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Abstract: With the development of coal chemical technology, a large amount of gasification slag
and wastewater are produced through coal gasification. Efficient gasification slag utilization and
wastewater treatment have attracted much attention. In this study, gasification slag was modified and
used as a low-cost and efficient catalyst to activate persulfate for acetaminophen degradation. Via the
analysis of high-resolution X-ray photoelectron spectroscopy, the surfaces of nitric acid and calcined
modified gasification slag retained a considerable number of carbonyl and graphite N functional
groups. These proved to be effective active sites for the activation of persulfate. X-ray diffraction
analysis revealed that the gasification slag was composed of carbon and SiO2. The evaluation of
catalytic activity and application of density functional theory proved that the interaction between
carbonyl and graphitic nitrogen significantly affected the catalyst activity. When the ratio of graphitic
nitrogen to carbonyl was 1:3, the adsorption and activation of persulfate were significantly enhanced.
The results of the quenching experiments also confirmed that the non-free radical pathway is the
main pathway to activate persulfate using the gasification slag. This study provides a new approach
to industrial waste utilization in wastewater treatment.

Keywords: persulfate; gasification slag; nonradical oxidation; acetaminophen

1. Introduction

It is well known that acetaminophen (APAP) is a pharmaceutical compound used
extensively as an analgesic and antipyretic drug and is one of the most commonly detected
pharmaceutical compounds in aquatic environments [1,2]. APAP is also an emerging
environmental endocrine disruptor that is likely to pose a threat to the environment and
human health [3,4]. APAP is difficult to remove using traditional bio-treatment processes
due to its stable chemical structure [5,6].

Persulfate-based advanced oxidation technology (PS-AOP) has been widely consid-
ered an effective method for pharmaceutical wastewater treatment because of its high
oxidation potential, wide pH range, and long half-life of sulfate radicals [7,8]. Several
approaches, such as catalysts (transition metal ions, metal oxides, and carbon), ultraviolet
(UV), and ultrasonic (US) methods, have been proposed to activate persulfate for the forma-
tion of oxidative active species [9]. Carbon catalysts are effective for persulfate activation
with no secondary metal leaching and have been widely investigated [10].

Carbonyl and graphitic N functional groups are the key sites to activate persulfate
for the treatment of tetracycline (TC), and 90% degradation is achieved in 20 min at
25 ◦C [11,12]. However, the high cost and radical interference caused by water impurities
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have hindered the application of PS-AOPs with carbon catalysts. To conquer these limi-
tations, a cheap carbon catalyst was prepared with urea as the raw material and used to
activate persulfate for cost reduction [13]. Nitrogen doping can also regulate the persulfate
activation path to obtain nonradical active species with an anti-interference property [14].
Xu et al. [15] proposed a 3D N-doped porous carbon to activate peroxymonosulfate via
a nonradical pathway to oxidize chlorophenols from wastewater. However, carbon cata-
lysts with large specific surface areas and high activities are still expensive [16], and the
regulation mechanism of the PS activation path is still unclear.

Coal gasification slag (CGS) is a mixture of residual carbon produced by the coal
gasification process [17], with a high carbon and nitrogen content, well-developed porous
structure, low price, and wide application [18–20]. It has been proven that modified
CGS is an effective and inexpensive catalyst for pollutant removal [21,22]. Liu et al. [23]
prepared a microsphere material for the adsorption of Pb (II) and Congo red by combining
fine CGS with silica. Fe-doped CGS has been successfully used to activate PMS for the
removal of sulfamethoxazole [22]. As a metal-free and high-efficiency carbon catalyst, the
performance of persulfate activation via CGS for pharmaceutical wastewater degradation
has not been evaluated.

As CGS has a variety of nitrogen-containing functional groups and the proportion
of nitrogen–oxygen functional groups in CGS is not low, the mechanism of the nitrogen–
oxygen functional groups in CGS is still unclear. Thus, the effect of nitrogen and oxygen
functional groups on the activation mechanism needs to be further studied to treat com-
plex wastewater.

In this study, nitric acid treatment combined with calcination in nitrogen was used to
modify the nitrogen and oxygen functional groups of the CGS. The surface of the active sites
was regulated by calcination, and the mechanism of the catalytic activation of persulfate was
further regulated to clarify the internal relationship between heteroatom doping and the
activation mechanism. The regulatory mechanism of radical oxidation and the nonradical
oxidation pathway via heteroatom doping modification was further clarified.

