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Abstract: In this study, the degradation of sulfonamide antibiotics was investigated through persulfate-
enhanced UV advanced oxidation process. Factors that may affect the degradation efficiency were
analyzed. Results showed that the persulfate imposed a significant enhancement on the UV oxi-
dation process during the sulfathiazole degradation. The combined process of UV/persulfate can
effectively remove about 96% of sulfathiazole within 60 min. With the increase in the dosage of
persulfate, the removal efficiency increased as well. Different water matrix almost had no effect on
the removal efficiency. Two intermediates were found during the sulfathiazole degradation. It can be
predicted that the combined process of UV/persulfate has a broad application prospect for removing
sulfonamide antibiotics in water treatment.

Keywords: sulfonamide antibiotics; UV irradiation; persulfate; advanced oxidation process; re-
moval efficiency

1. Introduction

In actual water, the environmental behavior of pharmaceuticals and personal care
products (PPCPs), especially the existing level and source of antibiotics from them, are the
hot spots and frontiers in ecotoxicology research around the world [1]. Among these PPCPs,
sulfanilamide antibiotics (SAs) have attracted much attention due to their widespread
usage in human medical treatment, animal husbandry, and aquaculture, and have entered
the environment through industrial and domestic sewage discharge [2,3]. SAs mainly
include sulfathiazole (STZ), sulfadiazine (SDZ), sulfamethoxazole (SMX), sulfamerazine
(SMZ), and so on. Antibiotics have been detected in soil, lakes, rivers, groundwater, river
sediments, and even in the urine of school-age children in countries all over the world [4,5].
Antibiotic residues of different concentration levels have been detected in pharmaceutical
wastewater, livestock breeding wastewater, surface water, and even drinking water [6–8].
SAs are prone to show “false” persistence in the environment. Their long-term exposure can
not only inhibit some environmental microorganisms but also induce bacterial resistance,
which is harmful to the ecosystem and human health [9]. However, the structure and
properties of SAs are stable and hard to be degraded, and the traditional wastewater
treatment process cannot remove them efficiently [10]. Therefore, it is a hot topic of current
concern and research to realize the degradation of these emerging pollutants quickly and
effectively.

At present, the main methods to treat the water polluted by SAs include physical
adsorption method, microbial method, and chemical oxidation method. Akhtar et al. [11]
used powdered activated carbon as adsorption material to remove sulfamethoxazole. The
results showed that the adsorption rate reached 73% after 5 h when 2 g/L of powdered
activated carbon was added. Degradation is the main way to remove sulfonamides in the
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environment, and ammonia-oxidizing bacteria are the important bacteria to degrade sul-
fonamides. However, little is known about the degradation mechanism of sulfa antibiotics
by ammonia-oxidizing bacteria.

Advanced oxidation process (AOPs) provides an effective way to solve the environ-
mental problem because of its strong oxidizing characteristics. The AOPs technology with
hydroxyl radical (•OH) as the oxidation active species can finally oxidize these persistent
organic pollutants into CO2 and H2O efficiently and non-selectively realized the elimina-
tion of these pollutants completely [12,13]. According to the literature review, the AOPs
methods for the degradation of sulfanilamide antibiotics mainly contain photocatalysis [14],
ozone [15], Fenton-like [16], free chlorine [17], and ferrate [18]. Photocatalysis is a hot spot
in the research of water treatment at present, but when it comes to the actual wastewater
treatment, the efficiency of photocatalysis still needs to be improved. Although the ozone
oxidation technology has high oxidation efficiency and only needs simple operation, the
treatment cost is hard to be called cost-effective. Therefore, a breakthrough in efficient
and practical wastewater treatment technology has been the focus in the field of advanced
oxidation technology. A new oxidation removal technology of persistent organic pollutants
by the AOPs technology is studied on the basis of the sulfate radical (SO4

•−) theory, which
is of great development potential that has been developed recently in China [12,19–21].
With the advantages of simplicity, no secondary pollution, and high efficiency, sulfate
radical based-AOPs technology shows a wide potential applied in organic wastewater
treatment. Compared with •OH, the life span of SO4

•− is longer (half-life is 4s), and the
standard redox potential is 2.5V, which is similar to that of •OH. It is found that under
neutral conditions, the redox potential of SO4

•− is even higher than that of •OH, which
can completely degrade and remove most of the organic pollutants that have been applied
more and more in water pollution control research [22–24].

