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An electrochemical method using carboxylic multi-walled carbon nanotubes (MWCNTs-COOH)
modified glassy carbon electrode (GCE) was described for detecting nitrofurazone (NF) and
semicarbazide (SEM) residual. The chemical structure and morphological features of carboxylic multi-
walled carbon nanotubes were determined by FTIR spectroscopy and scanning electron microscope.
The electrochemical behavior of NF and SEM on MWCNTs-COOH/GCE was also investigated by
cyclic voltammetry (CV). And the effect of the buffer pH and scan rate was optimized. Under the
optimized experimental conditions, the linear relationship between the peak current and the
concentration of NF and SEM was determined using the amperometry (AMP). The linear relationship
of NF was Ip(uA) =-21.050-0.095¢(umol L™), r = 0.999, with a detection limit of 2.24x10” mol L™
(S/N=3). The linear relationship of SEM was I,(nA) =-0.269+0.0599c(mol L), r=0.998, with a
detection limit of 1.88x10”" mol L™ (S/N=3). Finally, the modified electrode was successfully applied
in the real sample and the average recoveries for NF and SEM were 91.1~94.0% and 92.9~98.0%,
respectively.
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1. INTRODUCTION

Nitrofurans (NFs), a group of synthetic broad-spectrum antibiotics, have been widely used in
farming and aquaculture. Nitrofurans have obvious effects on the prevention and treatment of animal
diseases, but their drug residues pose a serious threat to people's health [1, 2]. Long-term consumption
of foods containing nitrofurans will cause side effects on human body. Nitrofurans are very unstable in
nature and rapidly metabolize to semicarbazides (SEM), 3-amino-2-oxazolidinyl ketones (AOZ), 3-
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amino-5-methylm-morpholino-2-oxazolidinone (AMOZ) and other metabolites [3-5]. And their
metabolites can be combined with the protein and exist of long-term stability, causing teratogenic and
mutagenic effects, which seriously endangering human health. At present, the use of NFs in food-
producing animals has thus been forbidden in several countries and regions with the aim of avoiding
harmful effects on human health [6-9]. However, due to their low price and significant efficacy, they
have been used by lawless elements in livestock, poultry and aquaculture. NFs and their metabolites
are still being detected continuously [10]. Therefore, it’s an urgent task to find a fast and effective
method to detect and control the NFs and their metabolites in food.

Various analytical methods such as high-performance liquid chromatography (HPLC) [11, 12],
high performance liquid chromatography-mass spectrometry (LC-MS) [13, 14], high performance
liquid chromatography-tandem mass spectrometry (LC-MS/MS) [15, 16], colloidal gold immunoassay
[17] and enzyme-linked immunosorbent assay (ELISA) [18] have been reported for the detection of
NFs and their metabolites. Although these methods can achieve satisfactory results, they usually
require expensive equipments, professionals to operate and high cost [19]. It’s well-known that
electrochemical analysis methods are reputable with the advantages of fast, sensitive, inexpensive,
easy to operate and other advantages of concern [20]. Currently, the use of electrochemical detection
of NFs and its metabolites is relatively poorly reported. He [21] etc. designed a novel electrochemical
sensor for the detection of NF and SEM using Fe;04/Gr/GCE, with the detection limits of 2.92x10®
mol L™ for NF and 6.17x10"mol L™ for SEM. Zhang [22] etc. studied fluorescence sensor for NF
using MANPK as sensing carrier, with a detection limit of 4.5x10° mol L™.

Since carbon nanotubes (CNTs) were discovered in 1991, they have attracted much attention
due to its excellent electrical conductivity and other properties [23, 24]. Multi-walled carbon nanotubes
(MWCNTS) were of interest because of their properties such as high conductivity, large surface area,
fast electron transfer and biocompatibility [25, 26]. Non-carboxylated MWCNTSs exist a large number
of electrostatic interactions, resulting in a decrease in stability and durability of the sensor [27]. In
addition, MWCNTSs tend to agglomerate, affecting their dispersion in solution [28]. Compared with
MWCNTs, MWCNTs-COOH have a high specific surface area, good chemical stability and
compatibility [29, 30]. Thus, carboxyl functional groups (COOH) were grafted onto the surface of
MWCNTSs in the experiment.

In this paper, we fabricated an electrochemical sensor by using MWCNTs-COOH modified
GCE. Compared with bare GCE, the MWCNTs-COOH modified electrode strongly enhanced the
current of NF and SEM and thus the detection sensitivity was significantly improved. Finally, the
MWCNTs-COOH/GCE was effective in the detection of NF and SEM in the real sample.