2. Results and Discussion
2.1. Materials Characterization

Through the XRD patterns of the CGS, CGSO, and CGSO300 (Figure 1), it was found
that the main peaks of the gasification slag were at 26.603◦, 42.464◦, and 47.305◦. These
peaks are ascribed to carbon, indicating that carbon is the main component of gasification
slag. The peaks at 20.859◦, 36.543◦, 38.852◦, and 66.546◦ are ascribed to SiO2; this shows
that the gasification slag comprises some ash, such as SiO2.

The CGS and modified gasification slag (CGSO and CGSO300) were characterized
through BET. It can be seen from Table 1 that the specific surface area and pore volume
of the CGS increased after treatment with nitric acid, which is most probably owing to
the removal of ash to form new pore channels. The increase in the specific surface areas
facilitates the adsorption of pollutants on the CGS. After calcination, some volatile surface
oxygen-containing functional groups were decomposed or reacted with charcoal, resulting
in the collapse of the pore channels, leading to a decline in the specific surface area and
pore volume of CGSO300.

Table 1. BET data of modified CGS.

Samples SBET (m2g−1) Vp (cm3g−1) Pore Size (nm)

CGS 200 0.22 4.3
CGSO 360 0.32 3.6

CGSO300 208 0.21 3.9

As shown in Figure 2a, absorption and desorption experiments were conducted
on CGS, CGSO, and CGSO300. The figure shows that their adsorption type is type IV
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isothermal adsorption, and the pore structure of the catalysts mainly comprises mesoporous
and microporous structures. CGSO300 has a larger micropore proportion, more micropores,
and contributes a more specific surface area, which is more conducive to the reaction. This
is also confirmed by the aperture size distribution curve (Figure 2b). The mesoporous
and microporous structure of the catalyst is conducive to the transport and activation of
persulfate for the degradation of APAP.
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Figure 1. XRD patterns of modified gasification slag. 
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Figure 2. (a) N2 sorption isotherms and (b) pore size distribution of modified CGS. 

Raman spectra can show the degree of crystallization of a material, reflecting the de-

fects as well as the disorder of the material [24]. As seen in Figure 3, the characteristic D 

and G bands appear at 1350 cm−1 and 1580 cm−1, respectively. The G band represents the 

in-plane tensile vibration of sp2 hybrid carbon, which is ascribed to the graphitic proper-

ties and reveals the structure of sp2-bonded carbon. The D band is a disorder-induced 

vibrational mode ascribed to the fundamental structural defects in the amorphous carbon 

material. Furthermore, the degree of graphitization and disorder in the carbon structure 

is assessed based on the relative intensity ratio of the D spectral band to the G spectral 

band (ID/IG) [25]. It can be seen in Figure 3 that the ID/IG values of CGS, CGSO, and 

CGSO300 are 1.13, 1.20, and 1.29, respectively. Among them, CGS has the highest degree 

of graphitization, while CGSO300 has the lowest degree of graphitization, which indicates 

that the crystal structure of CGSO300 is more disordered. A considerable number of oxy-

gen-containing functional groups were formed through nitric acid treatment on the sur-

face of the gasification slag. Further calcination resulted in the decomposition of oxygen-

containing functional groups to form a considerable number of defect sites, increasing the 

disordering of the carbon materials. Demiral et al. [26] found that with the nitric acid mod-

ification on activated carbon, the number of carboxyl groups, lactones, and phenyl groups 

on the surface of activated carbon significantly increased, which increased the disorder of 

the activated carbon. He et al. [27] found that the modification of graphite with HNO3 can 

introduce more defect sites and oxygen/nitrogen-containing groups on graphite. The rea-

son for this is probably the decomposition of the oxygen-containing functional group 

providing more active sites. More defect sites are conducive to the adsorption and activa-

