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a b s t r a c t

Catalytic potential of carbon nanomaterials in peroxydisulfate (PDS) advanced oxidation systems for

degradation of antibiotics remains poorly understood. This study revealed ordered mesoporous carbon

(type CMK) acted as a superior catalyst for heterogeneous degradation of sulfadiazine (SDZ) in PDS sys-

tem, with a first-order reaction kinetic constant (k) and total organic carbon (TOC) mineralization effi-

ciency of 0.06 min–1 and 59.67% ± 3.4% within 60min, respectively. CMK catalyzed PDS system exhibited

high degradation efficiencies of five other sulfonamides and three other types of antibiotics, verifying the

broad-degradation capacity of antibiotics. Under neutral pH conditions, the optimal catalytic parameters

were an initial SDZ concentration of 44.0mg/L, CMK dosage of 0.07 g/L, and PDS dosage of 5.44mmol/L,

respectively. X-ray photoelectron spectroscopy and Raman spectrum analysis confirmed that the defect

structure at edge of CMK and oxygen-containing functional groups on surface of CMK were major ac-

tive sites, contributing to the high catalytic activity. Free radical quenching analysis revealed that both

SO4
•− and •OH were generated and participated in catalytic reaction. In addition, direct electron trans-

fer by CMK to activate PDS also occurred, further promoting catalytic performance. Configuration of SDZ

molecule was optimized using density functional theory, and the possible reaction sites in SDZ molecule

were calculated using Fukui function. Combining ultra-high-performance liquid chromatography (UPLC)–

mass spectrometry (MS)/MS analysis, three potential degradation pathways were proposed, including the

direct removal of SO2 molecules, the 14S-17N fracture, and the 19C-20N and 19C-27N cleavage of the

SDZ molecule. The study demonstrated that ordered mesoporous carbon could work as a feasible cat-

alytic material for PDS advanced oxidation during removal of antibiotics from wastewater.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Sulfonamides are one of the most commonly used antibiotic

groups in aquaculture [1], animal husbandry, and human medicine

[2]. Most sulfonamides are polar amphoteric compounds that are

chemically stable, resistant to biodegradation, and carcinogenic

[3,4], thus posing a serious threat to humans and ecosystems [5].

Sulfadiazine (SDZ) is one of the typical sulfonamide that has been

extensively applied worldwide [6]. As a result of incomplete uti-

lization, numerous SDZ entered environment each year. Presence of

SDZ in ambient environment could be harmful to resident aquatic
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organisms and humans, and may even induce antibiotic-resistant

genes. SDZ was detected at ng/L-μg/L levels in secondary effluent

of sewage treatment plants [7]. In antibiotic-heavily contaminated

areas, like pharmaceutical wastewater, concentration of antibiotics

is reported that approach as high as hundreds mg/L [8].

The occurrence of antibiotics with bio-toxic characteristics in

wastewater treatment plants (WWTPs) inevitably causes a low bi-

ological treatment efficiency and can even lead to the collapse

of the bio-treatment system [9]. Therefore, pretreatment or con-

trol is necessary to reduce or remove the residual risk and avoid

further pollution of surface water [10]. The commonly applied

technologies to treat sulfadiazine and other types of antibiotics-

contaminated wastewater including biological process, adsorption,

https://doi.org/10.1016/j.cclet.2021.10.086
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Photolysis, ozonization, chlorination and advanced oxidation pro-

cesses (AOPs) [11], owing to their strong oxidation capacities (E0
of 2.5–3.1V) [12], high chemical stabilities, and high selectivity

[13,14], advanced oxidation processes based on peroxydisulfate

(PDS) have been developed to deal with refractory organic com-

pounds. Metal-based materials and carbon-based materials are the

most commonly used materials for catalyzing PDS [15–17]. Be-

cause metal-based materials possess low catalytic activities and

may pose a pollution risk due to metal leaching [18], carbon-

based materials that are environmentally friendly and possess high

catalytic activities have been applied for the decomposition and

transformation of various types of refractory pollutants [19,20].

