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Abstract: P-Nitrophenol (4-NP) is a high toxicity material and has harmful effects on the environment.
Thus, the analysis of 4-NP is an important topic at present. In this work, the fabrication of a
novel electrochemical sensor based on coal-liquefaction-residue (CLR)-derived porous carbon (PC)
materials. CLR-based porous carbon material was prepared by the high-temperature carbonization
method and the morphology and structure of the materials were characterized by scanning electron
microscopy and other characterization methods. Subsequently, the electrochemical properties of the
modified electrodes were studied by cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) measurements. The results showed that under optimal conditions, the sensor had a good
electrochemical performance for environmental pollutant 4-NP. In particular, the linear range of the
sensor was 10-200 pmol-L-1 and the detection limit was 1.169 pmol-L~! on the basis of the signal-to-
noise ratio S/N = 3. The electrode showed excellent stability, reproducibility and repetitiveness and
the sensor also had good selectivity. In addition, the newly constructed sensor exhibited adsorption-
controlled kinetics and the recovery rate of 4-NP in actual water samples could reach 90.06~95.17%,
indicating that the sensor had good practical application prospects.
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1. Introduction

P-nitrophenol (4-NP) as a raw chemical material is widely used in the production
of pesticides, rubber, explosives, fuel, medicine and other chemical products [1-3]. 4-NP
is stable and soluble in water, and it is a highly toxic, carcinogenic and refractory pollu-
tant [2,4,5]. 4-NP can enter the body through the skin and mucosa, respiratory tract and
digestive tract, and an accumulation of a low concentration of 4-NP can also cause chronic
poisoning, and high concentrations of 4-NP can cause acute poisoning leading to coma and
death. Therefore, it is crucial to efficiently and sensitively detect 4-NP [6]. At present, the
reported methods for the detection of 4-NP or nitro compounds mainly include spectropho-
tometry [7], fluorescence spectroscopy, high performance liquid chromatography mass
spectrometry [8], capillary electrophoresis and so on [9,10]. However, these methods have
many disadvantages such as them being expensive, having a long analysis time and having
tedious analysis steps [11,12], which are limited in the process of analysis. Among them,
the electrochemical method, due to its advantages of convenient operation, simple testing
procedures, low cost, short analysis time, low limit of detection, high sensitivity, good
reproducibility and stability [12,13], is widely used in the analysis of nitro compounds [14].

The selection of electrode materials with high catalytic activity is very important in the
preparation of electrochemical sensors [15,16], and the properties of the electrode materials
directly affects the sensitivity and stability of the detection methods [17]. Carbon-based
materials are widely used in analytical and industrial electrochemistry, electrocatalysis,
energy storage and other fields, due to their strong stability and special electronic properties
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and excellent electrochemical performance. In the preparation of carbon materials, carbon
sources usually come from organic matter such as coal, petroleum and their processing
products, and materials with superior performance can be also obtained with some chemical
and physical treatment. Among them, coal liquefaction residue (CLR) is a waste product in
the direct liquefaction process of coal [18]. CLR accounts for 20-30 wt.% of the mass of raw
coal [19] and is rich in polycyclic aromatic hydrocarbons and polyaromatic hydrocarbons
and is a mixture which mainly consist of carbon, ash and sulfur. Therefore, CLR can be
used as the preferred carbon source for the preparation of carbon materials. CLR used as
a carbon precursor to prepare carbon materials can improve the high-value utilization of
CLR and realize resource recycling. In recent years, as modified electrode material, porous
carbon materials have been widely used in the fabrication of electrochemical sensors. In
this work, CLR was used as carbon source and the prepared porous carbon materials were
applied to the construction of the electrochemical sensor used to detect environmental
pollutants such as 4-NP. Thus, the effective utilization of CLR is of great significance for
improving the economy of the direct coal liquefaction process and realizing the clean and
efficient utilization of coal.