2. EXPERIMENTAL

2.1. Chemicals and reagents

Nitrofuranzone (NF) was purchased from Shanghai yuanye Bio-Technology Co., Ltd.
(Shanghai, China). Semicarbazide hydrochloride (SEM-HCI) was purchased from Thermo Fisher
Scientific (China) Co., Ltd. (Shanghai, China). Multi-walled carbon nanotubes (MWCNTS) were
supplied by Beijing Gaoke Technology Material Co., Ltd. (Beijing, China). N, N-dimethylfomamide



Int. J. Electrochem. Sci., Vol. 13, 2018 4173

(DMF) were purchased from Tianjin Kermel Chemical Reagent Co., Ltd (Tianjin, China). All other
chemicals are of analytical grade and double distilled water was used throughout the experiment.

2.2. Apparatus

All the electrochemical measurements were performed using a CHIG60E electrochemical
workstation (Shanghai Chen Hua Instrument Company, china) with a conventional three-electrode
system comprising a working electrode (GCE), a counter electrode (Ag/AgCl) and a reference
electrode (Pt wire). Fourier Transform infrared spectroscopy (FTIR) was carried out on Nicolet 6700
(Thermo Fisher Scientific, America) and scanning electron microscope (SEM) was carried out on
JSM-6700F (Japan Electron Company).

2.3. Synthesis of MWCNTs-COOH

MWCNTs-COOH were prepared according to a mixed acid phase oxidation method [31].
Briefly, 1.0 g of MWCNTSs was added to 80 mL of mixed acid (H2SO4:HNO3=3:1), and the mixture
was sonicated for 12 h to oxidize until homogeneous ink was formed. Then, the solution was vacuum
filtered through a 0.02 um polycarbonate filter and rinsed with double distilled water until the filtrate
was neutral. Finally, the treated MWCNTSs were dried in vacuum oven (100 C, 4 h) and stored in
desiccator for further use.

2.4. Preparation of MWCNTs-COOH modified GCE

Prior to modification, bare GCE was carefully polished with 0.3 and 0.05 pm alumina powder
to a mirror surface, sonicated in absolute ethanol and ultrapure water for 5 min to remove any adsorbed
substances on the electrode surface, and then dried at room temperature. Then, 2 pL of 0.01 g mL™
MWCNTs-COOH dispersed in DMF solution was dropped onto the polished GCE surface. Finally, the

electrode was dried under infrared light. MWCNTs-COOH/GCE was obtained.

2.5. Electrochemical measurements

CV and EIS were done by using a CHI660E electrochemical workstation at room temperature.
CV was performed in 1 mol L™ HAc-NaAc buffer. The scan rate was 0.1 V s™, and the potential
ranged from -1.0 to 1.0 V. EIS was carried out in a probe solution containing 0.1 mol L™ KCI and 10
mmol L™ Ks[Fe(CN)s]/Ka[Fe(CN)¢] redox pair with the following parameters: the frequency range
0.1~100000 Hz; alternating current amplitude 5 mV. AMP was tested in the following parameters:
initial potential: -0.36 V, sampling interval: 0.01, experiment time: 600 s, sensitivity: 1.6,
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3. RESULTS AND DISCUSSION

3.1. Characterization of MWCNTs-COOH using FTIR and SEM

The FTIR spectra of MWCNTs and MWCNTs-COOH were illustrated in Fig.1. The
characteristic absorption band corresponded to OH at 3400 cm™. After treating the MWCNTS, there
was no change among the OH. However, changes occurred at at 1574.12 cm™ and 1712.40 cm™,
corresponding to C-O and C=0, which was consistent with the result of carboxylic reported in
reference [28, 32]. It showed that carboxyl groups were successfully introduced to the surface of
MWCNTSs after mixed acid treatment.
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Figure 1. FTIR spectra of MWCNTSs (a) and MWCNTs-COOH (b)

SEM image of MWCNTs and MWCNTs-COOH was shown in Fig.2. Compared with
MWCNTSs (Fig.2.A), the structure of MWCNTs-COOH (Fig.2.B) has changed to some extent. For
example, the diameter of the MWCNTs-COOH was significantly reduced and the length was shorter.
MWCNTs-COOH had larger specific surface area and higher electrocatalytic activity which were
conducive to the detection of analytes. These results were similar to those of the past literatures [33-
35].

