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In this study, a novel electrochemical sensor was developed by modifying carboxylated graphene/poly-
L-asparagine (CG/poly-L-Asn) on glassy carbon electrode (GCE) using a combination of
electropolymerization and adsorption methods. The electrochemical catalytic activity of hydroquinone
(HQ) and catechol (CC) was studied by cyclic voltammetry and differential pulse voltammetry. Under
the optimized conditions, the peak potential difference between HQ and CC is ~108 mV. This indicates
the electrochemical sensor has anti-interference ability, and it can simultaneously detect these
compounds. The limit of detection (S/N = 3) for HQ and CC is 0.0750 uM and 0.1362 uM, respectively.
The results show that the prepared CG/poly-L-Asn/GCE has good repeatability and sensitivity, and the
proposed sensor can be prepared using a simple method with a low cost.
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1. INTRODUCTION

Hydroquinone (1,4-dihydroxybenzene, HQ) and catechol (1,2-dihydroxybenzene, CC) are two
isomers of a phenolic compound (dihydroxybenzene). HQ and CC are widely used in cosmetics,
pesticides, pharmaceuticals, flavoring agents, antioxidants, coal tar, leather, plastic, dyes, and other
fields[1-4]. HQ and CC are considered as important environmental pollutants due to their high toxicity
and low degradability in ecological environment. Even in trace concentrations, HQ and CC can cause
harm to humans and animals. Therefore, it is essential to determine the presence of these phenolic
isomers for environmental control, food safety, medicine, and other fields. So far, many methods have
been developed for the determination of HQ and CC, including high-performance liquid
chromatography[5], gas chromatography[6], spectrophotometric analysis[7], synchronous fluorescence
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spectroscopy[8], chemiluminescence spectroscopy[9], and flow injection analysis[10,11]. However, the
chromatographic methods are more complex. Before the signal detection, the sample should be
pretreated and separated. At the same time, a large amount of organic solvent is needed to prepare the
mobile phase, causing pollution. Spectroscopic methods are similar to chromatographic methods,
requiring large instruments. The resulting spectra are complex and should be analyzed in detail.
Compared with the above methods, the electrochemical method has the following advantages: simple
operation, low cost, rapid detection, sensitive, can be easily miniaturized, and the samples can be
analyzed online in real time. Thus, the electrochemical method has a strong application prospect. HQ
and CC often coexist in environmental samples. Because of their similar structure and properties[1,12],
there are many challenges for the simultaneous determination of HQ and CC using electrochemical
methods. For example, their volt-ampere peaks are very wide and overlap each other at ordinary
electrode[2,13,14]. In addition, CC and HQ interfere with each other at the time of simultaneous
determination, making their individual identification very difficult[15]. The competition between
oxidation and adsorption at the electrode surface makes the relationship between voltammetric response
and concentration nonlinear[13,16].

To simultaneously determine the isomers of dihydroxybenzene, many materials have been used
to modify the electrode. Graphene is a new carbonaceous material composed of a two-dimensional
honeycomb lattice structure[17,18]. Graphene has many advantages such as good electron transport
performance, large specific surface area, high electrocatalytic activity, good chemical stability, and easy
modification[19]. At present, the development and construction of new highly sensitive and highly
selective modified electrodes and sensors using graphene’s unique electrochemical properties have
become a hot topic of current research.

In this study, carboxylated graphene/poly-L-asparagine (CG/poly-L-Asn) was modified on the
surface of glassy carbon electrode (GCE); this further improved the selectivity and sensitivity of
electrode and enabled the simultaneous determination of HQ and CC. This is because an electrode
modified with a polymer film has many advantages such as a high concentration of active groups,
uniform film formation, easy control of thickness, good stability, high selectivity, and strong adhesion
to the electrode surface. Therefore, this has been widely studied in the past few years.

In this study, a CG/poly-L-Asn modified electrode was prepared. The presence of HQ and CC in
a binary mixture was determined by cyclic voltammetry (CV) and differential pulse voltammetry (DPV).
Compared with an ordinary electrode, the modified GCE shows excellent performance and can separate
the volt-ampere signals of HQ and CC in the binary mixture. This study reports the sensitivity, selectivity,
and stability of CG/poly-L-Asn/GCE for the simultaneous determination of HQ and CC. Thus, this study
provides a new idea for the determination of phenolic isomers.