China has abundant coal resources; the seven coal chemical industry bases in Xinjiang
have 40% of the country’s coal resources and reserves [20]. In this study, the abundant
coal chemical waste CLR from Xinjiang was used to prepare a porous carbon material
with good conductivity and good catalytic activity for 4-NP, which was used to fabricate a
new electrochemical sensor for the rapid detection of 4-NP. The results showed that the
electrochemical sensor showed high electrocatalytic activity, good selectivity and stability
in the detection of 4-NP and had a wide detection range.

2. Experimental
2.1. Instrument and Materials

The following equipment was obtained: a CHI-840b electrochemical workstation
(Shanghai Chenhua Instrument Company, Shanghai, China), scanning electron micro-
scope (SEM, Hitachi SU—-8010, Japan), transmission electron microscope (TEM, JEOL
JEM-2100PLUS, Japan), vacuum drying oven (Shanghai Jinghong Experimental Equipment
Co., Ltd., Shanghai, China), magnetic stirrer (Jintan Medical Instrument Factory, Jintan,
China), ultrasonic cleaning machine (Kunshan Ultrasonic Instrument Co., Ltd., Kunshan,
China) and tube furnace (Hefei Kojing Material Technology Co., Ltd., Hefei, China). The
following materials were used: KOH, SBA-15 molecular sieve, polishing powder (0.3 pm
and 0.05 pm Al,O3; powder), dilute hydrochloric acid (1 mol-L~1), deionized water, sodium
dihydrogen phosphate, disodium hydrogen phosphate, potassium ferricyanide, potassium
ferrocyanide and isopropanol. All of these reagents were analytical grade, and deionized
water was used for all solution preparations, and PBS buffer solution (0.1 mol-L~') was
prepared with NaH,;PO4 and NayHPO;.

2.2. Preparation of CLR-Based Carbon Materials

The activator and template were the important factors in the preparation of the porous
carbon materials. In this experiment, in order to effectively control the material structure,
potassium hydroxide was used as the activator, because the KOH activation method can
produce micropores and mesopores with a small pore size in various structural carbon
materials and improve the microporous and mesoporous ratio of the material [21,22].
Furthermore, the mesoporous molecular sieve SBA-15 was used as the template, and
subsequently a carbon precursor was introduced into the pore, and carbon material with
porous structure was obtained by the high temperature carbonization method. Specifically,
CLR (2 g), potassium hydroxide (6 g) and SBA-15 were fully ground in a mortar. The
mixture was carbonized at a high temperature in a porcelain boat. The specific operation
was as follows: the porcelain boat was put into the tube furnace, and nitrogen was used as a
guard gas at a rate of 300 mL-min~—!; the tube furnace was heated to 800° at 5 °C-min ! for
direct carbonization for 3 h, and after cooling to room temperature, the porcelain boat was
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removed. In order to remove the template, the sample was washed with an appropriate
amount of 1 mol-L~! dilute hydrochloric acid and dried in vacuum at 60 °C for 10 h. Finally,
the obtained CLR-based carbon material was labeled as coal-liquefaction-residue-based
porous carbon (CLR-PC) material. The schematic diagram of the preparation process is
shown in Figure 1.
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Figure 1. Schematic diagram of preparation of porous carbon based on coal liquefaction residue.

2.3. Preparation of CIR-PC/GCE

The preparation of the modified electrode was conducted as follows: the bare glassy
carbon electrode (GCE, ® = 3 mm) was polished on a pad with different specifications of
aluminum oxide powder (1.0, 0.3, 0.05 pm), and then ultrasonically cleaned with absolute
ethanol and deionized water successively. The CLR-PC was added to an isopropanol-
aqueous solution and dispersed by ultrasonication. A homogeneous dispersion of the
CLR-PC (5 puL) was evenly spread on the surface of pretreated bare GCE and dried naturally
to obtain the CLR-PC/GCE.

