nitric
acid and characterized by various techniques such as scanning eletron spectroscopy, Infra-red
spectroscopy and atomic force microscopy. The acid functionalized multiwalled carbon nanotube serves
as the effective matrix for the sensing of carbamate pesticide namely mexacarbate. The electrochemical
oxidation of mexacarbate at GCE and MWCNT/GCE follows heterogeneous electron transfer reaction.
Different experimental parameters such as the effect of scan rate and pH were studied. Rotating disk
electrode voltammetry studies confirms the one-electron transfer reaction. The sensor calibration plot
for mexacarbamate was constructed by means of pulse technique. The acid functionalized multiwalled
carbon nanotube sensor was applied to real water sample with the recovery percentage of 85-89%.
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1. INTRODUCTION

Carbamate pesticides are widely used as the insecticides due to their efficiency in producing a
good crop yield [1,2]. The carbamate pesticides are N-substituted esters of carbamic acid with the
structure R*OCONHR? where R is an aromatic or aliphatic group and R? is a methyl or aromatic or
benzimidazole group [3]. N-methyl carbamates form an important class of carbamate pesticides widely
employed in agriculture [4]. Some of these commonly used carbamate pesticides are aldicarb, carbaryl,
methiocarb, benomyl, methomyl, propoxur, and carbofuran. The lethal dosage of carbamate pesticides
is in the range of 0.9 mg/kg to 8000 mg/kg depending on the pesticide. Aldicarb is denoted as the
extremely hazardous pesticide with a lethal dosage of 0.9 mg/kg [5]. However, they are considered to
be hazardous to human health, environment and, therefore, it is must to develop nanomaterials and
methods for their rapid and sensitive determination of carbamate pesticides [6] Various methods such as
solid phase extraction, supercritical fluid extraction, high-performance liquid chromatography coupled
with mass spectrometric detection, gas chromatography and spectrophotometry have been applied in the
detection of carbamate pesticides [7-12]. These conventional methods are sensitive and reliable but
possess several disadvantages such as the need for expensive instrumentation, skilled technicians, time-
consuming and not easily adaptable in field analysis. Alternatively, the electrochemical method offers a
simple and inexpensive tool for the sensing of carbamate pesticides [13]. They are convenient, sensitive,
selective and highly suitable for the fast monitoring of pesticides.

A survey of the literature reveals that only very few reports are available on the electrochemical
detection of N-methylcarbamate pesticides [14-20] and to there have been only two reports on the
electrochemical activity of aminocarb and mexacarbate at an unmodified glassy carbon electrode [16].
The oxidation of N-methylcarbamate occurs at high overpotential which can interfere with oxygen
evolution reaction. For this reason, N-methylcarbamate is hydrolyzed to the corresponding phenol
derivative which can be oxidized at relatively lower potential [14]. Conductive boron-doped diamond
thin-film electrodes were used for the electrochemical detection of carbamate pesticides such as carbaryl,
carbofuran, methyl 2-benzimidazole carbamate and bendiocarb [20]. Ni and others [15] applied
chemometrics methods such as classical least square method, principal component regression and partial
least squares for the simultaneous determination of propoxur, isoprocarb, carbofuran, and carbaryl. The
voltammetric analysis of pesticides at chemically modified electrodes has been well documented [22,
23]. Several exclusive reviews on carbon nanotubes based electrochemical sensors, biosensors and
energy storage devices have been published [24, 25].

In the present study, a differential voltammetry sensor has been developed for the detection of
mexacarbate using the functionalized of carboxylated multi-walled carbon nanotubes of nanomaterials
modified glassy carbon eletrode (-MWCNT/GCE). This is the first report on the use of multiwalled
carbon nanotube as the chemically modified electrode for the electrochemical sensing of mexacarbate.
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2. EXPERIMENTAL

2.1 Reagents and apparatus

Potassium dihydrogen phosphate, dipotassium hydrogen phosphate, acetic acid, sodium acetate,
mexacarbate were purchased from Sigma—Aldrich. The stock solutions of mexacarbate (0.01M) were
prepared by dissolving the appropriate quantity of the pesticide in 10 mL of acetonitrile. A known
volume of the stock solution was diluted with the phosphate buffer solutions of respective pH to prepare
the pesticide solution of desired concentration. Phosphate buffer solution (PBS) of 0.1 M concentration
was prepared by mixing 0.1 M potassium dihydrogen phosphate(KHP) and 0.1 M dipotassium hydrogen
phosphate(NaH2POs).

