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We reported a simple and low-cost ultrasound-assisted preparation of B-cyclodextrin/graphitized and
carboxylated multi-walled carbon nanotubes (3-CD/GR-MWCNTs-COOH) nanocomposite, which was
used to modify the glassy carbon electrode (GCE) to fabricate the p-CD/GR-MWCNTs-COOH/GCE
sensor for the determination of methyl parathion (MP). The phase structure and surface morphology of
B-CD/GR-MWCNTs-COOH nanocomposite was characterized by X-ray diffraction (XRD) and
scanning electron microscopy (SEM). For this nanocomposite, GR-MWCNTs-COOH had high
electrical conductivity, large specific surface area, and good hydrophilicity; f-CD promoted the uniform
dispersion of GR-MWCNTs-COOH and possessed excellent molecular recognition ability for organic
molecules. Electrochemical measurements showed that the f-CD/GR-MWCNTs-COOH/GCE sensor
presented good MP determination performance with high peak current response due to the synergistic
effect of B-CD and GR-MWCNTs-COOH. Under the optimal condition, the fabricated p-CD/GR-
MWCNTs-COOH/GCE sensor showed a low limit of detection of 0.027 uM in linear MP concentration
range of 0.01-15 pM. This work has a certain promoting significance for the development of high-
performance MP electrochemical sensor.

Keywords: Electrochemical determination; Methyl parathion; GR-MWCNTs-COOH,; B-cyclodextrin;
Synergistic effect

1. INTRODUCTION

Organophosphorus pesticides are extremely meaningful for the prevention of diseases and insect
pests [1, 2]. As one kind of organophosphorus pesticides, methyl parathion (MP) has been widely used
in the field of crop protection [3]. However, the MP residue has a serious impact on human health and
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environmental protection [4, 5]. Therefore, it is imperative to develop a rapid, sensitive, and convenient
determination method. In recent years, MP detection technology has experienced a rapid development.
Electrochemical detection technology has gained more and more interest due to the advantages of simple
operation, low cost and high sensitivity [6, 7]. The construction of high-performance electrode provides
a new idea for the rapid, accurate and stable detection of MP. According to the reported works [8-11],
the determination performance of sensing electrode depends on the modification materials such as
carbon materials (carbon nanotubes, graphene, porous carbon), and conductive polymers. Among them,
multi-walled carbon nanotubes (MWCNTS) have attracted extensive attention due to their large specific
surface area, high electrical conductivity, and hydrophilicity. It has been reported that different types of
carbon nanotubes possess different enhancement effects on the electrochemical performance of
electrochemical sensors [12, 13]. Compared with the unfunctionalized MWCNTS, the graphitized multi-
walled carbon nanotubes (GR-MWCNTS) can help enhance the electric conductivity of carbon
nanotubes due to the high graphitization degree and highly ordered graphitic structure [14, 15], and the
carboxylated multi-walled carbon nanotubes (MWCNTs-COOH) can present more uniform dispersion
effect due to the hydrophilicity of carboxyl functional groups [16, 17]. Ni et al. reported the GR-
MWCNTs-based composite modified GCE sensor, which showed excellent electrochemical sensing
determination performance [18]. Li et al. fabricated a novel electrochemical sensor based on the
MWCNTs-COOH modified GCE, which achieved more sensitive detection of bisphenol A with lower
limit of detection compared to the MWCNTSs modified GCE sensor [17]. Therefore, the graphitized and
carboxylated multi-walled carbon nanotubes (GR-MWCNTs-COOH) was selected as surface
modification material to fabricate the electrochemical sensor for the highly sensitive determination of
MP.

B-cyclodextrin (B-CD) was widely used in fields of biomedicines, food, environmental
protection, and agriculture. It has outer edge and hydrophobic inner cavity. The ring structure is
composed of hydrophobic inner cavity and water-absorbing outer edge. As a result, p-CD possesses
excellent molecular recognition and selection ability for organic molecules [19]. According to ethe
xisting literatures [20, 21], the interaction between van der Waals force of f-CD molecule and hydrogen
bond of adjacent cyclodextrin can promote the uniform distribution GR-MWCNTs-COOH. Therefore,
B-CD can be selected as surface modification material to fabricate the high-performance MP sensor.