Among them, biochars have been reported to effectively activate

PDS for the degradation of antibiotics, such as SDZ, sulfamethox-

azole (SMX), bisphenol A, and 4-chlorophenol [21,22]. However,

the application of biochar should consider potential environmen-

tal risks, including the dissolution of carcinogenic and teratogenic

substances, such as polycyclic aromatic hydrocarbons (PAHs) and

heavy metals [23]. Recently, carbon nanomaterials have been de-

veloped as an alternative to catalyze PDS [24], including ordered

mesoporous carbon (OMC, type CMK), fullerenes, single-walled car-

bon nanotubes (SWCNTs), multi-walled carbon nanotubes (MWC-

NTs), nanodiamonds (NDs), and so on [19,25,26]. Previous stud-

ies have reported the effectiveness of nitrobenzene- and phenol-

containing petrochemical wastewaters using carbon nanomaterial-

activated PDS 27–29]. Among them, OMC is popular because of its

high pore volume and excellent free radical conduction capacity

[30,31]. However, whether these carbon nanomaterials can activate

PDS to facilitate or promote the heterogeneous degradation of sul-

fonamides or other types of antibiotics remains poorly understood.

In addition, the optimal conditions and enhanced degradation-

related catalytic mechanism are largely unknown.

Therefore, we constructed a PDS advanced oxidation system,

and the catalytic activities of four carbon nanomaterials for degra-

dation of SDZ. Besides SDZ, different kinds of sulfonamides, as well

as three other antibiotics with different structures and bacterio-

static performance, namely, chlortetracycline hydrochloride (CTC),

ciprofloxacin (CIP) and amoxicillin (AMX), as representatives of

tetracyclines, fluoroquinolones and β-lactams, respectively, were

selected as aim pollutants to investigate CMK/PDS degradation

spectrum. The most favorable carbon nanomaterial was selected,

and its catalytic performance, antibiotic treatment range, and opti-

mal catalytic conditions were identified. The activation mechanism

and degradation pathway were proposed via analysis of the free

radical quenching properties, density functional theory, and ultra-

high-performance liquid chromatography-tandem mass spectrome-

try (UPLC-MS/MS) analysis.

The main reagent, characterization of CMK, experimental pro-

cedure, and analysis methods are exhibited in the Supporting in-

formation. The performance of SDZ removal under each type of

nanocarbon material (CMK, SWCNTs, NDs, and MWCNTs) as a cat-

alyst of PDS is shown in Fig. S1A (Supporting information). The re-

sults showed that SDZ removal via adsorption on PDS was neg-

ligible within 120min. In addition, SDZ was barely adsorbed by

NDs or MWCNTs alone, which agreed with a previous study that

found that NDs and MWCNTs showed poor performance for the

adsorption of organic contaminants [28]. A low removal efficiency

(17.3%±4.3%) of SDZ was observed in 120min using the NDs/PDS

system, suggesting that NDs could not activate PDS efficiently. A

moderate removal efficiency (44.8% ± 4.0%) of SDZ was found us-

ing the MWCNTs/PDS system, which was consistent with previous

results [32]. A removal efficiency of 53.7% ± 4.2% was determined

for SWCNTs alone, whereas this was just 28.5% ± 4.1% for CMK

alone. However, an apparent increase in SDZ removal (up to 97.0%

± 2.3% and 100%) was achieved when SWCNTs and CMK were

used in the PDS system, suggesting that both could effectively acti-

vate persulfate to degrade SDZ. The CMK/PDS system exhibited the

highest degradation efficiency and the smallest adsorption, con-

tributing to the highest catalytic and oxidative performance. The

plot data of SDZ removal in CMK/PDS systems were well fitted

with the pseudo-first-order kinetics model (R2 =0.993) (Fig. S1B in

Supporting information). The apparent rate constant (k) was cal-

culated to be 0.06 min–1, reflecting the high treatment efficiency.

Such, CMK was selected as the optimal catalyst.