Figure 2. SEM image of MWCNTSs (A) and MWCNTs-COOH (B)
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3.2. Electrochemical impedance spectroscopy (EIS) behavior of GCE

To understand the characterisation of the modified electrode, the electrochemical behaviors of
different modified GCE were studied by EIS. In Fig.3, arcs appearing in the high frequency region had
a circular diameter corresponding to the electrode's electron transfer resistance (Ret). The bare GCE
exhibited a pronounced circle domain (Ret=200Q2). Curve b was the EIS graph of MWCNTs/GCE.
After MWCNTs modified on GCE, the resistance of GCE was significantly reduced (Ret=100Q),
indicating MWCNTSs could improve its conductivity on the surface of GCE by promoting the electron
transfer rate. The semicircular diameter of MWCNTs-COOH/GCE was very small compared to
MWCNTSs/GCE (curve c¢) (Ret=502). These results were consistent with these references [25, 36, 37].
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Figure 3. EIS of different electrodes in 10 mmol L™ [Fe(CN)e]*’* containing 0.1 mol L KCI (a. bare
GCE; b. MWCNTs/GCE; ¢. MWCNTs-COOH/GCE. Frequency range: 0.1~100000 Hz.
Amplitude: 5 mV.)

3.3. Electrochemical response of NF and SEM
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Figure 4. A: CV of (a) bare GCE in the absence of NF, (b) bare GCE, (¢) MWCNTSs/GCE, (d)
MWCNTs-COOH/GCE in the presence of 2x10” mol L™ NF in 1 mol L* HAc-NaAc
buffering solution (pH6.0), and B: (a) bare GCE in the absence of SEM, (b) bare GCE, (c)
MWCNTSs/GCE, (d) MWCNTs-COOH/GCE in the presence of 1.0x10% mol L™ SEM in 1 mol
L' HAc-NaAc buffering solution (pH 6.0).
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CV of bare GCE, MWCNTs/GCE and MWCNTs-COOH/GCE were scanned in a 2.0x10™ mol
L™ NF solution. As shown in Fig.4 (A), the reduction peak didn’t appear when NF was not present in
the solution (curve a). When the concentration of NF was 2.0x10™ mol L™, a reduction peak appeared
at -0.441 V, the current value was -6.559x10° A, indicating that electrochemical reaction occurred in
NF solution (curve b). Curve c and curve d were the CV of MWCNTs/GCE and MWCNTSs-
COOH/GCE, the reduction peak potential and current values corresponding to -0.430 V, -7.350x10° A
and -0.441 V, -1.111x10* A. Compared with bare GCE, the reduction peak current of modified GCE
was significantly improved. The reduction peak current of MWCNTs-COOH/GCE was 69.39% higher
than bare GCE, which was 51.16% higher than that of MWCNTSs/GCE, indicating that the
electrocatalytic activity of MWCNTs-COOH modified GCE was significantly increased. Then, similar
situation can be seen from Fig.4 (B), when the concentration of SEM was 1.0x10% mol L™, the
oxidation peak appeared at about 0.730 V for bare GCE with the current value of 3.942x10™* A (curve
b), indicating that electrochemical reaction of SEM occurred. Curve ¢ and curve d were the CV for
MWCNTSs/GCE and MWCNTs-COOH/GCE of 1.0x10 mol L™ SEM solution. It was also higher than
bare GCE, when modifying MWCNTs-COOH on GCE. As a result, compared with MWCNT, the
electrocatalytic efficiency of MWCNTs-COOH modified GCE was significantly increased. Therefore,
MWCNTs-COOH/GCE was identified as the best electrode and used in the subsequent experiments. It
showed that the experiment results were in accordance with the results of SEM and EIS analysis and
were consistent with previous references [38, 39].

3.4. Optimization of pH
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Figure 5. The change of peak current at different pH (A. NF; B. SEM)

In electrochemical determination, the pH of the electrolyte has a very important effect on the
detection. In Fig.5, CV of MWCNTs-COOH/GCE to 2.0x10™ mol L™ NF solution and 1.0x107 mol L°
! SEM solution at different pH was shown. From Fig. 5 (A), the reduction peak current reached the
maximum value at pH 4.0, indicating that the detection system was in ideal assay condition. From
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Fig.5 (B), the oxidation peak current reached the highest value at pH 7.0. It could be concluded that the
optimum pH for the detection of NF and SEM were pH 4.0 and pH 7.0, respectively.

3.5. Influence of scan rates

As shown in Fig.6 and Fig.7, CV of 2.0x10* mol L™ NF and 1.0x10 mol L™ SEM was
scanned based on MWCNTs-COOH modified GCE at different scan rates. In Fig.6 (A), the scan rate
ranged from 0.01 to 0.16 V s™ and the buffer pH was 4.0. Fig.6 (B) showed that the NF peak current
has a linear relationship with the scan rate: 1,(A)=-1.31x10"-1.84x10"v (V s™), r= 0.979. In Fig.7 (A),
the scan rate ranged from 0.01 to 0.16 V s™ and the buffer pH was 7.0.
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Figure 6. (A) CV of 2.0x10™ mol L™ NF at different scanning rares (0.01~0.16 V/s); (B) The linear
relationship between scan rates and peak current.
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Figure 7. (A) CV of 1.0x102mol L™ SEM at different scanning rares (0.01~0.16 V/s); (B) The linear
relationship between scan rates and peak current.

