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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Supported CoSx-CuSx/CF was synthe-
sized using a self-sacrificing method. 

• CF played a vital role in improving the 
stability and developing of interfacial 
interaction. 

• The regeneration of Co2+ by superficial 
S and Cu+ species led to the superior SR- 
AOP activity. 

• CoSx-CuSx/CF displayed excellent sta-
bility and reusability due to the immo-
bilization of CF. 

• A self-developed fixed-bed reactor was 
used for sulfonamide antibiotics 
degradation.  
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A B S T R A C T   

The CoSx-CuSx was firmly immobilized on copper foam (CF) substrate to fabricate supported CoSx-CuSx/CF using 
ZIF-L(Co)/CF as a self-sacrificing template, in which CF substrate played an important role in improving the 
adhesion between CF and target catalyst as well as the interfacial interaction between CoSx and CuSx. The CoSx- 
CuSx/CF performed well in catalytic peroxymonosulfate (PMS) activation, which can accomplish 97.0% sulfa-
methoxazole (SMX) degradation within 10 min due to the special structure and Co2+ regeneration promoted by 
S2- and Cu+. The influences of pH, PMS dosage, catalyst dosage, co-existing anions and natural organic matter 
(NOM) on SMX removal were studied in detail. CoSx-CuSx/CF presented excellent catalytic activity and reus-
ability, which might be fascinating candidate for real wastewater treatment. The possible pathway of SMX 
degradation was proposed, and the toxicity of the intermediates during the degradation process were evaluated. 
It is noteworthy that long-term continuous degradation of sulfonamide antibiotics was achieved using a self- 

* Corresponding author. 
** Corresponding author at: Beijing Key Laboratory of Functional Materials for Building Structure and Environment Remediation, Beijing University of Civil En-

gineering and Architecture, Beijing 100044, China. 
E-mail addresses: fuhuifen@bucea.edu.cn (H. Fu), wangchongchen@bucea.edu.cn, chongchenwang@126.com (C.-C. Wang).  

Contents lists available at ScienceDirect 

Journal of Hazardous Materials 

journal homepage: www.elsevier.com/locate/jhazmat 

https://doi.org/10.1016/j.jhazmat.2021.128134 
Received 21 October 2021; Received in revised form 16 December 2021; Accepted 20 December 2021   

mailto:fuhuifen@bucea.edu.cn
mailto:wangchongchen@bucea.edu.cn
mailto:chongchenwang@126.com
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2021.128134
https://doi.org/10.1016/j.jhazmat.2021.128134
https://doi.org/10.1016/j.jhazmat.2021.128134
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2021.128134&domain=pdf


Journal of Hazardous Materials 426 (2022) 128134

2

developed continuous-flow fixed-bed reactor. This work demonstrated that CF as a substrate to fabricate sup-
ported catalysts derived from MOF had great potential in actual wastewater remediation.   

1. Introduction 

The antibiotics residues as emerging pollutants in wastewater have 
been widely concerned due to the potential threat to environment and 
human health. The traditional wastewater treatment technology like 
activated sludge process is not considered as an ideal method to elimi-
nate antibiotics because of their poor biodegradability. Advanced 
oxidation processes (AOPs) have received widespread attention due to 
the high degradation efficiency and nonselective attack on pollutants by 
generated reactive oxygen species (ROS), especially hydroxyl radical 
(⋅OH) and sulfate radical (SO4

⋅-). Compared with Fenton reaction, sulfate 
radical-based AOPs (SR-AOPs) demonstrated some obvious advantages 
like the equal or higher redox potential (SO4

⋅-: 2.5–3.1 V vs. ⋅OH: 2.8 V), 
longer half-life period (SO4

⋅-: 30–40 ms vs. ⋅OH: 20 ns) and more 
convenient transportation & storage of oxidant (solid peroxysulfate vs. 
liquid H2O2) (Chen et al., 2021a,c; Wu et al., 2021). 

It was reported that cobalt-based catalysts for SR-AOPs showed a 
sufficient organic pollutant degradation performance, in which the co-
balt sulfides have been widely introduced into SR-AOPs for water pu-
rification to improve the catalytic performance via accelerating the 
regeneration of Co2+ by reductive sulfur species. Zhu et al. (2019) found 
that the cobalt sulfide displayed good peroxymonosulfate (PMS) acti-
vation performance to degrade BPA, and the degradation rate exceeded 
the most reported catalysts by 1–2 orders of magnitude. Li et al. (2020a) 
demonstrated that the cobalt sulfide as catalyst for SR-AOPs degraded 
ciprofloxacin (CIP) efficiently at a wide pH range (3− 10). As reported, it 
was deemed that catalysts with porous characteristic would provide 
abundant active sites to further boost the catalytic activity. 
Metal-organic frameworks (MOFs) built from metal ions and organic 
ligands are considered as good self-sacrifice templates to fabricate 
porous or hollow metal sulfides which exhibited excellent catalytic 
SR-AOPs degradation activity toward organic pollutants due to their 
numerous active sites originated from large specific surface area and 
abundant pore channels (Wu et al., 2020; Fu et al., 2021). Zeolitic 
imidazolate framework (ZIF), a branch of MOFs, is a novel porous 
crystalline material integrating the advantages of zeolite and MOFs. 
ZIF-L, as one kind of typical ZIF, with more active sites owning to its 2D 
structure attracted considerable attention (Huang et al., 2021a; Peng 
et al., 2021a,b). Especially, the simple and facile preparation endows ZIF 
to be a fascinating candidate to construct porous derivatives like metal 
oxides (Yu et al., 2016, 2020), metal sulfides (Cai et al., 2020) and 