Fig. S2 (Supporting information) shows the degradation poten-

tial of the other commonly applied antibiotics in the CMK/PDS sys-

tem, except for SDZ. The degradation efficiencies of the other five

sulfonamides within 120min were 94.5% ± 2.1% (SA), 89.8% ± 2.6%

(SPD), 94.5% ± 3.0% (SMR), 95.5% ± 1.9% (SMT), and 90.8% ± 2.4%

(SMX), indicating the feasible degradation capacity of the system

for these sulfonamides. The degradation efficiencies of the other

types of antibiotics with different chemical structures were also

analyzed, as shown in Fig. S3 (Supporting information). Among

them, ciprofloxacin was completely removed within 45min, cor-

responding to the highest degradation efficiency. In comparison,

89.7% ± 2.7% of amoxicillin and 87.3% ± 2.4% of chlortetracycline

hydrochloride were removed in 120min, indicating the potential

of the CMK/PDS system to degrade antibiotics with different struc-

tures.

Fig. 1A shows that the mineralization efficiency of the CMK/PDS

system approached 65.7% ± 3.7% within 60min, which was main-

tained until 120min, verifying the generation of organic interme-

diates that were hardly further degraded. Fig. 1B displays the con-

sumption of PDS in the systems with or without CMK or SDZ.

When CMK was not added, only 0.4% ± 0.06% of PDS was con-

sumed, implying that PDS alone could hardly degrade SDZ. In the

absence of SDZ, a certain amount of PDS (7.0% ± 0.6%) was con-

sumed, indicating that CMK could consume some of the PDS by

forming highly reactive sulfate even without SDZ. The highest con-

sumption of PDS (12.0% ± 0.56%) was observed in the presence of

both CMK and SDZ, suggesting the accelerated consumption of PDS

in the presence of SDZ. Fig. 1C shows that after three cycles of re-

peated use, a removal efficiency of 48.0% ± 3.1% for SDZ could be

steadily maintained, implying the reuse potential of CMK. The de-

creased activity of CMK could be attributed to the decreased num-

ber of active sites due to surface chemical composition changes or

the adsorption of generated intermediates [28].

As shown in Fig. 2A, the dosing concentrations of SDZ were

20mg/L, 50mg/L, 100mg/L, 200mg/L, respectively, to evaluate the

catalytic performance of CMK. A degradation rate of 98.4% ± 2.0%

at an SDZ concentration of 20mg/L was obtained within 5min.

As the SDZ concentration increased to 200mg/L, the removal ef-

ficiency decreased to 37.6% ± 4.4%, revealing a negative correlation

between the removal efficiency and SDZ concentration. Previously,

some studies found the high pollutant concentration would induce

occupation of active sites of CMK, restricting its catalytic activity

[33]. There was a positive correlation between SDZ removal effi-

ciency and PDS concentration; as the PDS concentration increased,

the SDZ removal efficiency increased, and almost complete degra-

dation was obtained within 30min (Fig. 2B). When the SDZ con-

centration was low, the capacity of the CMK/PDS system was not

fully utilized. When the SDZ concentration was high, the process-

ing efficiency may have been limited by the number of reaction

sites and the free radical concentration. Similarly, the increased

dosage of CMK improved the SDZ removal efficiency, and SDZ was

completely degraded within just 5min at a CMK dosage of 0.2 g/L

(Fig. 2C). The enhanced performance may be attributable to an in-

creased number of active sites supplied by the high dosage of CMK.

As shown in Fig. 2D, the highest removal efficiency of SDZ

(88.8% ± 3.4% within 10min) was obtained at pH 3.0, whereas an

increased pH resulted in a decreased SDZ degradation rate. The

removal efficiency of SDZ was 94.2%±3.0% within 45min at pH

2748



Z.-L. Li, D. Cao, H. Cheng et al. Chinese Chemical Letters 33 (2022) 2747–2752

Fig. 1. (A) The degradation and mineralization degree of CMK/PDS system. (B) The consumption of PDS under systems with and without CMK or SDZ. (C) The degradation

of SDZ by the repeated utilization of CMK.