tion of PS. 
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Raman spectra can show the degree of crystallization of a material, reflecting the
defects as well as the disorder of the material [24]. As seen in Figure 3, the characteristic
D and G bands appear at 1350 cm−1 and 1580 cm−1, respectively. The G band represents
the in-plane tensile vibration of sp2 hybrid carbon, which is ascribed to the graphitic
properties and reveals the structure of sp2-bonded carbon. The D band is a disorder-
induced vibrational mode ascribed to the fundamental structural defects in the amorphous
carbon material. Furthermore, the degree of graphitization and disorder in the carbon
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structure is assessed based on the relative intensity ratio of the D spectral band to the G
spectral band (ID/IG) [25]. It can be seen in Figure 3 that the ID/IG values of CGS, CGSO,
and CGSO300 are 1.13, 1.20, and 1.29, respectively. Among them, CGS has the highest
degree of graphitization, while CGSO300 has the lowest degree of graphitization, which
indicates that the crystal structure of CGSO300 is more disordered. A considerable number
of oxygen-containing functional groups were formed through nitric acid treatment on the
surface of the gasification slag. Further calcination resulted in the decomposition of oxygen-
containing functional groups to form a considerable number of defect sites, increasing
the disordering of the carbon materials. Demiral et al. [26] found that with the nitric acid
modification on activated carbon, the number of carboxyl groups, lactones, and phenyl
groups on the surface of activated carbon significantly increased, which increased the
disorder of the activated carbon. He et al. [27] found that the modification of graphite with
HNO3 can introduce more defect sites and oxygen/nitrogen-containing groups on graphite.
The reason for this is probably the decomposition of the oxygen-containing functional
group providing more active sites. More defect sites are conducive to the adsorption and
activation of PS.
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The modified gasification slags were also characterized using XPS to determine the
surface chemical composition and functional group species. Figure 4 shows the XPS broad-
sweep curve profile of the modified gasification slags, in which the peaks with binding
energies of 284.5 eV, 400.9 eV, and 532.5 eV were ascribed to the elements of carbon, ni-
trogen, and oxygen, respectively. The atomic concentration of the elements in Table 2
is given through XPS analysis. Since the atomic concentration of elements is obtained
using the normalization method, the relative atomic ratio can better reflect the change in
element distribution than atomic concentration. It can be observed from Table 2 that, after
calcination, both the C/N ratio and O/N ratio significantly decreased. This is because the
oxygen-containing surface functional groups formed by nitric acid treatment (CGSO) con-
tain a considerable number of unstable functional groups such as carboxyl groups, which
are released in the form of CO2 and other products during calcination, thus reducing the C
and O ratio on the surface. However, the nitrogen-containing functional groups in CGSO



Catalysts 2023, 13, 1512 5 of 15

are formed during the formation of gasification slag at high temperatures (800–1400 ◦C),
which has high stability during calcination at 300 ◦C. So, the relative concentration of the N
element increased and the relative concentration of C and O decreased. The other reason
is presumably the oxidation of CGS by nitric acid. Compared with the CGS, the oxygen
content of CGSO and CGSO300 was substantially enhanced, indicating that a considerable
number of oxygen-containing functional groups were successfully formed on the surface
of the carbon material [28–30]. The reduction in elemental C and O in CGSO300 compared
to CGSO is probably due to the decomposition of the oxygen-containing functional group
to CO2, CO, and H2O during the calcination process, which indirectly leads to the increase
in elemental N content in the modified gasification slag.

Catalysts 2023, 13, x FOR PEER REVIEW 6 of 17 
 

 

900 800 700 600 500 400 300 200

Binding Energy (eV)

CGSO300

CGSO

CGS

In
te

n
si

ty
n

 (
a

.u
.)

O 1s

N 1s

C 1s

 

Figure 4. XPS wide-scan profile of modified gasification slag. 

Table 2. Surface element composition of modified gasification slag. 

Samples C (at.%) O (at.%) N (at.%) C/N Ratio O/N Ratio 

CGS 82.59 16.27 1.14 72 14 

CGSO 71.84 26.71 1.45 49 18 

CGSO300 70.15 26.50 3.35 20 7 

Figure 5a and Table 3 show the N 1s spectra and the corresponding peak-splitting 

results. The N 1s spectra can be fitted by four peaks: the peak at 398.5 eV, 400 eV, 401.5 eV, 

and 404.5 eV are ascribed to pyridine N, pyrrole N, graphitic N, and nitrogen oxides, re-

spectively [31]. On the one hand, the results showed that the proportions of pyridine N, 

pyrrole N, and nitrogen oxide increased after the modification of CGS with nitric acid due 

to its strong oxidizing properties. On the other hand, the calcination of CGSO leads to 

increasing graphitic N owing to the decomposition of pyrrole N and nitrogen oxide. 