2.2. Apparatus

Electrochemical measurements were performed on an electrochemical workstation (CH
Instruments, USA, and Model 680). A one-compartment cell with provision for three electrodes
comprising glassy carbon electrode (GCE, 0.07 cm?) as the working electrode, saturated calomel
electrode (SCE) as the reference and large platinum foil electrode as the counter electrode. Surface
morphological studies were carried out using high-resolution scanning electron microscope (HRSEM)
(XL30-SFEG). The surface topography of the samples was obtained using an atomic force microscope
(AFM) (Shimadzu 9500). The IR data were obtained using an FT-IR spectrometer (Shimadzu 8400S).

2.3. Preparation of carboxylated MWCNT

The commercial MWCNT could not dispersed in water due to the absence of functional group.
Hence we functionalize the MWCNT with acid treatment procedure to introduce hydrophilic functional
groups. A chemical oxidation treatment of MWCNT [26] was carried out with a mixture of concentrated
nitric and sulphuric acids. About 50 mg of was added to 24 mL of the acid mixture in and the mixture
was refluxed for 5 h. It is cooled and washed with plenty of double distilled water.

Scheme 1 clearly depicts the carboxylated MWCNT. The acid treated MWCNT could be easily
dispersed in aqueous solution by sonication due to the presence of carboxylic acid and hydroxyl groups.
The dispersions were quite stable for several weeks and could be stored and reused for several
experiments.
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Scheme 1. Schematic representation of carboxylated MWCNT
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Scheme 2. Fabrication of MWCNT/ GCE

2.4. Preparation of Functionalized MWCNT modified glassy carbon electrode (MWCNT/GCE)

1 mg of carboxylated f-MWCNT was dispersed in 1 mL of double water by sonication. 5 pL of
the dispersion was casted on a polished GCE and then dried in air to obtain MWCNT/GCE. Scheme 2
represents the coating of MWCNT onto the GCE.

3. RESULTS AND DISCUSSIONS

3.1. FT-IR Spectrum Characterization
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Figure 1. FT IR spectrum of carboxylated MWCNT
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The FT-IR spectrum of the commercial sample does not show well defined features and is similar
to that of non-functionalized MWCNT [4]. The FT-IR spectrum of functionalized f-MWCNT (Fig. 1)
is quite different from that of the commercial sample due to the presence of many new bands. The bands
at 1307 cm™, 1775 cm™, and 1405 cm™ correspond to C-O, C-O-C, C=C bonds respectively while the
bands at 1739 cm™ and 3414 cm? confirm the presence of functional groups of C=0 and —OH
respectively [27].

3.2. Morphological and Surface Characterization

The morphologies of the functionalized samples of -MWCNT are obtained by high resolution
scanning electron microscopy (HRSEM). The HRSEM image (Fig.2A) of carboxylated MWCNT shows
randomly oriented tubular morphology [28]. Unlike the morphology of the commercial sample,
carboxylated MWCNTSs found to show a rather smooth surface with somewhat closed side-walls. The
surface topographical AFM image of carboxylated MWCNT (Fig.2 B) shows the presence of non-
uniform tubular structures.

i
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Figure 2. (A) HRSEM image of carboxylated f-MWCNT (B) AFM image of functionalized MWCNT
(C) Nyquist plot for (a) GCE and (b) -MWCNT/GCE in 0.1 M KCI containing 1 mM of
potassium ferrocyanide solution.
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3.3 Electrochemical Impedance Spectroscopy (EIS)

EIS is a valuable technique that can be used to investigate the effect of electrode surface
modification on the electron transfer process. Fig. 2C shows the results of EIS at bare GCE and
MWCNT/GCE in 0.1 M potassium chloride containing 1 mM potassium ferrocyanide in the frequency
range between 1 Hz to 1 MHz. At GCE and MWCNT/GCE, a semicircle and a straight line is noted
which explains the diffusion controlled Warburg impedance. The diameter of the semicircle refers to the
charge transfer resistance (Rct) which is found to be nearly 10 times lower at MWCNT/GCE (Rct = 47
Q) compared to GCE (Ret= 496 Q). The lower charge transfer resistance can be ascribed to the higher
conductivity of MWCNT compared to GCE.