carbon nanotubes (Ma et al., 2018; Fang et al., 2021). Our group syn-
thesized CoSx @SiO2 nanocages derived from ZIF-67(Co) to accomplish 
superior SR-AOP activity and efficient sulfamethoxazole degradation 
performance (Wang et al., 2022). However, the powder catalysts are 
detrimental to the large-scale application due to the difficulty in sepa-
rating and recycling. It was a hotspot to develop the immobili-
zed/supported catalysts to facilitate the continuous operation. Recently, 
our group prepared a supported Fe3O4 catalyst derived from MIL-88A 
(Fe) to achieve excellent SR-AOP activity toward the tetracycline hy-
drochloride degradation (Zhang et al., 2021). As is known to us all, 
heterojunction is crucial to the improvement of the catalytic activity. 
However, constructing supported catalysts based on composites is a 
great challenge because the binding force between catalysts and sub-
strate as well as the interfacial interaction between the individuals 
should be considered. 

Within this work, the supported catalyst CoSx-CuSx/CF (CF = copper 
foam) with heterojunction was fabricated via vulcanizing of ZIF-L(Co)/ 
CF, in which CF acted as both substrate and Cu source. The sulfonamide 
antibiotics like SMX, sulfacetamide (SA) and sulfamethazine (SMZ) were 
selected as target pollutants to test the SR-AOP performance of CoSx- 
CuSx/CF. This work aimed to clarify four issues: (i) determining the 
sulfonamide antibiotics degradation efficiency via SR-AOP with CoSx- 
CuSx/CF as catalyst; (ii) exploring the role of CF on the structure, 
composition and the SR-AOP activity of CoSx-CuSx/CF; (iii) investi-
gating the catalytic mechanism, especially the synergistic effect between 
CoSx and CuSx; (iv) developing a self-developed fixed-bed reactor to 
achieve the long-term, continuous and efficient sulfonamide antibiotics 
degradation adopting CoSx-CuSx/CF as catalyst. 

2. Experimental 

2.1. Fabrication of ZIF-L(Co)/CF 

A piece of CF (2.0 cm × 2.0 cm) was immersed into a 160 mL aqueous 
solution containing Co(NO3)2.6H2O (50 mM) and 2-methylimidazole 
(0.4 M). After 3 h, ZIF-L(Co)/CF was obtained after washed with ultra- 
pure water and dried at 60 ℃ overnight (Scheme 1). 

2.2. Synthesis of CoSx-CuSx/CF and CuSx/CF 

3.2 mmol thioacetamide (TAA) and 80 mL ethanol (EtOH) along 

Scheme 1. Synthetic illustration for the preparation of CoSx-CuSx/CF and catalytic degradation process of sulfonamide antibiotics.  

A. Du et al.                                                                                                                                                                                                                                       



Journal of Hazardous Materials 426 (2022) 128134

3

with a piece of as-synthesized ZIF-L(Co)/CF were added into a Teflon- 
lined autoclave, which was maintained at 120 ℃ for 4 h. The CoSx- 
CuSx/CF was obtained after washed with EtOH and water and dried at 
60 ℃ overnight (Scheme 1). The mass loading of CoSx-CuSx on CF was 
weighed at ca. 4.5 mg/cm2. The synthesis procedure of CuSx/CF is 
identical to that of the CoSx-CuSx/CF except replacing ZIF-L(Co)/CF 
with pristine CF. 

2.3. Catalytic peroxymonosulfate activation for sulfonamide antibiotics 
degradation over CoSx-CuSx/CF 

Catalytic degradation experiment was conducted in 50.0 mL 
aqueous solution of sulfonamide antibiotic (5.0 mg/L) in dark, in which 
the active CoSx-CuSx dosage was 4.5 mg and the pH value was adjusted 
to 7.0 by HNO3 or NaOH with proper concentrations. SMX degradation 
was triggered by adding PMS (0.1 mM), then 1.0 mL aliquot was 
extracted at designed time intervals, filtered with 0.22 µm PTFE mem-
brane, and immediately quenched with methanol. Finally, the residual 
SMX concentration was measured by LC (LC-20A, Shimadzu, Japan). 
The experimental procedure was shown in Scheme 1. 

2.4. Quantification of sulfate radical and hydroxyl radicals 

The SO4
⋅- radicals were quantified indirectly by detecting the con-

centration of p-benzoquinone (BQ), generated from the reaction of SO4
⋅- 

and p-hydroxybenzoic (HBA) (Oh et al., 2017). In brief, 1 × 1 cm2 

CoSx-CuSx/CF was quickly added into 50 mL aqueous solution (pH =
9.0) containing a certain amount of HBA and 0.1 mM PMS. Then, 1 mL 
aliquot was drawn out at designed time intervals, filtered with 0.22 µm 
PTFE membrane and analyzed by LC to quantitatively determine the 
concentration of BQ. The molar ratio of PMS:HBA was varied from 
1:2–1:6 to ensure that the HBA was excessive. 

Dimethyl sulfoxide (DMSO) was used as the probe for the 

quantification of⋅OH (Tai et al., 2004). The experimental procedure was 
similar to the Section 2.5 except that HBA was replaced by DMSO. 2 mL 
aliquot was drawn out at designed time intervals, and quickly injected 
into a 2.5 mL buffer solution (31.5% Na2HPO4 + 68.5% NaH2PO4). 
Then, 0.2 mL 6 mM 2,4-dinitrophenylhydrazine were added into the 
aliquot and diluted to 5.0 mL. After being maintained at room temper-
ature for 30 min, the mixture was analyzed by LC (LC-20A, Shimadzu, 
Japan). The volume fraction of DMSO was varied from 0.2% to 2.0% to 
ensure that the DMSO was excessive. 