3. Result and Discussion
3.1. Characterization of CLR-PC

The surface morphology and structure of the CLR-based carbon materials were an-
alyzed and studied by SEM and TEM characterization as shown in Figure 2. Figure 2a
is the SEM image of the original CLR, showing that the CLR had a non-porous structure
on the surface, and Figure 2b is the SEM image of the CLR-PC after activation and high
temperature carbonization with the template and alkali, where the surface had a disordered
pore structure of different sizes, which facilitates the transfer of electrons on the electrode
surface. In addition, the material had a significant honeycomb-shaped porous structure,
indicating that the activation of strong bases was effective in deriving more developed pore
structures. The TEM images of the CLR-PC (Figure 2c,d) further confirmed the porous
structure of the CLR-PC material, which was consistent with SEM image.

3.2. Raman Spectrum of CLR-PC

Figure 3 shows the Raman spectra of the prepared CLR-PC samples. It shows a D
and G peak at 1347 cm~! and 1591 cm ™! respectively. This represents the characteristic
absorption peak of disordered carbon and an ordered graphite structure. The peak intensity
ratio (Ip/Ig) of peak D and peak G represented the graphitization degree of the carbon
material. The Ip/Ig of CLR-PC was calculated as 1.04, indicating that it had a certain
graphitization degree. The sample used as the electrode material had good electrical
conductivity and a highly rated performance [23].
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Figure 2. SEM images of (a) CLR and (b) CLR-PC materials, and TEM images of CLR-PC (c,d).
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Figure 3. The Raman spectrum of CLR-PC.

3.3. Electrochemical Impedance of CLR-PC/GCE

Electrochemical impedance spectroscopy (EIS) was used to characterize the electro-
chemical impedance of the modified electrode. The separation efficiency of the carrier and
the transfer of charge had a great influence on the 4-NP reduction. The results are shown
in Figure 4. The smaller arc radius in the impedance diagram represents a more effective
charge transfer effect, and it can be seen that the arc radius of the modified electrode
was obviously smaller than that of the bare electrode, revealing that the CLR-PC had a
better conductivity, which is beneficial for improving the charge separation efficiency and
speeding up the reaction.
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Figure 4. Electrochemical impedance spectra plots of CLR-PC/GCE (a) and GCE (b). Electrodes were
in 1 mmol-L~! [Fe(CN)¢]3/% containing 0.1 mol-L~1 KCL

3.4. Electrochemical Behavior of 4-NP on CLR-PC/GCE

In order to study the electrochemical activity of the CLR-PC, the catalytic activity
of 4-NP was tested with the CLR-PC/GCE-modified electrodes. Figure 5 shows the
cyclic voltammetry (CV) of the bare GCE and CLR-PC/GCE. The test was performed
in 0.1 mol-L~! PBS (pH = 6) containing 4-NP. The characteristic peak of 4-NP appeared
at —0.8 V for both electrodes (Figure 5), meaning that the nitro group went through a
reduction reaction to form hydroxylamine [24]. The chemical reaction mechanism was
given by Figure 5:

S —

Absorption Desorption
: — (D)
6o,

Figure 5. The electrode reaction mechanism of 4-NP on the CLR-PC/GCE.

The electrochemical peak current of 4-NP on the bare GCE surface was weak, and
the characteristic peak current of the 4-NP on CLR-PC/GCE was apparently increased
(Figure 6 line b), contributing to the fact that the CLR-PC materials had the advantage of
excellent conductive and catalytic activity, in addition to the special porous structure of the
CLR-derived carbon materials. This is beneficial to the adsorption of 4-NP on the surface
of CLR-PC modified electrode. Therefore, the prepared electrochemical sensor had good
electrocatalytic performance with regards to 4-NP, which should be further analyzed for its
4-NP correlation.
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Figure 6. Cyclic voltammograms of 100umol-L~! 4-NP of bare GCE (a) and CLR-PC/GCE (b) in
0.1 mol-L~! phosphate buffer (pH = 6).