3.4. Electrochemical Characterization

The electrochemical characterization of the MWCNT/GCE is carried out in deaerated phosphate
buffer solution (pH 6). Fig. 3 shows the cyclic voltammograms of MWCNT/GCE at various sweep rates.
A redox couple is observed (Epa = -0.188 V, Epc =-0.35 V at  0.02 Vs™) in potential range between -0.6
and +0.8 V. The magnitudes of redox peaks are found to vary linearly with sweep rate (Inset in Fig. 3)
suggesting the presence of a surface-confined species. A similar electrochemical observation was
reported in the literature for MWCNT functionalized using different procedures such as sonochemical
[29] and electrochemical oxidation methods [30] and has been attributed to the
protonation/deprotonation reaction of the quinone moieties formed during the carboxylation of the
MWCNT.
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Figure 3. Cyclic voltammograms of MWCNT/GCE in 0.1 M PBS (pH 6) buffer solution at various

scan rate (a) 0.005 V st (b) 0.01 Vst (c)0.02Vs?t(d)0.05Vst(e) 0.1Vs?t (f0.12Vs?(g)
0.2 Vs, Inset: Plot of (a) oxidation peak current and (b) reduction peak current vs scan rate.
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3.5. Cyclic Voltammetric Behavior of Mexacarbate at GCE and MWCNT/GCE — A Comparison

Figs 4 shows the cyclic voltammogram at bare GCE obtained in the potential range of -0.4 V to
1.0 V in deaerated 0.1 M PBS pH 6 containing 1 x 10°M mexacarbate at the scan rate of 0.05 V s,
During the first anodic scan, a large oxidation peak at 0.72 V is observed which is irreversible. In the
reverse cathodic scan, a small reduction peak at -0.07 V is formed which give rise to a corresponding
oxidation peak at -0.01 V in the second anodic scan. Similar observations are made in the cyclic
voltammogram at MWCNT/GCE (Fig. 5) which oxidizes at 0.66 V and the redox couple is observed at
(Epa = 0.11 V, Epc=-0.07 V). The lower oxidation potential of mexacarbate could be attributed to the
substituent effect i.e. the presence of an additional electron releasing methyl group in mexacarbate
favours the oxidation process.
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Figure 4. Cyclic voltammogram at GCE in 0.1 M PBS (pH 6) buffer solution containing 1mM
mexacarbate. Scan rate = 0.05 V s%; 1 and 2 represent the cycle numbers.

There had been only one report in the literature on the voltammetric analysis of mexacarbate [16].
In that study, it has been shown that the oxidation of mexacarbate involves a ECE reaction (Electron
transfer, Chemical reaction, Electron transfer) with a carbamate cation radical as the likely intermediate
formed by a one-electron transfer process (Scheme 1). The large anodic peak observed at 0.66 V for
mexacarbate in the cyclic voltammograms shown in Figure 5 corresponds to this reaction. The unstable
carbamate cation radical undergoes rapid hydrolysis resulting in the formation of 3,5-Dimethyl,4-
dimethylaminoethanol radical and methylamine. The phenol derivative then undergoes a second
spontaneous oxidation to give 3,5-Dimethyl,4-dimethylbenzoquinoneimine as the product. The redox
couple (Epa=0.12 V, Epc=-0.06 V) in the cyclic voltammograms of mexacarbate can be identified with
this reaction.
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Scheme 3. Oxidation reaction of mexacarbate [5]

The significant observation is that the oxidation potential shifts favorably by 0.16 V for
mexacarbate respectively along with a nearly 1.6 times increase in peak current at MWCNT/GCE
compared to bare GCE. This means that the MWCNT/GCE electrocatalysis the oxidation of mexacarbate
and promote the fast one-electron transfer reaction. These results can lead to the micromolar
determination of mexacarbate possible with a better sensitivity. The better performance of
electrocatalytic activity of mexacarbate at MWCNT can be explained as follows.