Figure 4. XPS wide-scan profile of modified gasification slag.

Table 2. Surface element composition of modified gasification slag.

Samples C (at.%) O (at.%) N (at.%) C/N Ratio O/N Ratio

CGS 82.59 16.27 1.14 72 14
CGSO 71.84 26.71 1.45 49 18

CGSO300 70.15 26.50 3.35 20 7

Figure 5a and Table 3 show the N 1s spectra and the corresponding peak-splitting
results. The N 1s spectra can be fitted by four peaks: the peak at 398.5 eV, 400 eV, 401.5 eV,
and 404.5 eV are ascribed to pyridine N, pyrrole N, graphitic N, and nitrogen oxides,
respectively [31]. On the one hand, the results showed that the proportions of pyridine
N, pyrrole N, and nitrogen oxide increased after the modification of CGS with nitric acid
due to its strong oxidizing properties. On the other hand, the calcination of CGSO leads to
increasing graphitic N owing to the decomposition of pyrrole N and nitrogen oxide.

As shown in Figure 5b and Table 4, it can be seen that the O 1s spectrum can be
fitted by five peaks: the peak of 531.1 eV is ascribed to C=O in carbonyl and quinone
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groups; the peak of 532.2 eV is ascribed to C=O in anhydride and ester groups; the peak of
533.3 eV is ascribed to C–O in phenol, anhydride, and ester groups; the peak of 535.1 eV is
ascribed to oxygen in the form of –COOH; and the peak of 537 eV is ascribed to water in the
adsorbed state and CO2 [32–35]. It is found that the C–O functional group content increases
significantly after modification with nitric acid. The carbonyl group content decreased after
the CGS was modified by nitric acid to form CGSO and increased after heat treatment to
form CGSO300. Carbonyl is a potential active site for PS activation. The loss of carbonyl
may lead to a decrease in the catalytic activity of CGSO.
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Table 3. Nitrogen-containing functional group proportion of modified gasification slag.

Samples Pyridine N (at.%) Pyrrole N (at.%) Graphitic N (at.%) Nitrogen Oxide (at.%)

CGS 0.07 0.01 0.73 0.19
CGSO 0.48 0.47 0.17 0.32

CGSO300 0.49 0.24 1.26 0.08

Table 4. Oxygen functional group content of modified gasification slag.

Samples
C=O

(Carbonyl)
(at.%)

C=O
(Ester, Anhydride)

(at.%)

C–O
(Ester, Anhydride, Phenol)

(at.%)

COOH
(at.%)

CGS 1.3 4.8 6.6 3.0
CGSO 1.1 4.3 16.2 5.1

CGSO300 1.3 2.7 16.4 6.1
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2.2. Catalytic Activity for PS Activation

The catalytic activity was evaluated by examining the efficiency of PS activation for the
degradation of acetaminophen (APAP), as shown in Figure 6. The insert in Figure 6a shows
the adsorption curve of APAP on the modified gasification slag and in the CGS/PS system.
APAP could be completely degraded in 40 min with a kinetic rate constant of 0.086 min−1,
indicating that the pristine CGS could also activate PS. After the CGSO, the APAP was
not completely removed within 50 min with the kinetic rate constant of 0.033 min−1. The
reason for this may be the loss of carbonyl, which is an effective site for PS activation. This
also may be because the introduction of a considerable number of acidic oxygen-containing
functional groups is detrimental to the transfer of electrons from the catalyst to the peroxy-
bonds in PS, which greatly inhibits the activation of PS. After calcination at 300 ◦C, the
activation activity of CGSO300 greatly increased with the highest kinetic rate constant of
0.148 min−1. As the nitrogen content of CGSO300 was increased to 6.1% with graphitic N
as the dominant nitrogen-containing functional group, the positive charge density of the
neighboring oxygen atoms was increased by graphitic N and more readily interacted with
PS to form reactive complexes, which enhanced the oxidation of pollutants via the electron
transfer pathway.
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had a high reaction rate with both ·OH (kEthanol/OH = (1.2 − 2.8) × 109 M−1s−1) and SO4