2. EXPERIMENTAL

2.1. Reagents and Instruments

T The materials used in this study are as follows: graphene oxide (GO), chloroacetic acid, sodium
hydroxide, and L-asparagine (L-Asn). Ultrapure water with a resistance of 18.25 MQ-cm was used in
all the experiments. The following equipment were used: Electrochemical workstation (CHI660E,
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Shanghai Chenhua Instrument Company); three-electrode system: GCE, platinum electrode, and
saturated calomel electrode (SCE); freeze dryer; Fourier transform infrared spectrometer (VERTEX 80,
Bruker Corporation).

2.2. Preparation of CG

To obtain a uniform suspension of GO in water, 3 mg GO was dispersed in 300 mL water and
sonicated for 1 h in a water bath. Then, 18 g of sodium hydroxide was added to the GO suspension and
sonicated for 3 h. Then, 15 g chloroacetic acid was added, and the mixture was sonicated for 3 h,
converting the hydroxyl and epoxy groups on the surface of GO to carboxyl groups. The CG thus
prepared was collected by suction filtration and then washed to neutral pH with ultrapure water; finally,
the obtained CG was freeze-dried for 12 h in a vacuum freeze dryer and stored in a vacuum box.

2.3. Preparation of the CG/poly-L-Asn/GCE

The GCE was polished on a polishing pad using alumina powder with a particle size of 0.05 um
until the mirror surface was smooth and washed with ultrapure water. The GCE was then ultrasonically
washed with absolute ethanol and ultrapure water for 5 min and finally dried under nitrogen atmosphere.
Then, 5 mg of CG was dispersed in 5 mL of aqueous solution and kept in an ultrasonic bath for 20 min
to obtain a homogeneous suspension. 10 uL of the suspension was taken with a pipette and placed on
the surface of GCE, and the suspension was allowed to dry at room temperature to obtain the CG/GCE.
L-Asn was polymerized on the CG/GCE surface by CV. Between the potential windows of —0.6 to 1.6
V, the CG/GCE was scanned for 10 cycles in 0.1 M PBS (pH = 6.8) containing 2.5x10~> M L-Asn at a
scan rate of 140 mV/s. Then, the prepared CG/poly-L-Asn/GCE was thoroughly washed with ultrapure
water and used to determine HQ and CC in a binary mixture.

3. RESULTS AND DISCUSSION

3.1. Infrared spectrum of GO and CG
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Figure 1. FT-IR spectra of GO and CG



Int. J. Electrochem. Sci., Vol. 14, 2019 10046

Figure 1 shows a strong absorption peak at 3434 cm™' owing to O—H stretching vibration. The

1

relatively weak absorption peak at 2921 cm™ can be attributed to C—H stretching vibration. The

relatively strong absorption peak at 1629 cm™!

can be assigned to C=O stretching vibration. The
relatively strong absorption peak at 1384 cm™! can be attributed to O—H bending vibration. The weak
absorption peak at 1251 cm™! can be assigned to C—O—C stretching vibration. The strong absorption peak
at 1052 cm™' can be attributed to C—O stretching vibration. The weak absorption peak at 878 cm™! can
be assigned to C—O—C bending vibration[20]. After the carboxylation of GO, the absorption peak

strength of C=0 and O—H significantly enhanced, indicating that GO was carboxylated.

3.2. Electrochemical behavior of CG/poly-L-Asn/GCE
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Figure 2. Cyclic voltammograms of different working electrodes in 5.0 mM [Fe(CN)s]
0.1 M KCl. (a) GCE, (b) GO/poly-L-Asn/GCE, (c) CG/poly-L-Asn/GCE.

374 containing

Cyclic voltammetric scan was performed in solutions containing 5.0 mM [Fe(CN)¢]*~~ and 0.1
M KCI. The potential range was set to —0.2 to 0.6 V, and the scan rate was set to 100 mV/s. Figure 2

shows the cyclic voltammograms of [Fe(CN)q]> 74~

oxidation on different working electrodes. Compared
with GCE, CG/poly-L-Asn/GCE shows a significant increase in redox peak current, and the electron
transfer rate also increased significantly. Compared with the CG/poly-L-Asn/GCE, a low redox peak
current response was observed at the GO/poly-L-Asn/GCE. The difference between these two indicates
that the surface properties of electrode changed, and graphene was successfully carboxylated, which can

promote electron transfer on the surface of modified electrode[21].
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3.3. Effect of Operational Parameters

3.3.1. Effect of support electrolyte and pH
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Figure 3. Differential pulse voltammograms of mixtures of 30 uM HQ and CC in different support

electrolyte.