This is due to the reason of the electrostatic attraction between the positively charged
mexacarbate and the negatively charged carboxylic group at the surface of the multiwalled carbon
nanotube. The carboxylic group present in the -MWCNT acts as the electron acceptor which would
decrease the electron density and decrease the electron delocalization of -MWCNT [31]. Hence, more
readily the oxidation of mexacarbate takes place. F-MWCNT consist of multiple layers of graphite
superimposed and rolled to form the tubular shape. Each carbon nanotube held with another carbon
nanotube by mean of van der waal forces, each carbon is sp? hybridized and contain delocalized II-
electron which is ready to interact with the molecules containing IT-electrons. The structure of
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mexacarbate consists of substituted aromatic amine which interacts with the MWNT via II- II
interactions. The higher specific area of -MWNT contributes to the electrolytic performances of f-

MWCNT/GCE. The presence of more capacitive current at MWCNT is due to the presence of the
functional group in MWCNT.
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Figure 5. Cyclic voltammogram at MWCNT/GCE in 0.1 M PBS (pH 6) buffer solution containing
1mM mexacarbate. Scan rate = 0.05 V s%; 1 and 2 represent the cycle numbers.
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Figure 6. Cyclic voltammograms of f-MWCNT/GCE in 0.1 M PBS (pH 6) buffer containing 1mM
mexacarbate at various scan rate (a) 0.005 V s-1 (b) 0.01 V s-1 (c) 0.02 V s-1 (d) 0.05 V s-1
(e) 0.1Vs-1 (f)0.12 V s-1 Inset: Plot of (a) oxidation peak current vs scan rate
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Fig 6 show the cyclic voltammogram of mexacarbate at -MWCNT/GCE in phosphate buffer
(pH 6) solution at different scan rate.  The insets in this figure show a linear plot of the magnitude of
the oxidation peak current against the square root of scan rate suggesting confirming the diffusion-
controlled nature of the one-electron oxidation of the mexacarbate to their respective cation radical.

3.6. Rotating Disc Electrode (RDE) Measurements

RDE data are obtained at f-WCNT/GCE to confirm the main oxidation of mexacarbate which
involves the transfer of one electron through the use of Levich equation [32] (Eq.1)

IL=0.62nF A 02Dy 16C (1)

where I is the limiting current, n is the number of electrons transferred, F is Faraday constant,
D is the diffusion coefficient (cm? s*) of mexacarbate, y is the kinematic viscosity (cm? s) and o is
the angular frequency (rps). The RDE experiments at f-MWCNT/GCE give well-defined current-voltage
curves. The Levich plots (magnitude of I. vs® ¥?) for the ImM mexacarbate oxidation at the
MWCNT/GCE in the angular frequency values ranging from 2 to 15 rps are shown respectively in Fig.7.
The Levich plot shows good linearity for mexacarbate and the number of electrons for the oxidation of
mexacarbate is calculated to be nearly 1 assuming a D value of 1 x 10° cm?s*and y value of 1.0 x
102 cm?s1[32].
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Figure 7. RDE of f-MWCNT/GCE in 0.1 M Phosphate buffer solution ( pH 6) containing 1
mM mexacarbate at various rotational speed (a) 2 rps (b) 4 rps (c) 6 rps (d) 8 rps (e) 15 rps.
Insert: Plot of anodic peak current verus square root of the rotation speed.
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3.7. Effect of pH
Mexacarbate could be protonated as shown in Scheme 2 which may affect the electrochemical

oxidation reaction. Therefore, it becomes pertinent to study the influence of hydrogen ion concentration.

Also, it is essential to obtain the optimum pH value for observing maximum sensitivity in the sensing of
the mexacarbate.