Fig. 2. Effect of the key experimental parameters on SDZ removal in CMK/PDS system. (A) Effect of SDZ concentration: [PDS]0 =6.0mmol/L, [CMK]0 =0.1 g/L, initial pH 7,

[SDZ]0 =20–200mg/L, and T=25±2 °C. (B) Effect of PDS concentration: [PDS]0 =1.0–8.0mmol/L, [CMK]0 =0.1 g/L, initial pH 7, [SDZ]0 =50mg/L, and T=25±2 °C. (C) Effect
of CMK dosage: [PDS]0 =6.0mmol/L, [CMK]0 =0.01–0.1 g/L, initial pH 7, [SDZ]0 =50mg/L, and T=25±2 °C. (D) Effect of initial pH: [PDS]0 =6.0mmol/L, [CMK]0 =0.1 g/L,

initial pH 3–7, [SDZ]0 =50mg/L, and T=25±2 °C.

7.0. Three species of SDZ possibly exist in solution according to its

dissociation constants (pKa1 =1.5 and pKa2 =6.5): SDZ+, SDZ0 and

SDZ−. When the pH increased from 3.0 to 9.0, the major species

of SDZ changed from neutral to negative. In addition, the change

in pH is known to affect the surface charge of CMK [34], thereby

affecting the catalytic activity of the heterogeneous system. Under

alkaline conditions, sulfate radicals undergo three reactions (Eqs.

1–3) [35]. The self-quenching reaction rate between sulfate rad-

icals (Eq. 3) was significantly higher than that of the other two

reactions (Eqs. 1 and 2). Consequently, under alkaline conditions,

the total active substances in the system were lower, resulting in

a slower degradation rate of the target pollutants in the CMK/PDS

system [36].

SO4
•– +OH– → SO4

2– + •OH (1)

SO4
•– + SO4

•– → S2O8
2− (2)

SO4
•– + S2O8

2– → SO4
2– + S2O8

•– (3)

Based on the above results, the RSM using the Box-Behnken

model was selected and applied to investigate the optimum value

of crucial variables (SDZ concentration, CMK dosage, and PDS con-

centration) and the interactions among these parameters (Table

S1 in Supporting information). Table S2 (Supporting information)

shows that the model had high reliability and predictability. It

was also found that the order of significance among single fac-

tors was as follows: initial SDZ concentration, CMK dosage, and

PDS dosage. Among the three variables, the interaction between

the initial SDZ concentration and CMK dosage was the most signif-

icant (Fig. S4 in Supporting information). The Design-Expert 8.0.6

software was utilized to optimize the parameters of the three fac-

tors, with the optimized parameters as follows: Initial SDZ concen-

tration of 44.0mg/L, the CMK dosage of 0.07 g/L, and PDS dosage

of 5.44mmol/L.

Previous reports found inorganic ions and some natural organic

matters would act as radical scavengers in a radical-based oxida-

tion process, thus inhibiting CMK/PDS system performance [37].

Therefore, influence of three common inorganic ions (Cl–, H2PO4
–,

HCO3
–) and humic acid (HA) on SDZ degradation were investi-

gated, as shown in Fig. 3. Both Cl– (5-15mmol) and H2PO4
– (5-

15mmol) exerted no remarkable effect on degradation of SDZ.

While, HCO3
− (5-10mmol) obviously decreased the degradation ef-

ficiency of SDZ (15.0% ± 3.6% ∼ 26.0% ± 3.5%) in CMK/PDS sys-

tem with varied degree, indicating the inhibition to some extent.

As HA concentration increased to 40mg/L, SDZ removal efficiency

decreased to 75.0% ± 4.3%, suggesting the slight obstruction of SDZ

degradation. Although some of the slight inhibition under relative

high concentration was observed, the over-all above 70% of degra-

dation efficiency could be maintained within 60min. Therefore, we

considered the constructed CMK/PDS activation system possessed

the relatively high anti-interference ability.

As shown by the Scanning electron microscope (SEM) images

in Figs. S5A and B (Supporting information), the microscopic mor-

phology of CMK exhibited a uniform structure. This confirmed that

CMK could effectively activate PDS to degrade SDZ after repeated

use. Two main components of C and O were revealed in CMK by

energy dispersive spectrometer (EDS) spectral analysis, and the O

element on the surface of CMK increased after the catalytic reac-

tion slightly (Figs. S5C-F in Supporting information) after the reac-

tion, thus revealing the oxidized surface in an oxygen-rich environ-

ment to facilitate PDS activation.