2.5. Sulfonamides antibiotics Degradation using a self-developed fixed- 
bed reactor 

A self-developed fixed-bed reactor for wastewater treatment was 
fabricated, in which 10 pieces of round CoSx-CuSx/CF (diameter was 
2.7 cm) were fixed with silica sand in a polymethyl methacrylate tube. 
The hydraulic retention time of sulfonamides through the device was 
10 min controlled by peristaltic pump, while the concentration of PMS 
in the system was adjusted to 0.1 mM by micro-injection pump. 10 mL 
aliquot was extracted at designed time intervals and filtered with 
0.22 µm PTFE membrane. The residual SMX concentration as well as the 
leaching concentrations of Co and Cu were measured by LC (LC-20A, 
Shimadzu, Japan) and ICP-OES (ICP-5000, Focused Photonics, China), 
respectively. 

3. Results and discussion 

3.1. Materials characterizations 

As shown in Fig. 1a, the diffraction peaks of ZIF-L(Co)/CF and CoSx/ 
CF were not obvious from the original patterns due to the strong peak 
intensity of CF. To obtain more details from the XRD patterns, the 
original patterns were magnified locally and some tiny diffraction peaks 

Fig. 1. XRD patterns of different catalysts.  
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were observed which were speculated to be corresponding to ZIF-L(Co) 
and CoSx. To verify the attribution of the above tiny peaks, the diffrac-
tion patterns of powder sample collected from the sample surface was 
also conducted (Fig. 1b). The diffraction peaks of ZIF-L(Co) powder and 
CoSx powder were same as the above tiny peaks. To be more specific, 
some characteristic peaks of ZIF-L(Co) powder like 7.3◦, 7.7◦, 10.3◦, 
10.9◦, 12.7◦, 15.2◦, 17.0◦, 18.0◦ and 29.0◦ matched well with the 
simulated one. The five peaks of CoSx-CuSx powder at 30.4◦, 34.4◦, 
35.1◦, 46.6◦ and 54.1◦ could be obviously observed, which corre-
sponded perfectly with the diffraction plane of (100), (002), (101), 
(102) and (110) of CoS (ICDD PDF no. 97-062-4842), respectively. 
Meanwhile, another five peaks of CoSx-CuSx powder at 32.3◦, 36.2◦, 
39.8◦, 46.3◦ and 49.3◦ matched well with the diffraction plane of (200), 
(210), (211), (220) and (221) of CoS2 (ICDD PDF no. 97-005-3068), 
respectively. These results indicated that the CoSx-CuSx derived from 
ZIF-L(Co) mainly consisted of CoS and CoS2. To prove the formation of 
CuSx, the vulcanizing of individual CF substrate was conducted, as 
shown in Fig. 1c. It is interesting to found that the XRD patterns of both 
powders collected from CoSx-CuSx/CF and CuSx/CF matched well with 
Cu2S (ICDD PDF no. 97-005-3329) and CuS2 (ICDD PDF no. 97-004- 
3323). To further confirm the composition of CuSx, the atomic ratio of 
Cu and S were measured by EDS (Table S2). The result showed that the 
ratio of Cu/S was 1.4 which was between 0.5 and 2.0 (atomic ratio of 
CuS2 and Cu2S), further indicating that CuSx consisted of Cu2S and CuS2. 

The FTIR spectra of ZIF-L(Co) powder scraped from ZIF-L(Co)/CF 
was shown in Fig. S1. The characteristic peaks corresponded to the 
stretching vibration of C––N (1585 cm− 1), bending vibration of C-H 
(1147 cm− 1), bending vibration of imidazole ring (around 750 cm− 1) 
and vibration peak of Co-N (423 cm− 1), which agreed well with the 
reported literature (Liu et al., 2017). As for CoSx-CuSx powder scraped 
from CoSx-CuSx/CF, the peaks observed at 478 cm− 1 and 669 cm− 1 were 
corresponded to Cu-S bond stretching vibration (Gupta et al., 2021). 
However, no obvious characteristic peak of CoSx was observed because 
characteristic peak of Co-S bond are located in the far infrared region 

(10–400 cm− 1) that beyond the detection region (400–4000 cm− 1) of 
FTIR (Li et al., 2017). 