•−

(kEthanol/SO4− = (1.6 − 7.8) × 107 M−1s−1), the reaction rates of CGSO/PS and CGSO300/PS
systems were almost unaffected after ethanol was added. This indicated that there are
few radicals in CGSO/PS and CGSO300/PS systems and that PS was activated through
nonradical pathways. The APAP degradation was inhibited by EtOH in the CGS/PS
system with the decreasing kinetic rate constant of 0.086 min−1 to 0.064 min−1. Based on
Equations (1) and (2), the contributions of nonradical pathways on APAP degradation in
CGS/PS, CGSO/PS, and CGSO300/PS systems were calculated as 74%, 99%, and 100%,
respectively. It can be found that the nonradical pathway was the dominant activation
pathway of PS with modified gasification slag as the catalyst, which benefits the APAP
degradation in high-salt wastewater.

Rnonradical =
knonradical

kAPAP
× 100% (1)

Rradical = 100% − Rnonradical (2)

where kAPAP and knonradical represent the total reaction rate constant of APAP oxidation
degradation and the rate constant of nonradical oxidation reaction (min−1), respectively.
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Rradical and Rnonradical are the ratios of the radical reaction and the nonradical reaction,
respectively.

As is well known, carbonyl and graphitic N are the active sites of carbon materials
for persulfate activation, and the ratio of carbonyl and graphitic N can better reflect the
catalytic performance of the catalyst. As shown in Figure 7, the reaction activity of the
modified gasification slag increased gradually with the increase in the graphitic N and
carbonyl content. The coefficient of determinations of graphitic N and carbonyl groups
with the reaction rate constant are 0.978 and 0.875, respectively (Figure 7). This indicates
that graphitic N and the carbonyl group have an obvious linear relationship with K, and
the linear relationship between graphitic N and K is more obvious. The R2 in Figure 7 is
the coefficient of determination of the linear relationship between graphite N, carbonyl,
and the kinetic rate constant. The higher R2 of graphite N indicates that graphite N has
a more significant linear relationship with the constant kinetic rate. This may reflect that
graphite N has a more significant effect on the catalytic activity. It is indicated that graphitic
N may be the main activated site for modified gasification slag due to its higher coefficient
of determination.
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Figure 7. (a) Correlation between the kinetic rate and the graphitic N content and (b) the corre-
lation between the kinetic rate and the carbonyl content ((APAP) = 50 mgL−1, (CGS) = 0.1 gL−1,
(PS) = 2.5 mM).

To reflect the intrinsic activity of the modified gasification slag, the turnover frequency
(TOF) values were calculated using Equation (3). As graphitic N and carbonyl are the
activity sites, the ratio of graphitic N to the carbonyl group was related to TOF (Figure 8).
It can be observed that the ratio of graphitic N to the carbonyl group and TOF has a linear
correlation, with a coefficient of determination of 0.921. This shows that graphitic N and
carbonyl work together in the activation of PS. As the ratio of graphitic N to carbonyl
group increased, the site activity (TOF) increased significantly. This suggests that the
graphitic group has a significant influence on the activity of active sites, and the presence
of the graphitic group near the carbonyl group is favorable to enhancing the activity of the
modified gasification slag.

TOF =
k

(Graphitic N + Carbonyl)× SBET
(3)

where TOF is the APAP turnover frequency (min−1gm−2) normalized by carbonyl and
graphitic N sites, and k represents the apparent rate constant (min−1). Graphitic represents
the atomic ratio of graphitic N. Carbonyl represents the atomic ratio of carbonyl. SBET is
the total specific surface area (m2g−1) obtained by the BET test.
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2.3. Tests of Catalyst Reusability

To evaluate the reusability of the catalyst for the sustainable operation of the CGSO300/
PS system, the catalyst was repeated at room temperature. As shown in Figure 9, the
experimental data showed that the catalytic activity of CGSO300 decreased after use. This
may be due to the inactivity of the active site on the surface of CGSO300 by oxidation.
After calcination and regeneration at 300 ◦C (after the Used CGSO300 was placed in a tube
furnace and heated to 300 °C at 5 ◦C per minute under a N2 atmosphere), the activity of
CGSO300 was improved, which may be due to the increased active sites such as graphitic
N. The states of the N elements in CGSO300 were analyzed (Figure 10 and Table 5), which
revealed that the proportion of graphitic N and pyridinic N functional groups on the surface
of the Used CGSO300 decreased significantly after use, which may be due to their oxidation
by persulfate to form electron-deficient nitrogen oxide functional groups. This makes
it difficult for persulfate to continue to activate on its surface, resulting in a significant
decrease in catalytic activity. After regeneration at 300 ◦C, the content of graphitic N
functional groups increased, and the catalytic activity partially increased. However, due to
the difficulty of converting pyrrole functional groups to active graphite N functional groups
at 300 ◦C, the full recovery of activity may require a higher regeneration temperature. The
study found that the content of graphite N decreased and nitrogen oxide increased in
CGSO300 after calcination and recovery.