Based on Specific surface area (SSA) analysis and nitrogen

adsorption–desorption analysis, the pore sizes of CMK were mainly

distributed around 30–50nm (Figs. S6A and B in Supporting in-

formation), which was conducive to providing more active cen-

ters for surface catalytic reactions. After the reaction, the SSA de-

creased from 1188.94 m2/g to 540.72 m2/g, which had an impor-

tant influence on the subsequent adsorption and electron transfer.

The reduced BET surface area and pore volume also contributed to

the attenuation of the treatment efficiency in subsequent cycles.

The Raman spectrum analysis presented two characteristic peaks

of CMK, where peak D near 1350 cm–1 reflected the degree of dis-

order, and peak G near 1580 cm–1 indicated the level of graphitiza-

tion (Fig. S6C in Supporting information). Compared with SWCNTs

(ID/IG =0.46) and MWCNTs (ID/IG =0.65), CMK (ID/IG =1.03) exhib-

ited a higher degree of disorder. After the reaction, the ID/IG ra-
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Fig. 3. Effect of water matrices on SDZ removal by CMK/PDS system: (A) Effect of Cl–, (B) effect of HCO3
–, (C) effect of H2PO4

–, (D) effect of humic acid.

Fig. 4. (A) The XPS full scan image of CMK before reaction and after reaction. (B) The C 1s fine image of CMK before reaction. (C) The C 1s fine image of CMK after reaction.

tio reduced to 0.96 from the original value of 1.03, suggesting

a decrease in the degree of defects. The decrease in the degree

of defects after the catalytic reaction corresponded well with the

decreased catalytic efficiency of CMK in the cycling tests, which

demonstrated that the defective sites of CMK were reactive sites

for catalyzing PDS.

The X-ray photoelectron spectroscopy (XPS) results revealed

that the oxygen content (530.47 eV) increased from 14.23% to

22.33% after the catalytic reaction (Fig. 4A) hence, the oxidized

CMK surface was consistent with the EDS energy spectrum anal-

ysis. The C 1s peak of the original CMK could be divided into

four species with binding energies of 284.50, 285.39, 287.12 and

290.34 eV (Fig. 4B), assigned to C–C, C–OH, C=O and π-π , respec-

tively. The C 1s peak of CMK after the reaction was also fitted into

four sections with binding energies of 284.56, 286.37, 288.34, and

290.47 eV (Fig. 4C), corresponding to C–C, C=O, O=C–OH and π-

π , respectively. The decrease in C–OH and the increase in C=O

and O=C–OH after the reaction indicated that the hydroxyl groups

were transformed into carbonyl and carboxyl groups. Combining

the above results, the defect structure at the edge of CMK and the

oxygen-containing functional groups (especially hydroxyl groups)

on the surface of CMK were regarded as potential active sites. Ow-

ing to the high SSA and ordered mesoporous structure, a larger ad-

sorption capacity and an increased number of exposed active sites

of CMK could be expected, which were considered as the key fac-

tors facilitating electron transfer and benefiting oxidation activa-

tion.

Radical quenching experiments were carried out using

methanol with a k•OH of 9.7×108 L mol–1 s–1 and a kSO4
•− of

3.2×106 L mol–1 s–1, and ethanol with a k•OH of (1.6–7.8)×107

L mol–1 s–1 and a kSO4
•− of (1.2–2.8)×107 L mol–1 s–1, respectively,

to distinguish the contribution of SO4
•− and •OH in the CMK/PDS

system [38]. As shown in Fig. 5A, only 89.0% ± 3.1% of SDZ was

removed by the CMK/PDS system within 120min in the presence

of methanol at 1000 times the PDS, while this was just 80.3% ±
3.3% for ethanol. Through a comparison of the SDZ degradation

efficiencies (Fig. 1), it was suggested that both SO4
•− and •OH were

generated and participated in the reaction of the CMK/PDS system,

while •OH was slightly dominant over SO4
•−. As shown in Fig. 5B,

a strong signal of DMPO-•OH adducts was detected at 30min, and

a weak signal of DMPO-SO4
•− adducts was clearly observed, which

Fig. 5. (A) Effect of scavengers on SDZ degradation by CMK/PDS system. (B) EPR

spectra of CMK/PDS system with the existence of DMPO.

could be derived from the fast transformation of DMPO-SO4
•−

adducts to DMPO-•OH adducts. These findings support the results

of the radical quenching experiment, whereby •OH was slightly

more dominant.