The photographs of the CF, ZIF-L(Co)/CF and CoSx-CuSx/CF were 
provided, as exhibited in Fig. S2. To further observe the microscopic 
morphology, SEM was used to characterize the supported samples.  
Fig. 2a-b and Fig. S3 showed that the ZIF-L(Co) on CF exhibited leaf-like 
shape with an uneven size distribution. It can be seen from Fig. S4a-S4b 
that the length and width were about 9–17 and 4–6 µm, respectively, 
according to the analysis results based on SEM images. Vulcanization 
treatment led to the formation of a hollow structure accompanied with 
the size shrinkage. As shown in Fig. S4c-S4d, the length and width of the 
obtained CoSx-CuSx supported on CF were mainly distributed at 
9–12 µm and 3–6 µm, respectively. Besides, Fig. 2c-d demonstrated the 
well dispersion of ZIF-L(Co) and CoSx-CuSx on CF as Cu, Co and S ele-
ments were uniformly distributed on CF. The element Cu was mainly 
distributed on the framework of the CF in ZIF-L(Co)/CF (Fig. 2c). 
However, it was observed that the Cu specie migrated into the coated 
sample to form CuSx after vulcanization process (Fig. 2d), indicating that 
CuSx was produced on the surface of CF, and thus the strong bonding 
force between CF and the target catalyst was formed. Furthermore, the 
uniform distribution of Cu, Co and S of CoSx-CuSx/CF implied that 
interfacial interaction between CuSx and CoSx was generated, which was 
beneficial to the electron transfer for the boosted catalytic performance. 
TEM images of CoSx-CuSx powder scraped from the surface of the CoSx- 
CuSx/CF were shown in Fig. S5. Unfortunately, no obvious hollow leaf- 
like structure was observed, which could be attributed to that strenuous 
scrape destroyed the morphology of the CoSx-CuSx originated from the 
high binding force of CoSx-CuSx on the CF. It is noteworthy that the 
particles presented in Fig. S5 seems a part of the leaf-like CoSx-CuSx 
originally supported on CF, and the cavity appeared in the middle of the 
particle. As presented in Fig. S6, the lattice spacing was 0.279 nm, 
0.240 nm, 0.287 nm and 0.380 nm, corresponding to the (311) plane of 
CoS, the (210) plane of CoS2, the (311) plane of CuS2 and the (211) plane 
of Cu2S, respectively (Yang et al., 2011; Chen et al., 2012; Ji et al., 2022; 

Fig. 2. SEM images of (a) ZIF-L(Co)/CF and (b) CoSx-CuSx/CF; Elemental mapping images of (c) ZIF-L(Co)/CF and (d) CoSx-CuSx/CF.  
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Yu et al., 2022; He et al., 2020), indicating the formation of hetero-
junction between CoSx and CuSx. 

3.2. Catalytic SR-AOP performance 

3.2.1. Catalytic peroxymonosulfate activation for SMX degradation 
Sulfamethoxazole (SMX), as a kind of common antibiotic, was 

selected as a model pollutant to test the SR-AOP activity of CoSx-CuSx/ 
CF. As showed in Fig. 3a and Fig. S7, the CoSx-CuSx/CF-PMS system 
demonstrated the best SMX degradation activity, in which more than 
97.0% degradation efficiency was accomplished within 10 min. The 
degradation efficiency of SMX were similar under dark and visible light 
irradiation, indicating that the visible light did not contribute to the SMX 
degradation. As shown in Fig. S8, the total organic carbon (TOC) 
removal efficiencies of the CoSx-CuSx/CF were 20.3% and 61.0% within 
10 min and 120 min, respectively, indicating its good mineralization 
capacity and potential application in actual wastewater treatment. It can 
be seen from Table 1 that SMX degradation efficiency of CoSx-CuSx/CF 
was distinctly better than most previously reported catalysts. To further 
verify the superiority of CoSx-CuSx/CF-PMS, SMX degradation effi-
ciencies and stability of CoSx-CuSx-PMS, ZIF-L(Co)/CF-PMS and CoSx- 
CuSx/CF-PMS systems were also carried out. As shown in Fig. 3b–e, SMX 
degradation efficiency, reusability as well as leaching concentrations of 
Co for CoSx-CuSx/CF-PMS system were better than those of the ZIF-L 
(Co)/CF-PMS system. It was observed that the CoSx-CuSx-PMS 

possessed faster degradation rate than CoSx-CuSx/CF-PMS, which 
resulted from the more exposed active sites of the powder sample. 
However, the reusability as well as leaching Co and Cu for the CoSx- 
CuSx-PMS was not desired. It is worth noting that the leaching Co and Cu 
from CoSx-CuSx/CF-PMS system were less than the specified value in the 
corresponding standard like emission standard of industrial pollutants 
for copper, nickel, cobalt (GB 25467-2010). 

3.3. The influences of key parameters on SMX removal by CoSx-CuSx/CF- 
PMS 

The initial pH is an important factor in SR-AOPs for organic pollutant 
degradation (Yi et al., 2021; Zhu et al., 2020). It has been reported that 
the SMX specifications were influenced by pH as the pKa1 and pKa2 of 
SMX are 1.6 and 5.7, respectively, indicating that SMX exists in cationic 
(SMX+) at pH < 1.6, neutral (SMX) at 1.6 < pH < 5.7, and anionic form 
(SMX-) at 5.7 < pH, respectively (Govindan et al., 2014). However,  
Fig. 4a showed that CoSx-CuSx/CF degraded SMX efficiently in the pH 
range of 5.0–9.0, and a sharp decline was observed under strong acidic 
or alkaline condition. As shown in Fig. S9, the Zeta potential of CoSx--
CuSx/CF was negative in the pH range of 1.0–13.0. It seems that the SMX 
ionic speciation had negligible influence on SMX degradation. Under the 
strong acidic condition (pH < 3), excessive protons at low pH would 
consume SO4

⋅- and⋅OH, resulting in the decrease of SMX degradation 
(Eqs. 1 and 2) (Yan et al., 2019; Huang et al., 2009). Meanwhile, the 

Fig. 3. (a) SMX degradation efficiencies in different conditions; (b) SMX degradation efficiencies and (c) The reusability of CoSx-CuSx/CF, ZIF-L(Co)/CF and CoSx- 
CuSx powder; (d) The leaching Co concentrations after each cycle in different system. ([SMX]0 = 5 mg/L, initial pH = 7.0, [PMS]0 = 0.1 mM, [catalyst]0 = 90 mg/L). 

Table 1 
Summary of SMX degradation efficiencies over various catalysts.  

Catalyst/amount (mg/ 
L) 

Volume (mL)/ SMX concentration (mg/L)/ PMS 
dosage (mM) 

Operation time 
(min) 

Operation 
runs 

Final degradation efficiency 
(%) 

Ref. 