DPV was performed in different buffer solutions using the CG/poly-L-Asn/GCE on 30 uM HQ
and CC mixtures. As shown in Figure 3, the oxidation potentials of HQ and CC are basically the same
in pH 6 acetate-sodium acetate buffer solution (HAc-NaAc) and pH 6 phosphate buffer solution (PBS).
However, in pH 6.8 B-R buffer solution, both the oxidation potentials negatively shifted. The response
of HQ and CC was the best in PBS; therefore, it was selected as the supporting electrolyte.
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Figure 4. (a) Differential Pulse Voltammograms of mixtures of 30 uM HQ and CC in PBS solution with
different pH. (b) Graph of PBS solution vs. peak current.

The response current of 30 uM HQ and CC mixtures with the same concentration was studied at
GO/poly-L-Asn/GCE by DPV in PBS solution with different pH. Figure 4(a) shows that the response
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current of HQ and CC is better when pH is 6.8 and 7.8. As shown in Figure 4(b), the oxidation potential
of HQ and CC shifted continuously with the increase in pH, indicating that the catalytic oxidation of HQ
and CC is accompanied by the participation of protons[22,23]. The pH of supporting electrolyte is
between 6.0 and 8.0. The oxidation peak potentials of HQ and CC negatively correlated with their linear
relationships. Their linear regression equations are Epa = 0.424 — 0.06pH and Epa = 0.528 — 0.06pH
(Epa in V, R?= 1). The slope of both equations is 0.06 V/pH, which is close to the theoretical equation
of proton electron transport of Nernst equation, 0.059 V/pH. This indicates that protons participated in
the oxidation reactions of HQ and CC, and the number of transferred electrons is equal to the number of
protons. In conclusion, pH 6.8 PBS solution was selected as the supporting electrolyte in subsequent
experiments. According to the formula —0.059x/n =—0.06 (where 7 is the number of transferred electrons,
and x 1s the number of protons involved in the reaction), x = n = 2. The redox process of both HQ and

© +2e",+2H, ¢
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CC is shown in Scheme 1.

Hydroquinone
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Scheme 1. Electrochemical oxidation mechanism of HQ and CC

3.3.2. The effect of polymerization substrate and pH
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Figure 5. Effect of polymerization substrate (a) and pH (b) on peak current response of mixtures of 30
uM CC and HQ in 0.1 M PBS of pH 6.8
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Ina 0.1 M PBS (pH 6.8), 0.1 M HAc-NaAc (pH = 6), and BR (pH = 6.8) containing 2.5 uM L-
Asn, L-Asn was polymerized on the surface of CG/GCE by CV to form a polymer film. The effect of
polymerization substrate on the electrocatalytic activity of HQ and CC was evaluated by the DPV
detection of 30 pM HQ and CC mixtures. As shown in Figure 5(a), compared with HAc-NaAc and BR,
CG/poly-L-Asn/GCE formed by polymerizing L-Asn in PBS showed a significant response during the
simultaneous detection of HQ and CC; thus, L-Asn was polymerized in PBS. The effect of polymer films
formed under different pH of polymerization substrate solution on the electrocatalytic activity of HQ
and CC was evaluated by the DPV detection of 30 pM HQ and CC mixtures. Figure 5(b) shows that at
pH 6.8 and 7.8, the CG/poly-L-Asn/GCE obtained by polymerizing L-Asn has a better response to HQ
and CC, whereas at pH 6.0, the response is very low. In this study, pH 6.8 PBS was used as the
polymerization substrate solution for subsequent experiments.

3.3.3. The effect of polymerization potential
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Figure 6. Graph of anodic peak current of oxidation of mixtures of 30 uM CC and HQ in 0.1 M PBS of
pH 6.8 vs. number of polymerization potential.