H5;C

Scheme 4. Protonation of the dimethyl amino group in mexacarbamate

Therefore, the cyclic voltammograms at f-MWCNT/GCE are recorded at 0.05 V st in 0.1 M
acetate buffer (pH 3, 4, 5) and 0.1 M PBS (pH 6, 7 and 8). Fig. 8 shows the plot of the oxidation peak
current and peak potential versus pH for 1 x 103 M mexacarbate. From these data, it is inferred that the

highest current is observed in 0.1 M phosphate buffer (pH 6). Therefore, further calibration experiments
have been carried out in this electrolyte.
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Figure 8. Plot of oxidation peak current vs pH in 1 x 102 M of mexacarbate. Scan rate =0.05V s’
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3.8. Differential Pulse Voltammetry

Differential pulse voltammetry (DPV) is an useful analytical technique for measuring the trace
levels of inorganic species and organic species [33]. DPV experiments have been performed at f-
MWCNT/GCE in the potential range from 0.3 to 0.7 VV using the following optimal parameters: scan
increment 0.004 V and pulse amplitude of 0.05 V in PBS (pH 6). Figs. 9 show the DPVs in the
concentration range between 1.5 x10° M to 2 x 107" M and insert shows the sensor calibration plot for
mexacarbate. The current response is found to be linear in the entire concentration range giving the
slope and regression coefficient values of 0.15 pA / uM and 0.98, respectively for mexacarbate.

The detection limit can be calculated using Eq. 2
3xS

Detection Limit=

()

where N is the slope of the calibration curve and Sy is the standard deviation of blank solution.
The signal-to-noise ratio is the ratio between the mean value of the repeat measurements at the lowest
concentration used and its standard deviation. In this study, the standard deviation for mexacarbate is
calculated to be 0.0610. The detection limit for mexacarbate is calculated to be 1.54 x 108 M. The
detection limit observed in the present study is compared with that reported in the literature for bare
glassy carbon electrode.
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Figure 9. Differential pulse voltammograms at f-MWCNT/GCE in 0.1M PBS (pH = 6) at different
concentrations of mexacarbate (a)2 x10-7M (b) 7 x10-7M (c) 9% 10-7M (d) 2 x 10-6
M ()5x10-6M (f)7x10-6 M (g) 1 x10-5M and (h) 1.5x 10-5M Insert: Calibration
plot for mexacarbate sensor.
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3.9. Real sample analysis

In order to prove the feasibility of the -MWNT/GCE, the proposed method was applied for
determining mexacarbate in water sample. The water samples were spiked with a mexacarbae
concentration of mexacarbate of 8 uM and 7 uM. The two samples were measured by DPV in 0.1 M
PBS (pH 6). Table 1 show the recovery percentage of mexacarbate range from 85 %- 87% with relative
standard deviation of 3% to 5%. Those results confirms the practical application of mexacarbate in
the water samples. Table 2 shows literature survey for sensing of mexacarbate by different analytical
methods [35, 36]. The limit of detection obtained DPV is comparable with reversed-phase high-
performance liquid chromatography coupled with electrospray ionisation mass spectrometry and
electrospray ionization—mass spectrometry

Table 1. A recovery study of mexacarbate present in water at MWCNT/GCE.

Sample Added (uM) Found (uM) Recovery %
Water 8 7.0 85
Water 7 6.2 89

Table 2. Reported limit of detection data for mexacarbate sensor using different analytical method

Type of Method Detection Ref
Materials Limit (mM)
GCE DPV 0.135 16
SPE C-18 RP-HPLC 0.004 35
cartridges coupled to ESI
MWCNT ESI- MS 0.00197 36
GCE/MWCNT DPV 0.0154 Present
work

RP-HPLC - Reversed-phase high-performance liquid chromatography
ESI - Electrospray ionisation mass spectrometry

SPC C18- Solid phase extraction cartridges 18

ESI- MS- Electrospray ionization—mass spectrometry

4. CONCLUSION

The commercial multi-walled nanotube (MWCNT) has been carboxylated and characterized by
various techniques. Carboxylated multi-walled carbon nanotube exhibits the catalytic activity for the
sensing of mexacarbate. A comparison of the cyclic voltammetric behavior at glassy carbon electrode
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(GCE) and MWCNT/GCE suggests that the oxidation potential shifts favorably by 0.16 V for
mexacarbate along with the nearly 1.6 times increase in anodic peak current at MWCNT/GCE compared
to bare GCE. The MWCNT/GCE shows good stability, reproductively and towards mexacarbate.
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