In this work, we proposed a simple and low-cost ultrasound-assisted preparation of graphitized
and carboxylated multi-walled carbon nanotubes@p-cyclodextrin (B-CD/GR-MWCNTs-COOH)
nanocomposite, which was applied to modify the glassy carbon electrode (GCE) for the fabrication of
B-CD/GR-MWCNTs-COOH/GCE sensor. The fabrication process and MP determination mechanism of
B-CD/GR-MWCNTs-COOH/GCE sensor are shown in Scheme 1. GR-MWCNTs-COOH had large
specific surface area, high electrical conductivity, and hydrophilicity, and B-CD possessed excellent
molecular recognition and selection ability for organic molecules. Combined with their respective
advantages, the fabricated f-CD/GR-MWCNTs-COOH/GCE sensor showed excellent electrochemical
sensing performance for the determination of MP.
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Scheme 1. Fabrication of the B-CD/GR-MWCNTs-COOH/GCE sensor for the sensitive determination
of MP.
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2. EXPERIMENTAL

2.1 Materials and Reagents

Graphitized and carboxylated multi-walled carbon nanotubes (GR-MWCNTs-COOH), B-
cyclodextrin, anhydrous ethanol and dimethylformamide (DMF) were provided by Shanghai Aladdin
Biochemical Technology Co., Ltd. Alumina powders with different particle sizes were purchased from
CH Instruments Ins.

2.2 preparation of ;-CDIGR-MWCNTs-COOH/GCE Sensor

GR-MWCNTs-COOH (10 mg) was dispersed in 5 mL N, N-dimethylformamide (DMF) under
ultrasonic condition to obtain the dispersion solution of GR-MWCNTs-COOH (2 mg mL™?). Then, a
certain amount of B-CD (45 mg) was added to the above suspension with the help of ultrasonic dispersion
treatment to obtain the uniform B-CD/GR-MWCNTs-COOH suspension. In order to fabricate the -
CD/GR-MWCNTs-COOH/GCE sensor, the glassy carbon electrode was polished precisely by means of
aluminum oxide powder with different particle sizes (1.0 um, 0.3 um and 0.05 pm). And then, GCE was
rinsed by ethanol and deionized water in ultrasonic cleaner. Subsequently, the B-CD/GR-MWCNTSs-
COOH/GCE sensor was successfully prepared by dipping the f-CD/GR-MWCNTs-COOH suspension
(5 uL) on the polished GCE surface followed with infrared drying treatment.



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220653 4

2.4 Characterization and measurement

X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and scanning electron
microscopy (SEM) were used to investigate the phase structure and surface morphology. The
electrochemical behavior of MP at the fabricated sensor were analyzed by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) based on the CHI660E electrochemical workstation. The modified
B-CD/GR-MWCNTs-COOH/GCE sensor was used as working electrode, platinum wire as counting
electrode and saturated calomel electrode (SCE) as reference electrode.
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Figure 1. XRD spectra of (a) GR-MWCNTs-COOH, (b) B-CD and (c¢) p-CD/GR-MWCNTs-COOH.

3. RESULTS AND DISCUSSION

The XRD patterns of GR-MWCNTs-COOH, B-CD and B-CD/GR-MWCNTs-COOH samples
were shown in Fig. 1. It can be observed from Fig. 1(a) that there is an obvious characteristic diffraction
peak in the XRD pattern of GR-MWCNTs-COOH. The sharp and narrow diffraction peak suggests the
high graphitization degree, which means the excellent electrical conductivity [22]. There were no
diffraction peaks of other impurities in the XRD pattern of GR-MWCNTs-COOH, suggesting the high
purity. As shown in Fig. 1(b), the XRD pattern of B-CD is completely different from that of GR-
MWCNTs-COOH. For the B-CD/GR-MWCNTs-COOH composite, the corresponding XRD pattern
contains several characteristic diffraction peaks of f-CD and GR-MWCNTs-COOH, which confirm the
successful preparation of the B-CD/GR-MWCNTs-COOH nanocomposite.