CoSx-CuSx/CF/90 50/5/0.1  10 15  97.6 This work 
Co9S8@N-S-BC/200 60/20/1.6  10 5  100.0 (Wang and Wang, 

2020) 
CoNC/CNTs/1000 50/25/0.3  45 5  96.4 (Ye et al., 2020) 
Fe3O4@ZIF-67/100 50/10/0.3  10 5  99.5 (Chen et al., 2021b) 
CuO@Al2O3/500 300/10/0.4  120 –  99.0 (Yan et al., 2019) 
MnO2/Fe2O3/60 80/10/0.8  40 5  90.0 (Guo et al., 2020b)  
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Fig. 4. The influences of (a) initial pH value, (b) PMS dosage and (c) catalyst dosage on SMX degradation efficiencies.  

Fig. 5. The influences of Cl- (a); HCO3
- (b); NO3

- (c), H2PO4
- (d) and HA (e) on SMX degradation; (f) SMX degradation in simulated wastewater prepared by different 

water. ([SMX]0 = 5 mg/L, initial pH = 9.0, [PMS]0 = 0.1 or 0.2 mM, [CoSx-CuSx]0 = 90 mg/L). 
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instability of metal sulfides in strong acidic condition would also be 
responsible for the decrease of SMX degradation as XRD results sug-
gested that the structure of CoSx-CuSx collapsed after catalytic reaction 
at low pH values like 1.0 and 3.0 (Fig. S10). The dominant species is 
SO5

2- under strong alkaline condition as the pKa2 of PMS is 9.4, which is 
difficult to be activated to degrade SMX (Huang et al., 2009). Mean-
while, the self-decomposition of PMS in strong alkaline environment 
could also lead to the decrease of SMX degradation (Chen et al., 2016).  

⋅OH + H+ + e- → H2O                                                                    (1)  

SO4
⋅- + H+ + e- → HSO4

-                                                                (2) 

PMS concentration is also a parameter to influence the SMX degra-
dation (Wang et al., 2022). As shown in Fig. 4b, with the increase of PMS 
concentration, SMX degradation efficiency firstly increased, then 
decreased, and reached the highest when the PMS concentration was 
0.5 mM. PMS concentration was positively correlated to the yield effi-
ciency of ROS to some extent, so that the increase of PMS concentration 
facilitated the removal of SMX. In our case, the SMX degradation effi-
ciencies were improved when the PMS concentration increased from 0 to 
0.5 mM. However, the decline of SMX degradation was observed with 
further increasing the PMS concentration to 2.0 mM, which was attrib-
uted to the self-quenching of free radicals (Cao et al., 2019). In addition, 
the excessive PMS would react with ROS like⋅OH and SO4

⋅- to produce 
weaker radical SO5

⋅- (Guan et al., 2011), leading to the decreasing SMX 
degradation. Also, the increase of SMX degradation efficiency was not 
obvious when the PMS concentration is larger than 0.1 mM. In order to 
make full use of PMS, the optimal PMS concentration was selected as 
0.1 mM. The influence of catalyst dosage (0–90 mg/L CoSx-CuSx) on 

SMX degradation by PMS activation was also explored. As shown in 
Fig. 4c, the SMX degradation efficiencies gradually increased with the 
increase of CoSx-CuSx dosage, resulting from the more exposed active 
sites. 

3.4. Effects of co-existing anions and NOM 

Some common anions like Cl-, HCO3
-, NO3

- and H2PO4
- may influ-

ence SMX degradation behaviors during the SR-AOP process by 
quenching free radicals to generate new weaker active substances or 
being adsorbed on the catalyst surface (Qi et al., 2014; Ren et al., 2020). 
As illustrated in Fig. 5a, the SMX degradation efficiencies decreased 
from 97.6% to 90.0% and 66.2% in the presence of 0.1 and 1.0 mM Cl-, 
respectively, which could be attributed to the generation of less reactive 
chlorine species like Cl⋅, Cl2⋅- and ClOH. On the one hand, PMS could 
oxidize Cl- to produce weaker active Cl2, which consumed PMS (Eq. 3) 
(Ao and Liu, 2017). On the other hand, Cl- could react with the gener-
ated ROS to produce other less reactive chlorine species (Eqs. 4–9) 
(Govindan et al., 2014; Zhou et al., 2016; Wang et al., 2017). When 
HCO3

- presented in the system, SMX degradation efficiencies decreased 
from 97.6% to 90.8% (0.1 mM HCO3

-) and 70.4% (1.0 mM HCO3
-), as 

shown in Fig. 5b. There was a balance process between HCO3
- and CO3

2-, 
in which the CO3

2- could quench SO4
⋅- and⋅OH (Eqs. 10–12) (Neta et al., 

1988), leading to the decline of SMX degradation. Fig. 5c showed that 
SMX degradation efficiency decreased from 97.6% to 92.8% and 75.4% 
with the addition of 0.1 and 1 mM NO3

-, respectively. NO3
- could also 

react with the generated ROS to form weaker NO3⋅(Eqs. 13–14) (Neta 
et al., 1988), which was detrimental to the removal of SMX. When the 
system contained H2PO4

- (Fig. 5d), the SMX degradation efficiency 

Fig. 6. (a) The influences of different scavengers on SMX degradation in CoSx-CuSx/CF-PMS system; The ESR spectra of (b) DMPO-SO4
⋅-, DMPO-⋅OH, (c) DMPO-O2

⋅- 

and (d) TEMP-1O2 in the CoSx-CuSx/CF-PMS system. ([SMX]0 = 5 mg/L, initial pH = 9.0, [PMS]0 = 0.1 mM, [CoSx-CuSx]0 = 90 mg/L). 
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decreased from 97.6% to 92.0% (0.1 mM H2PO4
-) and 80.5% 

(1.0 mM H2PO4
-) due to the adsorption of H2PO4

- on the surface of 
CoSx-CuSx, inhibiting the exposure of active sites and SMX degradation 
(Chen et al., 2011).  