The initial potential was maintained at —1.2 V, and the final potential was 1.8, 2.4, 3.0, 3.6, and
4.2 V. Only when the final potential is greater than 1.5 V, the oxidation of amino group can form the
corresponding cation radical, forming a C—N bond with the carbon electrode surface to obtain a polymer
film[24,25]. As shown in Figure 6, the response to 30 uM HQ and CC mixtures is the highest when the
final potential is 3.0 V. Therefore, a potential range of —0.6 V to 3.0 V was considered to be optimal.
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3.3.4. The effect of polymerization scan rate and cycles
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Figure 7. (a) Effect of polymerization scan rate on peak current response of mixtures of 30 uM CC and
HQ in 0.1 M PBS at pH 6.8. (b) Graph of peak potential of mixtures of CC and HQ vs. number

of polymerization scan rate
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Figure 8. Effect of polymerization cycles on peak current response of mixtures of 30 pM CC and HQ in

0.1 M PBS at pH 6.8

The electrocatalytic properties of an electrode modified with a polymer film are significantly

affected by its thickness. When the polymer film is prepared by CV, the thickness of film can be easily

controlled by changing the scan rate and number of cycles[25]. In this study, different scan rates (40, 90,
140, 190, 240, and 290 mV/s) were first analyzed, and the electrocatalytic behavior of 30 uM HQ and
CC was studied by DPV in 0.1 M PBS (pH 6.8). Figure 7(a) shows that the peak current reached the
maximum when the scan rate is 140 mV/s. As shown in Figure 7(b), with the increase in scan rate, the

peak potential of HQ and CC shifted negatively with a linear relationship. Subsequently, the effects of
different polymerization cycles (6, 10, 20, 30, 40, 50, and 60) on the electrocatalytic activity of 30 uM
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HQ and CC mixture were evaluated under the above optimization conditions. As shown in Figure 8, the
test results show that the peak current of HQ and CC increased and reached the maximum when the
number of polymerization cycles increased from 6 to 20. After 20 cycles of polymerization, the measured
peak current started to decrease. This is probably because an increase in the thickness of film would
prevent electron transfer[24],which also reflects the growth of electroactive polymer to saturation.
Therefore, “20 cycles” was selected as the optimized cycle for L-Asn electropolymerization.

3.3.5Effect of Scan Rate on the Electrochemical Behavior of HQ and CC
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Figure 9. (a) Cyclic voltammograms of mixtures of HQ and CC in 0.1 M PBS solution of pH 6.8 at
Poly-L-Asn/CG/GCE with different scan rate (a - f: 50, 100, 150, 200, 250, 300 mV/s). (b) Graph
of anodic peak current vs. scan rate

The effect of scan rate on the electrochemical behavior of HQ and CC was studied by CV. As
shown in Figure 9(a), with the increase in scan rate, the peak current of HQ and CC also increased.
Figure 9(b) shows that the oxidation peak current (/pa) of HQ and CC has a good linear relationship
with scan rate (v). The linear equations are Ipa = 5.7213 + 0.2646v (R?= 0.9976) and Ipa = 5.112 +
0.2358v (R?=10.9993). For HQ and CC, two pairs of symmetrical redox peaks were observed, indicating
that the oxidation of HQ and CC is a completely reversible electrode process, and that the electrode is
mainly controlled by adsorption.