3.5. Effects of Scan Rate

In order to investigate the reaction mechanism of 4-NP on the CLR-PC-modified
electrode, the effect of the scan rate was investigated. Figure 6a shows the CV test results
of the CLR-PC/GCE with 0.1 mol-L~! PBS (pH = 6) containing a 100 puL 4-NP solution at
different scan rates, ranging from 30~200 mV-s~!. The results showed that the reduction
peak current of the 4-NP increased with the increase in the scan rate, and Figure 7b shows
the linear relationship, which was between the peak current and scan rate, as shown by
the linear realtion was expressed as Ipc(LA) = 0.09698v(mV-s~1)—11.015 (R? = 0.9929),
indicating that the 4-NP was controlled by adsorption on the surface of CLR-PC/GCE [25].
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Figure 7. (a) CV curves of CLR-PC/GCE toward 100umol-L*14—NP at different scan rates: 30, 50,
80, 100, 120, 150, 180 and 200 mV-s~! (from a to h); (b) The calibration plot of peak current versus
scan rate.

3.6. pH Effect

The effect of pH on the electrochemical detection capabilities of the electrochemical
sensor towards 4-NP in 0.1 M PBS was investigated across the pH range of 5.0~9.0. (4.0, 5.0,
6.0,7.0 and 8.0). It can be seen from Figure 8a that when the pH increased from 4.0 to 8.0,
the peak current increased and then decreased, and the maximum value occurred at pH =
6. Therefore, a 0.1 mol-L~! PBS buffer solution with pH = 6 was selected as the electrolyte
solution. Figure 8c shows that, with the increase in pH, the reduction peak potential Ej.
gradually shifted to the negative direction, and there was a linear relationship between the
pH and peak potential. The regression equation is expressed as Ej: (V) = —0.3552-0.0558
pH (R? = 0.997), and the slope of the line —55.8 mV pH~! was close to the Nernst equation
at room temperature —59 mV pH !, indicating that the electrode reaction process of 4-NP
on the modified electrode involved an equal number of protons and electrons [26].
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Figure 8. (a) Cyclic voltammograms of CLR-PC/GCE in 100 pmol-L~! 4-NP at pH of 4.0, 5.0, 6.0,
7.0 and 8.0. Scan rate: 100 mv-s~!. (b) Plot for the relationship between pH and peak current, and
(c) plot for the relationship between pH and Ep..

3.7. Electrochemical Determination of 4-NP

Under the optimal conditions, differential pulse voltammetry (DPV) was further
carried out for the determination of 4-NP. As shown in Figure 9a, when the concentration
of 4-NP varied from 10~200 pmol-L~}, the peak current also increased with the increase
in the concentration. Figure 8b shows the relationship between the peak current and
concentration; when the 4-NP concentration varied from 10-200 pmol-L’l, there was
a linear relationship between the peak current and concentration, the linear regression
equation was I(nA) = 0.3678C(umol-L~1) + 0.9946 (R? = 0.9956) and the detection limit
was calculated as 1.169 umol-L~! (C = 3¢/, ¢ is the standard deviation of the intercept of
the concentration—current curve and s is the slope of the curve). In order to further verify
the catalytic activity of the CLR-PC, the results were compared with previous research,
and the comparison of the different electrochemical sensors for the detection of 4-NP is
summarized in Table 1, which shows that the CLR-PC/GCE sensor had a large linear range
and a low detection limit, and had certain detection advantages.
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Figure 9. (a) DPV responses of CLR-PC/GCE in 0.1 mol-L~! PBS (pH = 6.0) containing different
concentrations of 4-NP (10-200 umol-L~1). Scan rate: 100 mV-s~1. (b) The calibration plot of peak
current versus concentration.

Table 1. Comparison of 4-NP determination between the present work and the reported methods.

Electrode Material Linear Range Limit of Detection

(umol -L-1) (umol L-1) Reference
MWNT-Nafion/GCE ! 10-620 1.3 [27]
AcSCD-AuNPs-MC 2 0.1-350 26.1 [28]

p -NP-MIP-PANI/GO 3 60-140 20 [29]
CLR-PC/GCE 10~200 1.169 This work

! Multiwalled carbon nanotube with naphthol-modified glassy carbon electrode. 2 Glassy carbon electrode modi-

fied with mesoporous carbon-gold nanoparticles and cyclodextrin. 3 Go—nano-structure-imprinted polyaniline-
modified glassy carbon electrode.