Cl- + HSO5
- + H+ → SO4

2- + Cl2 + H2                                            (3)  

Cl- + SO4
⋅- → SO4

2- + Cl                                                                 (4)  

Cl- +⋅OH → OH- + Cl                                                                     (5)  

Cl- +⋅OH → ClOH-                                                                         (6)  

ClOH- + H+ → H2O + Cl                                                                (7)  

Cl⋅+ Cl- → Cl2⋅-                                                                              (8)  

Cl2⋅- + Cl2⋅- → Cl2 + 2Cl-                                                                (9)  

CO3
2- + H2O ⇌ HCO3

- +OH-                                                        (10)  

CO3
2- + SO4

⋅- → SO4
2- + CO3

⋅-                                                      (11)  

CO3
2- +⋅OH → OH- + CO3

⋅-                                                          (12)  

NO3
- + SO4

⋅- → SO4
2- + NO3⋅                                                        (13)  

NO3
- +⋅OH → OH- + NO3⋅                                                            (14) 

Natural organic matters (NOM) are important components in natural 
water, which usually inhibit the organic pollutants’ degradation (Yang 
et al., 2019, Ramel et al., 2012). Humic acid (HA), as a typical NOM, was 
chosen to determine the effect on SMX degradation. As displayed in 
Fig. 5e, SMX degradation efficiency decreased from 97.6% to 90.9% 
(0.1 mM HA) and 82.2% (1.0 mM HA), which could be attributed to the 
competition between SMX and HA for ROS. The presence of HA sharply 
consumed the generated ROS (Xie et al., 2015), inhibiting the SMX 

degradation. 
To further determine the potentially practical application of CoSx- 

CuSx/CF, the SMX degradation experiments in actual water bodies 
including lake water and tap water were conducted. As shown in the 
Fig. 5f, the SMX degradation efficiency decreased from 97.6% to 61.9% 
and 71.0% in lake water and tap water, respectively. The obvious in-
hibition would be ascribed to the effects of co-existing anions and nat-
ural organic matters in the actual water. It is worth noting that the SMX 
degradation efficiency became much better when the PMS dosage 
increased from 0.1 mM to 0.2 mM, which demonstrated that the 
inhibitory effect caused by coexisting species in actual water could be 
effectively solved by increasing PMS concentration. 

3.5. The catalytic peroxymonosulfate activation mechanism 

The ROS like SO4
⋅-,⋅OH, superoxide radical (O2

⋅-) and singlet oxygen 
(1O2) were always generated in the SR-AOPs (Giannakis et al., 2021; 
Huang et al., 2021b). In order to study the dominated active species for 
SMX degradation in CoSx-CuSx/CF-PMS system, the trapping experi-
ments were carried out by adding different scavengers. It was reported 
that the reaction rate of EtOH with⋅OH (1.2–2.8 ×109 M− 1 s− 1) was 
similar to that with SO4

⋅- (1.6–7.7 ×107 M− 1 s− 1), while tertiary butanol 
(TBA) reacted faster with⋅OH (3.8–7.6 ×108 M− 1 s− 1) than with SO4

⋅- 

(4.0–9.1 ×105 M− 1 s− 1) (Zhao et al., 2021). Therefore, the TBA was 
selected to trap⋅OH, and EtOH was used to trap both⋅OH and SO4

⋅- (Yi 
et al., 2021). As well, p-benzoquinone (BQ) and β-Carotene were chosen 
as the scavengers of O2

⋅- and 1O2, respectively (Ramel et al., 2012; Sun 
et al., 2019). It can be seen from Fig. 6a that SMX degradation efficiency 
rapidly decreased to 26.46%, 34.51%, 52.93% and 41.15% in the 
presence of EtOH, TBA, BQ and β-Carotene, respectively, suggesting that 
these four reactive species were involved in the SR-AOP process for SMX 
degradation. Furthermore, the ESR results (Fig. 6b–d) showed that no 

Fig. 7. (a) XPS survey spectra of CoSx-CuSx/CF. High-resolution XPS spectra of (b) Co 2p, (c) S 2p and (d) Cu 2p for CoSx-CuSx/CF.  
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obvious signals related to ROS were observed in the individual CoSx--
CuSx/CF or PMS system, while the typical peaks assigned to SO4

⋅-,⋅OH, 
O2

⋅- and 1O2 appeared in CoSx-CuSx/CF-PMS system, confirming the 
generation of these ROS through PMS activation over CoSx-CuSx/CF. 
The characteristic peaks of DMPO-SO4

⋅- were insignificantly compared 
with the DMPO-⋅OH, in which the⋅OH concentration (ca.723.87 μM) 
was much higher than SO4

⋅- (ca.18.49 μM) (Fig. S11). The above results 
revealed that⋅OH may be the main ROS, which was intrinsically different 
from the typical SO4

⋅--dominated system of Co-based/PMS (Li et al., 
2020a, 2020b). 