The surface morphology of modification material has an important impact on the electrochemical
performance of electrochemical sensor. Fig. 2 shows the SEM images of GR-MWCNTs-COOH, -CD,
and B-CD/GR-MWCNTs-COOH samples. As shown in Fig. 2(a, b), GR-MWCNTs-COOH presents
one-dimensional nanostructure. The intertwined carbon network structure can be clearly observed in the
SEM images with different magnifications. It can be found from Fig. 2(c, d) that some agglomerated
particles appear in the SEM images of B-CD. Fig. 2(e, f) shows the SEM images of the 3-CD/GR-
MWCNTs-COOH nanocomposite at different magnifications. The obtained B-CD/GR-MWCNTSs-
COOH nanocomposite presents different surface morphology compared to the p-CD and GR-MWCNTSs-
COOH.



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220653 5

Figure 2. SEM images of (a, b) GR-MWCNTs-COOH, (c, d) B-CD, and (e, f) B-CD/GR-MWCNTSs-

COOH.
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Figure 3. CV curves of the bare GCE, GR-MWCNTs-COOH/GCE, and B-CD/GR-MWCNTSs-
COOH/GCE at 100 mV s in 5 mM Ks[Fe(CN)s]/K4[Fe(CN)g] solution containing 0.1m KCI.
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To investigate the electrochemical behavior of the B-CD/GR-MWCNTs-COOH/GCE sensor, the
cyclic voltammetry (CV) measurement was performed, as shown in Fig. 3. It can be seen that the CV
curve of the bare GCE sensor has a relatively weak reversible redox peak. After introducing GR-
MWCNTs-COOH, the fabricated GR-MWCNTs-COOH/GCE sensor can present high reversible redox
peak, which is closely related to the good electrical conductivity and large surface area of GR-
MWCNTs-COOH [15, 17]. For the B-CD/GR-MWCNTs-COOH/GCE sensor, the corresponding peak
current response is slightly smaller than that of the GR-MWCNTs-COOH/GCE sensor, which is
attributed to the poor electrical conductivity of B-CD [23, 24].
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Figure 4. CV curves of 50 uM MP at the bare GCE, GR-MWCNTs-COOH/GCE, and B-CD/GR-
MWCNTs-COOH/GCE sensors in 0.1 M PBS.

To investigate the electrochemical behavior of MP, the CV measurement of 50 pM MP at the
bare GCE, GR-MWCNTs-COOH /GCE, and f-CD/GR-MWCNTs-COOH/GCE sensors was performed
in 0.1 M PBS solution (pH=7, Scanning rate: 100mV s), as shown in Fig. 4. No obvious reversible
redox peak can be observed in the CV curve of the unmodified GCE sensor, suggesting the poor
determination performance of MP. by contrast, the peak current response of GR-MWCNTs-COOH/GCE
sensor is significantly increased due to the good electrical conductivity and large surface area of GR-
MWCNTs-COOH. For the B-CD/GR-MWCNTs-COOH/GCE sensor, there is an irreversible reduction
peak in the CV curve of 50 uM MP, which corresponds to the fact that the nitro group is irreversibly
reduced to hydroxylamine group [25, 26]. Moreover, a pair of reversible redox peaks can be clearly seen
in the CV curve, which has much to do with the reversible reaction between hydroxylamine group and
nitro group [27-29]. It is important to note that the f-CD/GR-MWCNTs-COOH/GCE sensor presents
the highest peak current response. This result mainly benefits from the synergistic effect of B-CD and
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GR-MWCNTs-COOH. GR-MWCNTs-COOH has high electrical conductivity, large specific surface
area, and good hydrophilicity [15, 17, 24]. B-CD can effectively promote the uniform dispersion of GR-
MWCNTs-COOH and possess excellent molecular recognition and selection ability for organic
molecules [23, 24]. The combination of f-CD and GR-MWCNTs-COOH significantly enhances the MP
determination performance at the B-CD/GR-MWCNTs-COOH/GCE sensor.