This explained that the reaction of NF on the electrode was mainly affected by the diffusion
control. Electroactive substances reached the electrode surface after the diffusion process, and then
participated in the reaction on the electrode surface through the adsorption process. Due to the slow
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electrochemical reaction and the rapid diffusion of NF, adsorption control was the control of the whole
reaction. At a scan rate of 0.1 V s, the current of NF was relatively small and had little effect on the
measurement results. In addition, 0.1 VV s was chosen to measure NF as the optimal rate considering
the reaction time.

From Fig.7 (B), linear relationship of the SEM oxidation peak current versus the square root of
the scan rate was: 1,(A)=2.78x10+5.42x10-4v"4(V s1)!*2, r=0.975. Different from the reaction of NF
on the electrode, the electrochemical reaction was relatively fast and the diffusion of SEM was
relatively slow. The reaction has been completed on the surface of SEM which is involved in the
electrochemical reaction. Based on factors such as reaction time and charge current, the scan rate of
SEM for MWCNTs-COOH/GCE was chosen to be 0.1 V' s™.

3.6. Electrochemical detection of NF and SEM
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Figure 9. (A) Current-time plots for different concentrations of SEM; (B) The corresponding
calibration curve.

The MWCNTs-COOH/GCE was used to measure NF and SEM in the range of concentration
from 5.0x10° mol L™ to 1.09x10° mol L™ using amperometry (AMP). From Fig.8.(A) and Fig.9.(A),
the peak current gradually increased with increasing concentration. The linear equation between NF
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reduction peak current and concentration was Ip(nA) =-21.050-0.095c(umol L"), r=0.999. The
detection limit of NF was 2.24x10”" mol L™. The linear relationship between the peak current and the
concentration of SEM was: 1,(A) =-2.688x107 + 0.0599c(mol L™, r=0.998. The detection limit of
SEM was 1.88x107 mol L. Compared with other methods for detecting NF and SEM, the method had
a lower detection limit (Table 1) [21, 22]. The MWCNTs-COOH/GCE showed relatively high
sensitivity and electrocatalytic activity.

Table 1. Comparison of performance of different methods for detection of SEM and NF

Modification Electrochemcial Target Limit of detetion Reference
methods techniques (umol L)
Fe304/Gr/GCE ~ Amperometric i-t NF 2.920 21
curve SEM 0.617
MANPK
(fluorescent Fluorescence NF 4.500 22
carrier)
MWCNTs- Amperometric i-t NF 0.224 This work
COOH/GCE curve SEM 0.188

3.7. Interference of coexisting substances

CV was used to determine 0.01 mol L™ NF and SEM. The effects of inorganic substances, such
as glucose, sucrose and organic matter, which were added 100 times, and 150 times of MgSO,, KClI,
NH4CI, CaCl, and NaCl on the current response were investigated. The results showed that RSD of the
peak current before and after addition was less than 5%. It showed that the common coexists had little
effect on the detection of NF and SEM by MWCNTs-COOH/GCE and could be applied to the actual
detection of nitrofuran drugs.

3.8. Analysis of NF and SEM samples

Table 2. Detection results of of NF spiked in real pig liver samples by MWCNTs-COOH/GCE (n = 3)

Sample Added Founded Recovery RSD
(NF) (umol L) (umol L) (%) (%, n=23)

1 20.0 18.5 92.5 2.28

2 40.0 37.6 94.0 1.62

3 60.0 54.7 91.1 4.32

Based on the three-electrode working system, the actual samples of pig liver were spiked with
MWCNTs-COOH/GCE. As shown in Table 1 and Table 2, NF and SEM were not detected in the
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actual samples. The recoveries of three levels of NF and SEM were 91.1~94.0%, 92.9~98.0%,
respectively. Therefore, the strategy can be used to detect actual sample.

Table 3. Detection results of of SEM spiked in real pig liver samples by MWCNTs-COOH/GCE (n =

3)
Sample Added Founded Recovery RSD
(SEM) (umol L) (umol L) (%) (%, n=23)
1 20.0 19.3 96.5 3.80
2 40.0 37.1 92.9 0.97
3 60.0 58.8 98.0 2.90

4. CONCLUSIONS

To summarize, a simple and sensitive electrochemical analytical method for detection of NF
and SEM has been established successfully. With the assistance of MWCNTs-COOH, the
electrochemical measurement signal could be enhanced sharply. MWCNTs-COOH/GCE exhibits
superior performance such as low detection limit, higher sensitivity. The proposed method is expected
to the application in the detection of real sample.
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