The surface microstructures and valence states of the elements in 
CoSx-CuSx/CF were confirmed by XPS analyses. As shown in Fig. 7a, the 
survey spectra proved the co-existence of Co, S, O, C, Cu elements in 
CoSx-CuSx/CF. In order to confirm the specific valence states of these 
elements, the high-resolution XPS spectra of Co 2p, S 2p and Cu 2p were 

measured, as shown in Fig. 7b–d. As for Co 2p XPS spectra, the char-
acteristic peaks of Co 2p3/2 and Co 2p1/2 at about 783.1 and 798.3 eV 
could be ascribed to Co2+, while the peaks at about 781.1 and 796.4 eV 
were assigned to Co3+ (Chauhan et al., 2017). The content of Co2+

increased (from 20.7% to 22.9%) while Co3+ decreased (from 27.1% to 
25.6%) after SMX degradation, revealing that the reduction reaction 
between Co3+ and Co2+ occurred during the PMS activation process. The 
S 2p XPS spectra could be fitted by three peaks at 162.1, 163.5 and 
169.0 eV, belonging to the S2-, S2

2- and SOx, respectively (Ma et al., 
2018; Li et al., 2020a, 2020b). It was observed that the amount of S2- 

decreased (from 63.7% to 41.5%) while S2
2- (from 27.0% to 44.6%) and 

SOx (from 9.3% to 13.9%) increased after SMX degradation, suggesting 
that partial S2- was oxidized into S2

2- and SOx. It can be reasonably 
speculated from the above discussion that the highly reductive sulfur 
species on the surface of CoSx-CuSx/CF facilitated the regeneration of 

Fig. 8. The catalysis mechanism of SMX degradation over CoSx-CuSx/CF by PMS activation.  

Fig. 9. The proposed SMX degradation pathways by catalytic SR-AOPs process over CoSx-CuSx/CF.  
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Co2+, which was beneficial to the activation of PMS and the degradation 
of SMX. As well, the amount of Cu+ decreased (from 21.4% to 15.4%) 
while Cu2+ increased (from 49.4% to 53.4%) after SMX degradation, 
implying that some Cu+ would be oxidized by Co3+ into Cu2+. Mean-
while, the PMS activation by Cu+ could also generate Cu2+ (Wang et al., 
2020). Fig. S7 showed that the SMX degradation efficiency in 
CuSx/CF-PMS system was better than that in individual PMS system, 
indicating that Cu species were also involved in the PMS activation 
process. 

Based on the above analyses, the possible reaction mechanism was 
proposed (Fig. 8). First of all, PMS was activated by the superficial Co2+

and Cu+ sites of CoSx-CuSx/CF to generate SO4
⋅- (Eq. 13). Meanwhile, 

the Co2+ and Cu+ could be regenerated by PMS (Eq. 14), which was 
frankly very slow process. The generated SO4

⋅- would react with water 
molecules to produce ⋅OH and O2

⋅- (Eqs. 15–18) (Qi et al., 2016), and 
then some O2

⋅- would react with water to produce 1O2 (Eq. 19) (Zeng 
et al., 2020). The generated SO4

⋅-, ⋅OH and O2
⋅- and 1O2 could degrade 

SMX (Eq. 20) into different intermediates or even CO2 and H2O. The S2-, 
as an electron donor, was able to reduce Co3+ and Cu2+ into Co2+ and 
Cu+, respectively (Eq. 21) (Ai et al., 2015; Qi et al., 2016; Zeng et al., 
2020; Peng et al., 2020), which was beneficial to the PMS activation and 
SMX degradation. Moreover, the formation of the heterojunction be-
tween CuSx and CoSx facilitated the electron transfer from Cu+ to Co3+

(Eq. 22), realizing the rapid regeneration of Co2+, which tremendously 
promoted the catalytic activity for PMS activation and SMX degradation.  

Co2+ /Cu+ + HSO5
- → Co3+/Cu2+ + SO4

⋅- + HO-                           (13′)  

Co3+/Cu2+ + HSO5
- → Co2+/Cu+ + SO5

⋅- + H+ (14′)  

SO4
⋅- + HO-/H2O → SO4

2- +⋅OH                                                    (15)  

HSO5
- + H2O → H2O2 + HSO4

-                                                     (16)  

⋅OH + H2O2 → HO2
⋅-                                                                    (17)  

HO2
⋅- → H+ + O2

⋅-                                                                        (18)  

O2
⋅- + 2H2O → 1O2 + H2O2 + HO-                                                 (19)  

SO4
⋅-/O2

⋅-/⋅OH/1O2 + SMX → CO2 + H2O + intermediates                 (20)  

Co3+/Cu2+ + S2
- → Co2+/Cu+ + S2

2-/SOx                                        (21)  

Co3+ + Cu+ → Co2+ + Cu2+ (22)  

3.6. SMX degradation pathways and toxicity analysis 

Fukui function (fk0) was generally employed to determine the most 

Fig. 10. (a) Bioaccumulation factor, (b) Mutagenicity and (c) Developmental toxicity of SMX and the degradation intermediates.  