Processes 2022, 10, 2455

8of 11

3.8. Inferences Study

In order to investigate the selectivity of the CLR-PC/GCE, several common metal
ions, inorganic anions and p-NP-like organic compounds were investigated in a certain
concentration in this experiment. A total of 1000 umol-L~1 of Na*, Nit, K*, Fe?*, Fe3*,
Ca%*, Zn**,C171,PO4%~,NO3~,SO4% ™, o-nitrophenol, resorcinol and phenol were detected
simultaneously with 4-NP (10umol-L~1). As seen from Figure 10, different interfering
substances had a tiny influence on the peak current of 4-NP in the DPV detection, and the
relative standard deviation (RSD) of the DPV response signal was calculated as 2.939%,
indicating that the sensor had more resistant to interference.
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Figure 10. DPV response of 4-NP in 0.1 mol-L~! PBS (pH = 6.0) at CLR-PC/GCE for different
interference compounds.

3.9. Repeatability, Reproducibility and Stability of CLR-PC/GCE

Figure 11 shows the results of the repeatability, reproducibility and stability of the
modified electrodes. Firstly, the solution containing 4-NP was tested 10 times in parallel
using the same CLR-PC electrode, and the RSD of the multiple tests was 2.388%, indicating
that the CLR-PC/GCE had good repeatability. In addition, ten modified electrodes were
used to measure 4-NP, and the RSD was 3.275%, which revealed that the sensor had good
reproducibility. Finally, the CLR-PC/GCE was stored at room temperature for two weeks,
and the electrochemical signal of 4-NP on the electrode surface remained at 95% of the
original value, and the relative RSD of the test results was 1.554%. Hence, the fabricated
sensor had good stability for the accurate analysis of 4-NP.
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Figure 11. The reproducibility (a), repeatability (b) and stability (c) of CLR-PC/GCE.

3.10. Analytical Application

In order to research the potential applications of the constructed sensor, analytical
performance was carried out by DPV measurements. The CLR-PC-modified GCE was used
to measure the content of 4-NP in tap water samples using standard addition methods for
evaluating the feasibility of the fabricated sensor for real sample analysis. When 4-NP was
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References

not added, there was no DPV signal. When different concentrations of 4-NP were added to
the water sample, the corresponding peak current signal appeared. As shown in Table 2,
recoveries ranging from 90.06% to 95.17% and RSD ranging from 1.904% to 2.67% for 4-NP
revealed that the constructed electrochemical sensor had good practical applications and
had potential applications in industrial and environmental sample analysis [30].

Table 2. Determination results of 4-NP in water samples and recovery value.

Sample Injection Detection RSD Recovery
p (umol-L-1) (umol-L-1) (%, n =3) Efficiency (%)
10 9.006 2.67% 90.06%
Tap water 30 28.183 1.904% 94.94%
70 66.622 2.17% 95.17%

4. Conclusions

In summary, CLR-PC-modified GCE was applied for the selective and sensitive detec-
tion of 4-NP. Coal chemical waste CLR was used as a carbon precursor, and the CLR-based
electrode materials were prepared by the template method with high-temperature car-
bonization and alkali activation. The CLR-PC-fabricated sensor could selectively recognize
4-NP by the electrochemical method, and it showed an excellent catalytic effect on the
reduction of 4-NP. There was an exact linear relationship between the peak current and
the concentration of 4-NP in the range of 10-200 pmol-L~!. Under optimal conditions,
the CLR-PC/GCE also had high stability, sensitivity and reproducibility. In addition, the
sensor had a high recovery for the detection of 4-NP in real tap water samples, with the
recovery rate ranging from 90.06% to 95.15%. In a word, the synthesis method of CLR-PC
was simple, the raw material was both easy to obtain and low cost, and the sample had
good practical application abilities, showing that the fabricated sensor could be expected to
be applied in the rapid and sensitive detection of 4-NP in other environmental samples.
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