Therefore, it is inferred that the free radicals of SO4
•− and •OH

were vital to the oxidation system. Combining the Raman spectrum

and XPS results (Fig. 4 and Fig. S6), it was inferred that sulfate rad-

icals could be generated by using C–OH and the π electrons flow-

ing at the edge of defects on the surface of CMK to activate PDS

and break the O–O bond in persulfate. This was verified by Wang

et al. [36]. Meanwhile, the free radical quenching results revealed

the participation of hydroxyl radicals, which may have been gen-

erated by the reaction with the water molecules of partial sulfate

radicals [38]. These two types of free radicals functioned together

and resulted in the efficient degradation of SDZ, although •OH was

slightly more dominant than SO4
•− in the CMK/PDS system. This

was consistent with the results of a previous study conducted by

Tang et al. [31], where CMK was applied to enhance the activa-

tion of persulfate during the degradation of 2,4-dichlorophenol. In

addition, some studies have found that different from the system

with a transition metal as the persulfate activation catalyst [12],

nanocarbon-based materials could be applied as electron bridges

to facilitate and oxidize SDZ through the direct electron transfer

process by activating PDS to form the reaction intermediates [39].

Although the catalytic activity and mechanism were different [40],

CMK was reported to possess a higher SSA and larger number

of active sites, which may be involved in mediating the electron
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transfer of PDS and SDZ. The highly efficient degradation of SDZ

was possibly caused by the joint function of SO4•− and •OH oxida-

tion, as well as the promotion of PDS direct oxidation by providing

electron channels.

To investigate the degradation pathway of SDZ, the optimized

molecular structure of SDZ was obtained using the DFT method

(Fig. S7 in Supporting information). The oxidation of SDZ involves

a free radical reaction and the electrophilic reaction of SDZ as an

electron donor; thus, f0 was selected to investigate the reaction

activity of each atom of the SDZ molecule. As shown in Table S3

(Supporting information), the Fukui function values of the six po-

sitions (14S, 1C, 16O, 11N, 19C and 5C) were relatively large, ver-

ifying that these bonds were more likely to be attacked by free

radicals and become broken. Based on the DFT model, the SDZ in-

termediates of radical-induced degradation were investigated using

UPLC–MS/MS (Fig. S8 in Supporting information). The intermediate

and final metabolites with m/z values of 187 (A), 114 (B), 96 (C), 85

(D), and 117 (E and F) were determined. The formation of SO2 has

been frequently reported during the degradation of sulfonamides

[41]. In this study, the mass difference between SDZ and product

A (intermediate m/z=187) was 64, which is exactly equal to the

SO2 loss. Thus, compound A was assigned to the product of SO2

extrusion, which is consistent with the DFT results that the f0 val-

ues of 14S, 15O, and 16O were relatively large; hence, they were

easily removed via oxidization. In addition, 2-aminopyrimidine (C)

is usually regarded as one of the products of S–N bond cleavage

during sulfonamide degradation [42]. The f0 value of 14S was the

highest and possessed a high reaction activity, such that the 14S–

17N bond was easily broken. Combined with the mass/nucleus ra-

tio of the intermediate products detected, it could be concluded

that product A with an m/z value of 96 could be C due to the at-

tack of the 14S-17N bond, while C was further oxidized to form

2-amino-5-hydroxypyrimidine (B) with an m/z value of 114. Prod-

uct D with an m/z value of 85 and product B with an m/z value

of 114 were formed by 19N–20N and 19N–27N cleavage because

the f0 value of 19C was large, which suggested that the cleavage

of the C–N bond linking pyrimidine and the benzene ring was also

one of the pathways for SDZ degradation [37]. The isomers fumaric

acid (E) and maleic acid (F) with an m/z value of 117 were specu-

lated to be formed by the opening of the benzene ring, which was

also verified previously by Feng et al. (2016) [43].