Table 5. Nitrogen-containing functional group proportion of fresh CGSO300 used CGSO300 and
regenerated CGSO300.

Samples Pyridine N
(at.%)

Pyrrole N
(at.%)

Graphitic N
(at.%)

Nitrogen Oxide
(at.%)

Fresh CGSO300 0.49 0.24 12.6 0.08
Used CGSO300 0.11 0.25 0.78 1.57

Regenerated
CGSO300 0.17 0.28 0.94 1.93
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As shown in Table 6, comparing the data from APAP degradation using different cat-
alytic PS activation approaches shows that biochar has the best catalytic effect on activated
PS, with the shortest degradation time and the highest degradation rate. The metal catalyst
has a higher preparation cost, longer degradation time, and lower degradation rate.

Table 6. Comparison between CGSO300 and the previously reported different catalysts that activated
PS to degrade APAP [36–41].

Catalyst Dosage (gL−1) PS (mM) APAP (mgL−1) Removal Rate (%) Pseudo First-Order Kinetics
(min−1) References

CGSO300 (0.1) 2.5 50.0 100.0 (25 min) 0.148 This study
Biochar (0.1) 0.5 50.0 100.0 (15 min) \ [36]

Fe, Cu@g-C3N4 (0.01) 1.0 4.0 100.0 (40 min) 0.069 [37]
3DOMFeCo (0.2) 2.0 10.0 100.0 (60 min) \ [38]

CuFe2O4 (0.3) 3.4 100.0 91.0 (60 min) \ [39]
Fe0 (2.0) 2.0 30.0 98.5 (35 min) 0.129 [40]

Fe3O4 (0.8) 0.2 10.0 75.0 (120 min) 0.012 [41]

2.4. Theoretical Calculation

DFT calculation was further used to analyze the interaction of S2O8
2− with different

sites. Figure 11 simulates the adsorption of S2O8
2− on modified gasification slags with

different ratios of graphitic N to the carbonyl group, as well as the derivations of various
functional groups and the distribution of carbonyl groups in the new theoretical model. The
adsorption energy and transfer charge of the different ratios of graphitic N to a carbonyl
group are shown in Table 7. All adsorption energies are negative, which means that the
adsorption of PS is spontaneous. The adsorption energy of PS (Eads) was defined as follows:

Eads = Etotal − Esubs − EPS (4)
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The Etotal, Esubs, and EPS were defined as the energy of catalysts with PS, catalysts,
and free PS, respectively. It was found that the model with a higher ratio of graphitic N to
carbonyl group had the higher adsorption energy for S2O8

2−. A higher adsorption energy
means a stronger interaction between the catalyst and PS. The results of the transfer charge
verified that the electron transfer occurred between PS and the catalyst and that CGS-N3
had the largest transfer charge. The above results further indicate that catalysts with higher
graphitic N and carbonyl are more conducive to PS activation, which is consistent with the
trend of TOF values.
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Table 7. Adsorption energy and the transferred charge of different N-doped CGSs.

Catalysts Ratio of Graphitic N to Carbonyl Group Adsorption Energy (Ea, eV) Transfer Charge (Q, e)

CGS-N1 1:1 −1.982 −1.330
CGS-N2 2:1 −2.979 −1.027
CGS-N3 3:1 −3.870 −1.638

3. Experimental Procedure
3.1. Materials and Reagents

CGS was provided by Shaanxi Future Energy Chemical Co. (Yulin, China), methanol
was supplied by Tianjin Tianli Chemical Reagent Co. (Tianjin, China), nitric acid (HNO3)
was provided by Tianjin Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China), and
4-acetaminophen (APAP, 99.0%) and potassium persulfate (K2S2O8, 99.0%) were supplied
by Macklin (Shanghai, China) and Aladdin (Shanghai, China). Ultrapure water was em-
ployed throughout the experiments.