0 60 120 180 240 -0.6 0.3 00 03 0.6 5 6 7 M

Time/S E/V pH

Figure 5. (a) Influence of enrichment time on oxidation peak current, (b) effect of pH value on the DPV
curve of MP at the B-CD/GR-MWCNTs-COOH/GCE sensor, and (c) effect of pH on oxidation
peak current.

To enhance the determination performance of MP, the influence of enrichment time on the
current response was studied at the f-CD/GR-MWCNTs-COOH/GCE sensor, as shown in Fig. 5(a). The
peak current increased gradually with the increasing of enrichment time. When the enrichment time
reaches up to 120 s, the corresponding peak current response did not show no obvious change. In order
to improve the detection efficiency, 120 s is chosen as the optimal enrichment time for the determination
of MP at the B-CD/GR-MWCNTs-COOH/GCE sensor.

The determination performance of MP is also affected by the pH value of PBS solution. To
confirm the effect of pH value, the DPV curve of MP was investigated at the - CD/GR-MWCNTSs-
COOH/GCE sensor, and the pH value range is from 5.0 to 9.0. Fig. 5(b) shows the effect of pH value
on the DPV curve of MP at the B-CD/GR-MWCNTs-COOH/GCE sensor. It can be found from Fig. 5(c)
that the peak current response of MP increases first and then decreases with the increasing of pH value.
When the pH value is 7.0, the corresponding peak current response reaches up to the maximum value.
In order to achieve the optimal determination of MP, the pH value of 7.0 is selected for the subsequent
determination of MP.
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Figure 6. (a) Influence of scanning rate on the CV curve of 50 uM at the f-CD/GR-MWCNTs-
COOH/GCE sensor and (b) linear relationship between peak current value and scanning rate.
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Figure 7. (a) Effect of MP concentration on the DPV curve at the B-CD/GR-MWCNTs-COOH/GCE

sensor and (b) change relationship of anodic peak current with MP concentration (Concentration
range: 0.01, 0.05,0.1,0.4,0.7, 1, 3, 5, 7, 10, 15 pM).

Fig. 6 shows the effect of scanning rate on the CV curve of 50 uM at the B-CD/GR-MWCNTSs-
COOH/GCE sensor, and the corresponding scanning rates are 30, 50, 100, 150, 200, and 300 mV/s,
respectively. It can be obviously observed from Fig. 6(a) that the scanning rate produces an obvious
impact on the CV curve of 50 uM. As shown in Fig. 6(b), the current response of oxidation peak and
reversible reduction peak gradually increased with the increasing of scanning rate, and the peak-to-peak
potential difference also gradually increased. Especially, the peak current value has a linear relationship
with the scanning rate. The corresponding regression equations are described as lo (HA)=
0.5225V+27.758 (R?=0.99232) and Ir (MA)= -30.545V-1.0183 (R?=0.9958). The above analysis result
suggests that the electrochemical reaction of MP at the B-CD/GR-MWCNTs-COOH/GCE sensor
belongs to the surface-controlled electrochemical process.
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Table 1 Comparison of different MP electrochemical sensors.

Detection limit  Linear range

Electrode Reference
(M) (M)
CNT/CPE 0.27 1.00-6.25 [30]
Nano-GO-SiO,-GCE 2.09 6.25-1000 [31]
PEI-rGO/GCE 0.41 0.59-59 [32]
ZrO,-ChCI-AuNPs/CPE 0.025 0.22-55 [33]
CS-Fe203-ERGO/GCE 0.15 1-100 [34]
B-CD/GR-MWCNTs-COOH/GCE 0.027 0.01-15 This work
(a)200 (b)
200
160 1
150 4
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Figure 8. (a) Reproducibility and (b) repeatability of the B-CD/GR-MWCNTs-COOH/GCE sensor.