Based on the above experiments, three potential degradation

pathways were proposed for the CMK/PDS system (Fig. S9 in Sup-

porting information). In pathway I, owing to the high f0 of the 14S

(0.539832), 15O (0.148185), and 16O (0.208212) atoms, SDZ could

be oxidized to generate product A (m/z=187) via SO2 extrusion

followed by the rearrangement of atoms. Subsequently, the 6C–

19C bond of product A continued to be attacked by radicals, re-

sulting in the generation of C and aniline. In pathway II, in view

of the high f0(r) value of 19C and the low f0(r) values of 27N

and 20N, the cleavage of 19C–27N and 19C–20N bonds could re-

sult in the production of intermediates with m/z values of 187

(G) and 85 (D), respectively. Product G could be oxidized to ani-

line, which could be further converted to phenol by a substitution

reaction [44]. Then, two products, F and G, were generated after

the ring cleavage of phenol, which was finally oxidized to carbon

dioxide and water [43]. In pathway III, considering that the f0(r)

value of 14S was the highest, 14S–17N was easily broken to gener-

ate C with an m/z value of 96 and p-aminobenzenesulfonic acid

with an m/z value of 173. Then, 2-aminopyrimidine was further

mineralized to carbon dioxide and nitrate with B as the interme-

diate. p-Aminobenzenesulfonic acid was further decomposed with

aniline and small molecules of formic acid as the end metabolites.

This degradation pathway through S–N bond cleavage is commonly

observed during the process of SO4
•− attacking sulfonamides

[45].

In this study, highly efficient antibiotic degradation activity was

obtained using CMK as the activation material for PDS oxidation

(Fig. S1). The superior oxidation ability of the CMK/PDS system

was not only reflected in the high degradation of sulfonamides,

but also in the degradation of other types of antibiotics with

different structures (Fig. S3). Some studies have confirmed that

OMC only possesses a two-dimensional nanostructure owing to its

rod-like structure [46]. Therefore, compared with traditional car-

bon nanomaterials, the environmental and biological risks of OMC

are greatly reduced [47]. Compared with metal catalytic materi-

als, OMC possesses superior catalytic performance and application

potential, reflected in its high efficiency, low toxicity, and biologi-

cal risk [30]. The catalytic mechanism via characterization of CMK

(Raman, XPS, BET, and EDS analyses) and analysis of the free rad-

ical quenching properties (Fig. 5) revealed that the larger defect

sites on the edge of CMK and the oxygen-containing functional

groups of CMK promoted electron transfer, while both free radical

and non-free radical oxidation processes facilitated the activation

of PDS, which finally contributed to the high catalytic efficiency

of the system. Three SDZ degradation pathways in the CMK/PDS

system were inferred by DFT model calculations and UPLC–MS/MS

analysis (Figs. S7 and S8), which were the reaction of 14S–17N

cleavage, the removal reaction of the SO2 molecule by the SDZ

molecule, and the reaction of 19C–20N and 19C–28N cleavage of

the SDZ molecule. These proposed pathways are consistent with

the previously reported oxidative decomposition pathways of SDZ

[44], showing a common advanced oxidative degradation law. Al-

though some previous studies have confirmed that OMC can be

applied for the catalytic oxidative decomposition of chlorophenols

[48], our study verified for the first time that CMK could poten-

tially be applied as a highly efficient, environmentally friendly, and

nontoxic catalyst of PDS for the degradation of multiple structures

and types of antibiotics.

This study revealed that CMK could be applied as an excellent

catalytic material to promote PDS advanced oxidation for the de-

composition of sulfonamides and other types of antibiotics with

different structures. This study clarified the optimal catalytic pa-

rameters. A potential catalytic mechanism was proposed, whereby

the defect structure and surface oxidation functional groups of

CMK act as activators for generating sulfate radicals and hydroxyl

radicals, and CMK acts as a direct electron transfer bridge to oxi-

dize SDZ. Potential SDZ degradation pathways were proposed via

the direct removal of SO2 molecules, the 14S–17N fracture, and

the 19C–20N and 19C–28N cleavage of the SDZ molecule. Hence,

CMK could provide an environmentally friendly and superior cata-

lyst to enhance the oxidation ability of PDS for treating antibiotic-

containing wastewater.
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