3.4. Simultaneous determination of HQ and CC using DPV

Under the optimized conditions, DPV was used to detect HQ and CC simultaneously. The
CG/poly-L-Asn/GCE resolved the voltammetric peaks of CC and HQ into two well-distinguished peaks
located at 84 mV and 192 mV, respectively. The peak potential difference between HQ and CC was 108
mV. Figure 9 shows the linear relationship between the peak current and concentration of HQ and CC
mixtures. When the concentration of HQ and CC were simultaneously increased, the corresponding peak
current also increased proportionally. When the concentration range of HQ is 3.3-20 uM and 20—40 uM,
the corresponding linear equations are Ip = 73.0967 + 0.8327¢ (R? = 0.9903) (Ip in pA, c in pM) and Ip
= 81.8070 + 0.3914c¢ (R?= 0.9879), respectively. The limit of detection (LOD) calculated using the 3o
method is 0.0750 uM, and the sensitivity is 0.8327 pA/uM. When the concentration range of CC is 3.3—
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20 uM and 20-66.7 uM, the corresponding linear equations are Ip = 40.4547 + 1.2499¢ (R* = 0.9960)
and Ip = 55.8219 + 0.5217¢ (R?= 0.9859), respectively. The LOD is 0.1362 uM, and the sensitivity is
1.2499 pA/puM. In the high concentration of HQ and CC, a linear deviation was observed due to the
saturation of electrode surface. The LOD is obviously lower than that of Chinese national standard (GB
8978-1996). The allowable emission of phenolic compounds is 0.5 mg/L (that for dihydroxybenzene is
4.54 uM). Table 1 shows the linear range, LOD, and sensitivity of CG/poly-L-Asn/GCE while
simultaneously detecting HQ and CC.
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Figure 10. Differential pulse voltammograms for variation in (a) HQ and CC concentration
simultaneously in 0.1 M PBS (pH 6.8). From a to p, the concentrations are 3.3, 6.7, 10, 13.3,
16.7, 20, 26.7, 33.3, 40, 46.7, 53.3, 60, and 66.7 uM for HQ and CC mixtures. The corresponding
calibration curve for (a) is shown in (b).

Table 1. CG/ poly-L-Asn /GCE detection of HQ and CC at the same time through DPV

LOD(uM) Linear range(uM) Sensitivity (LA-uM ™)
HQ 3.3-20 and 20-40 0.0750 0.8327
CC 3.3-20 and 20-66.7 0.1362 1.2499

3.5. Repeatability measurement

Under the optimized conditions, the repeatability of CG/poly-L-Asn/GCE was investigated using
DPV test for 10 times in 0.1 M PBS (pH 6.8 containing 30 uM HQ and 30 uM CC). The test results are
shown in Figure 11. The results of 10 tests are basically the same. By calculating the peak current values
shown in Table 2, the relative standard deviations (RSDs) of HQ and CC were found to be 0.61% and
2.38%, respectively. Therefore, the CG/poly-L-Asn/GCE has good reproducibility and can be used for
the simultaneous determination of HQ and CC.
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Figure 11. Repeatability measurements of HQ and CC mixtures on CG/poly-L-Asn/GCE. Inset shows
detection frequency vs. peak current curve of HQ and CC.

Table 2. Standard deviation of peak current value. HQ and CC were detected with CG/poly-L-Asn/GCE,
and the measurement was repeated 10 times.

Time 1 2 3 4 5 6 7 8 9 10 RSD

HQ 99.06 99.22 97.51 97.63 97.59 97.86 97.93 97.95 9791 98.28 0.61%
Peak

current/pA  CC 83.94 84.17 82.74 8237 7992 81.06 7930 79.71 78.76 80.86 2.38%

3.6 Interference Study
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Figure 12. DPV response toward HQ concentration in the presence of 20 uM of CC. From a to n, the
concentrations are 1.7, 3.3, 6.7, 10, 13.3, 16.7, 20, 26.7, 33.3, 40, 46.7, 53.3, 60 and 67 uM of
HQ. The corresponding calibration curves is shown in inset.
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Figure 13. DPV response towards CC concentration in the presence of 20 uM of HQ. From a to g, the
concentrations are 1.7, 3.3, 5.0, 6.7, 8.3, 11.7, 13.3, 20.0, 26.7, 33.3, 40.0, 46.7, 53.3, 60.0, 73.3,
and 86.7 uM of CC. The corresponding calibration curves are shown in inset.

Interference studies were conducted in sample mixtures containing CC and HQ. The
concentration of one analyte was kept constant while changing the concentration of another analyte. As
shown in Figure 12, the concentration of CC is constant at 20 pM, and the oxidation peak current
increased linearly with the increase in HQ concentration. When the concentration range of HQ is 1.7—
26.7 uM and 33.3-66.7 uM, the corresponding linear equations are Ip = 63.1347 + 0.3375¢ (R2=0.9826)
and Ip = 86.2576 + 0.062c (R? = 0.9588), respectively. The LOD is 0.1848 uM. Similarly, Figure 13
shows the differential pulse voltammograms for different concentrations of CC in the presence of 20 uM
HQ. The oxidation peak current of CC has a linear relationship with its concentration in the range of
1.7-26.7 uM and 26.7-86.7 uM. The linear equations are Ip = 42.7302 + 0.2854¢ (R?= 0.9906) and Ip
= 53.9316 + 0.1471c (R? = 0.9870), respectively. The LOD is 0.5966 uM. Therefore, the method
proposed in this paper can detect HQ and CC sensitively at the same time and does not interfere with
each other.