Fig. 7(a) shows the effect of MP concentration on the DPV curve at the B-CD/GR-MWCNTSs-
COOH/GCE sensor, and the corresponding MP concentration ranges are 0.01, 0.05, 0.1, 0.4, 0.7, 1, 3,
5,7, 10, and 15 uM. It can be observed from Fig. 7(a) that the oxidation peak current shows an obvious
upward trend with the increase of MP concentration. Fig. 7(a) shows the change relationship of anodic
peak current with MP concentration. The corresponding regression equation is described as | (LA)=
5.48335C+1.38224 (R?=0.9943). Based on the calculation result, the detection of limit can reach up to
0.027 uM. Table 1 lists the comparison of MP determination performance at the p-CD/GR-MWCNTs-
COOH/GCE sensor and other reported sensors. It can be found that the fabricated B-CD/GR-MWCNTSs-
COOH/GCE sensor shows better MP determination performance compared to the reported sensors. This
result mainly benefits from the synergistic effect of B-CD and GR-MWCNTs-COOH. GR-MWCNTs-
COONH has high electrical conductivity, large specific surface area, and good hydrophilicity [15, 17, 24].
B-CD can effectively promote the uniform dispersion of GR-MWCNTs-COOH and possess excellent
molecular recognition and selection ability for organic molecules [23, 24]. The combination of 3-CD
and GR-MWCNTs-COOH significantly enhances the MP determination performance.

The reproducibility and repeatability are very important for the practical application of
electrochemical sensor. The reproducibility measurement was performed based on five different -
CD/GR-MWCNTs-COOH/GCE sensors. Fig. 8(a) shows the peak current value of differential pulse
voltammetry (DPV) curves of 50 uM MP at the B-CD/GR-MWCNTs-COOH/GCE sensor. The peak
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current responses of these sensors do not show obvious change, suggesting the good reproducibility. Fig.
8(b) shows the repeatability of the B-CD/GR-MWCNTs-COOH/GCE sensor. The reproducibility
measurement was performed based on five repeatable determination measurement of 50 uM MP at one
B-CD/GR-MWCNTs-COOH/GCE sensor. The good consistency can be observed without obvious
change, which suggests the good repeatability.

To confirm the practicability of the B-CD/GR-MWCNTs-COOH/GCE sensor, two real samples
(tap water and lake water) were first filtered by using a standard 0.22 pm filter and then spiked with MP
standard solutions. All samples were measured for three times. The recovery of MP in each water sample
is the average value of three measured concentration. Table 2 lists the analytical result of MP in real
samples using the proposed sensor. It can be found that the B-CD/GR-MWCNTs-COOH/GCE sensor
presents satisfactory recoveries of 95.6%-100.1% and relative standard deviation (RSD) values of 2.03-
4.09, which suggest the good practicability of the proposed sensor for the MP determination in real
samples.

Table 2. Analytical results of MP in real samples using the B-CD/GR-MWCNTs-COOH/GCE sensor.

MP added MP found RSD
Sample (M) (M) Recovery (%) (%)
Tap water 5.00 4.98 99.6 4.09

10.00 9.75 97.5 3.18
L ake water 5.00 4.78 95.6 4.04

10.00 10.01 100.1 2.03

4. CONCLUSION

This work developed a novel B-CD/GR-MWCNTs-COOH/GCE sensor for the sensitive
determination of MP based on the graphitized and carboxylated multi-walled carbon nanotubes@)-
cyclodextrin nanocomposite modified GCE. Compared with the bare GCE sensor, the fabricated -
CD/GR-MWCNTSs-COOH/GCE sensor could showed good MP determination performance with low
detection of limit of 0.027 uM in linear MP concentration range of 0.01-15 uM. Such good determination
performance had much to do with the synergistic effect between GR-MWCNTs-COOH and B-CD. This
work could provide important reference value for the design of high-performance MP electrochemical
Sensor.
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