Fig. 11. (a) Reusability of CoSx-CuSx/CF for the removal of SMX; (b) Co and (c) Cu leaching concentrations after each cycle in CoSx-CuSx/CF-PMS system; (d) XRD 
patterns of CoSx-CuSx/CF and CoSx-CuSx before and after catalytic reaction; (e) SEM images of CoSx-CuSx/CF after reaction. ([SMX]0 = 5 mg/L, initial pH = 9.0, 
[PMS]0 = 0.1 mM, [CoSx-CuSx]0 = 90 mg/L). 
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vulnerable sites of SMX in the presence of radicals. Guo et al. have 
calculated the vulnerable sites of SMX in the presence of free radicals by 
the Fukui function calculations. As shown in Fig. 9, C2, C4, C6, S7, N8, 
O9, O10 and N11 of SMX were the most favorable sites for free radical 
attack (Du et al., 2017). Besides, based on the UHPLC-MS intermediate 
identification, two feasible pathways for SMX degradation via the ani-
line ring oxidation (pathway I) and S-N bond cleavage (pathway II) were 
proposed (Fig. 9) (Guo et al., 2020a, 2020b; Bao et al., 2019; Li et al., 
2019; Xu et al., 2019). In pathway I, the -NH2 group was firstly attacked 
by ROS to form a hydroxylamine derivative (P1) that can be further 
oxidized into a nitro derivative (P2). In pathway II, the S-N bond would 
be easily attacked by ROS to form P3 and P4, in which P3 can be further 
oxidized into P5. Besides, P6 was formed from P4 via the coupling re-
action of -NH2 group, and then P6 would be further oxidized by⋅OH into 
P7 by hydroxylation. Moreover, P4 might be oxidized by 1O2 into P8 and 
P9. Considered that the TOC removal was 61.0%, the intermediates 
would be finally mineralized into H2O and CO2, NH4

+ and NO3
- (Ben-

salah et al., 2020; Midassi et al., 2020). 
The toxicity of the intermediates during the degradation process is 

another significant indicator to evaluate catalysts (Yin et al., 2020). The 
bioaccumulation factor, mutagenicity and developmental toxicity of 
SMX and the intermediates were evaluated by the Toxicity Estimation 
Software (T.E.S.T.). As shown in Fig. 10, although part of the in-
termediates for bioaccumulation factor increased, most of them for 
mutagenicity and developmental toxicity declined. Taking into consid-
eration the high TOC removal (61.0%), we believed that the CoSx--
CuSx/CF would be a potential candidate for actual wastewater 
treatment. 

3.7. Reusability of CoSx-CuSx/CF for the SMX degradation 

The reusability is an important factor to evaluate catalysts and 
determine the possibility of practical application (Zhang et al., 2021; 
Sun et al., 2019). As shown in Fig. 11a, no obvious decrease of SMX 
degradation efficiency of CoSx-CuSx/CF was observed even after 15 
cycles. Fig. 11b–c showed that the leaching Co and Cu concentrations 
after each cycle are lower than the specified value (< 1.0 mg/L) in the 
standard (emission standard of industrial pollutants for copper, nickel, 
cobalt (GB 25467-2010)). The morphology and structure of 

CoSx-CuSx/CF were not changed obviously even after 15 cycles of cat-
alytic experiments (Fig. 11d–e), revealing its good stability and 
reusability. 

3.8. The application of the self-developed fixed-bed reactor 

In order to verify the possibility in practical application of CoSx- 
CuSx/CF, a self-developed fixed-bed reactor was constructed, in which 
CoSx-CuSx/CF and silica sand were packed successively in a polymethyl 
methacrylate tube (Figs. 12a-10b). The velocities of the SMX and PMS 
flows were controlled by peristaltic pump and syringe pump, respec-
tively. As shown in Fig. 12c, the long-term continuous and efficient 
catalytic activation of PMS for sulfonamide antibiotics degradation was 
achieved, in which no obvious decrease of degradation efficiency was 
observed even up to 64 h. To further prove the excellent performance of 
CoSx-CuSx/CF, a aqueous solution containing the matrix of SMX 
(1.5 mg/L), SA (1.5 mg/L) and SMZ (1.5 mg/L) was adopted as simu-
lated wastewater. It was found that more than 90% degradation effi-
ciencies of these three sulfonamide antibiotics were achieved even after 
running for 28 h (Fig. 12d), in which the leaching Co and Cu concen-
trations gradually decreased below the standard value (emission stan-
dard of industrial pollutants for copper, nickel, cobalt (GB 25467-2010)) 
(Fig. 12e–f). It can be calculated that the handling capacity of the device 
for wastewater reached 1.5 L/h, which can be further optimized by 
tuning CoSx-CuSx/CF dosage and rotate speed of peristaltic pump, dis-
playing potential application in industrial wastewater treatment. 

4. Conclusion 

Considering the good reusability of supported materials, the CoSx- 
CuSx/CF were successfully prepared via solvothermal method, in which 
the introduction of CF substrate contributed to the synergistic effect of 
CoSx and CuSx. The CoSx-CuSx/CF were demonstrated as a more efficient 
activator of SR-AOP for the PMS activation without light. Under the 
optimal conditions, the CoSx-CuSx/CF could degrade 97.0% of SMX 
within 10 min. The Cu+ and reductive S species promoted the Co2+

regeneration that was crucial to the SMX degradation. It was found that 
the co-existing anions and the NOM exerted negative influences on the 
SR-AOP activation. As for real water, the above negative influences 

Fig. 12. (a) The sketch illustration and (b) photograph of the self-developed device for continuous-flow fixed-bed operation; (c) SMX degradation efficiencies over 
CoSx-CuSx/CF using the device in the individual SMX solution; (d) Degradation efficiencies of sulfonamide antibiotics using the device in a mixed solution containing 
three sulfonamides antibiotics; (e) Co and (f) Cu leaching concentrations after catalytic reactions. 
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could be overcome by increasing the PMS dosage. The ROS including 
radical species (SO4

⋅-,⋅OH and O2
⋅-) and non-radical species (1O2) could 

be responsible for the superior SMX degradation performance. The self- 
developed fixed-bed reactor was designed and used for long-term 
continuous and efficient wastewater treatment, which provided a new 
feasible way to remove antibiotics via SR-AOP activation over hetero-
geneous CoSx-based supported catalysts. 
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