A comparison of the proposed method with other electrochemical methods is shown in Table 3.
The proposed method shows a rational linear range and acceptable LOD. Notably, the LODs obtained
for both CC and HQ are smaller than for MWCNT-PMG/GCE, PASA-MWCNTs/GCE, PPABA/GCE,
PSA/PDDA-GN/GCE, and graphene-chitosan/GCE, and the linear ranges are larger than those for
SWNT/GCE and CMK-3/GCE. In addition, this method can determine CC and HQ simultaneously, and
its sensitivity is better than existing electrochemical methods. The significant features of this method are
as follows :(I) good linear relationship;(ii) huge specific surface area;(iii) high sensitivity
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Table 3. Comparison of various polymer modified carbon electrodes reported in literature for the
simultaneous determination of HQ and CC.

Electrode Method LOD(uM) Linear range(uM) Sensitivity References
(pA-uM )
HQ cC HQ cC HQ cC
SWNT/GCE DPV 0.1200 0.2600 0.4-10 0.4-10 0.72 0.169 22
MWCNT - PMG/GCE  DPV 1.600 5.800 30-1190 10-480 - - 23
PARS/CS/BCN - DPV 0.1900 0.1100 1-100 1-100 0.023 0.040 26
GO/GCE
CMK - 3/GCE DPV 0.1000 0.1000 1-30 0.5-35 - - 14
PASA-MWCNTs/GCE DPV 1.0000 1.0000 6-100 6-180 0.018 0.025 27
PBB/CPE cv 0.0460 0.0680  40.9- 20.6- - - 12
100 80.6
PPABA/GCE DPV 0.4000 0.5000 1.2-600 2-900 - - 28
Cu- DPV 0.2100 0.1540 2-566 2-181 0.284  0.329 29
NPs/PMel/ERGO/GCE
PSA/PDDA - GN/GCE DPV 0.3900 0.2200 2-400 1-400 0.142 0194 30
ECF - CPE DPV 0.4000 0.2000 1-200 1-200 - - 15
Graphene- DPV 0.7500 0.7500 1-400 1-400 0.66 0.025 2
chitosan/GCE
PIL - MWCNTs/GCE  DPV 0.1900 0.1700 1-500 1-400 0.7700 0.6130 31
CG/poly-L - Asn/GCE DPV 0.2247  0.4087 3.3-40 3.3-66.7 0.8327 1.2499 This work

SWNT - single-wall carbon nanotube; MWCNT - multiwalled carbon nanotubes; PMG - poly-malachite green; CMK-
3 - mesoporous carbon; PASA — poly(amido sulfonic acid); PBB — poly(brilliant blue); PPABA — poly(p-aminobenzoic
acid); Cu-NPs — copper nano particles; PMel — poly(melamine); ERGO - electrochemically reduced graphene oxide;
PSA — poly(sulfosalicylic acid); PDDA - poly(diallyldimethylammonium chloride); ECF - electrospun carbon
nanofiber; PIL — poly ionic liquid; GCE — glassy carbon electrode

4. CONCLUSION

In this study, CG/poly-L-Asn was modified on GCE using a combination of adsorption and

electropolymerization methods. This type of modification improved the analytical performance of GCE.
The electrochemical behavior of CC and HQ was studied by CV and DPV on CG/poly-L-Asn/GCE.
Compared with GCE, CG/poly-L-Asn/GCE exhibited a high electrocatalytic activity for the oxidation
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of CC and HQ, and the peak currents of CC and HQ clearly increased. In addition, the voltammetric
peaks of HQ and CC can be clearly distinguished by CG/poly-L-Asn/GCE. The peak potential difference
between HQ and CC was 108 mV. The LODs of both analytes are acceptable in the lower concentration
range. In conclusion, the prepared electrochemical sensor exhibits excellent performance in sensitivity,
selectivity, and stability.
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