3.2. Preparation of Modified Gasification Slag

During the nitric acid oxidation treatment, CGS was soaked in nitric acid (34%) at
room temperature for 2 h. After filtering and washing to a neutral pH, the samples were
dried in an oven at 80 ◦C to a constant weight, and then placed in a dryer for use, labeled as
CGSO. The CGSO was placed in a quartz tube, calcined in N2 at 300 ◦C for 1 h, and labeled
as CGSO300.

3.3. Catalyst Characterization Methods

A Raman spectrometer (LabRAM HR800, Horiba, NJ, USA) with a 532 nm argon ion
laser was used to detect the molecular structure of the material. The composition and
chemical states of the elements on the surface of the carbon catalysts were determined by
X-ray photoelectron spectroscopy (XPS, AXIS ULTRA DLD, Kratos, Manchester, UK) under
irradiation with Al Kα X-ray (hv = 1486.6 eV). The textural properties of the gasification
slag were determined using nitrogen sorption isotherms at 77 K using a TriStar II 3020. All
samples were degassed at 80 ◦C for 8 h under vacuum before measurement. The specific
surface area of the gasification slag adopted the Brunauer–Emmett–Teller (BET) method.
The Barrett–Joyner–Halenda (BJH) calculation model for microporous carbon was used to
measure the micropore surface area and volume of the samples. The pore volume and pore
size distribution were determined from the volume adsorbed at a relative pressure of 0.99
and by using Density Functional Theory (DFT), respectively.

3.4. Measurement of Catalytic Activity

In this study, CGS, CGSO, and CGSO300 catalysts were used to activate persulfate
for the catalytic degradation of acetaminophen. Firstly, 100 mL of acetaminophen solution
(50 mgL−1) with persulfate (2.5 mM) was continuously shanked in a thermostatic shaker.
Then, 100 mgL−1 of CGS was added to the system. The reaction was initiated by adding



Catalysts 2023, 13, 1512 13 of 15

the catalyst to the solution. Following this, 1 mL of the solution was withdrawn at reg-
ular intervals and filtered through a 0.45 µm aqueous needle filter. The concentration of
acetaminophen was analyzed by high-performance liquid chromatography (UHPLC, Ulti-
Mate3000, Dionex, Waltham, MA, USA) with a diode array detector (DAD) at λ = 280 nm.
The chromatographic column was a SunFire™ C18 (4.6 × 150 mm, 5.0 µm) and the mobile
phase was 30% methanol and 70% ultrapure water with a flow rate of 0.8 mLmin−1. The
column temperature was set as 30 ◦C.

3.5. Theoretical Calculation

Spin polarization density functional theory (DFT) was calculated based on plane
waves using the Vienna ab simulation package [42]. All calculations were performed
using generalized gradient approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE)
exchange-correlation function [43]. The Bader charge analysis method was applied to
calculate charge transfers [44].

4. Conclusions

In this work, modified gasification slag was successfully synthesized for use as an
activator for PS in the APAP degradation process. The catalytic activity of the modified
gasification slag was enhanced by O/N doping combined with calcination. It was found
that GCSO calcinated at 300 ◦C had the highest catalytic activity for PS activation, with
100% APAP removal in 30 min. O/N doping accelerated the electron transfer process,
in which carbonyl and graphitic N were demonstrated to be the main active sites. We
reported that the increase in carbonyl and graphitic N not only enhanced the catalytic
performance towards PS activation but also effectively facilitated the nonradical pathway.
The contributions of nonradical pathways on APAP degradation in the CGS/PS, CGSO/PS,
and CGSO300/PS systems were calculated as 74%, 99%, and 100%, respectively. This
results in the high anti-interference potential of the PS activation system by CGS. It was also
found that a higher ratio of graphitic N to carbonyl group led to the higher catalytic activity
of the modified gasification slag, which was also proven through the DFT calculation of the
adsorption energy for S2O8

2−. This study provided a new feasible way for the degradation
of organic pollutants using modified gasification slag to activate persulfate. Benefiting from
its simple preparation process, modified gasification slag is anticipated to be a novel and
cheap carbon catalyst for wastewater treatment.
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