Persulfates contains peroxymonosulfate (PMS, HSO5) and peroxodisulfates (PDS,
S2O8

2). They have a limited oxidation ability but can be activated to produce SO4
•−

under the conditions of light, heat, sound, and transition metal ions. For example, Zhang
et al. used UV/PDS to degrade sulfonamides in wastewater and urine [25]; Yin et al.
used thermal activated PDS to study the oxidation process of sulfonamides [26]. The
transition metal activation is widely studied due to the moderate reaction condition of
room temperature and normal pressure without additional energy. It has been reported
that there are homogeneous catalysts based on SO4

•−, such as cobalt(II), manganese(II),
iron(II), etc. [27,28]. However, there are some problems in this activation method such
as the toxicity of metal catalysts, reuse, and secondary pollution to the environment,
and so on. Heterogeneous catalysts such as Fe3O4 have become a research hotspot, but
various research results show that the heterogeneous catalysts such as metals, metal
oxides, or supported metal oxides developed by researchers cannot avoid complete metal
leaching [29–31].

In this study, the ultraviolet process, peroxodisulfates process, and the integrated
ultraviolet and peroxodisulfates process (UV/PDS) were used to remove the sulfonamide
antibiotics for comparison. The influencing factors in these degradation processes were
investigated. This study may provide an effective way to degrade the SAs in water.

2. Experiment
2.1. Reagents

Sulfadiazine (SDZ), sulfathiazole (STZ), sulfamethoxazole (SMX), sulfamerazine (SMZ),
persulfate (PDS), NaCl, NaNO3, Na2SO4, NaHCO3, KH2PO4, and NaOH were purchased
from Aladdin (Shanghai, China). Humic acid (HA) was from Maclin Biochemical Co.
(Shanghai, China). All chemicals in this work are AR grade. Ultrapure water (18.2 m Ω cm)
was obtained from Millipore (Burlington, MA, USA).

Instruments: UV lamp (88-1) from Changzhou Guohua Instrument Co., Ltd. (Changzhou,
China), UV spectrophotometer purchased from Shanghai Mapada Instrument Co., Ltd.
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(Shanghai, China), and SHZ-A water bath constant temperature oscillator (GTCS-2016)
from Shanghai Bosun Medical Biological Instrument Co., Ltd. (Shanghai, China).

2.2. Methods

The glass dish is used as the reaction vessel, and the ultraviolet light source is provided
by the ultraviolet lamp with the power of 8 W, and the light intensity is adjusted to be
2 mW/cm2. One hundred milliliters solution of SAs (10 mg/L) was prepared with ultrapure
water, then added 300 mg/L of PDS. The mixed solution was stirred with a magnetic stir
bar at 800 rpm. One milliliter of the reaction solution was sampled with a pipette at
different reaction times, and 1 mL of methanol was added for terminating the reaction.
During the experiment, the initial concentrations of PDS were adjusted from 150 mg/L to
600 mg/L. The absorbance of SDZ, SMX, SMZ, and STZ was measured at 270, 269, 270,
and 285 nm, respectively. The degradation intermediates were detected by a Shimadzu
LC-30A HPLC (Kyoto, Japan), which connected with an AB Sciex Triple TOF 5600 MS
(Framingham, MA, USA).

3. Results and Discussion
3.1. The Effects of Oxidation Processes on STZ Removal

STZ was degraded by ultraviolet (UV), peroxodisulfates (PDS), and UV/PDS com-
bined process, respectively. The experimental results are shown in Figure 1. From Figure 1,
the removal efficiency of STZ within 60 min was about zero by a single PDS process. PDS
is relatively stable, thus the SAs cannot degraded by PDS oxidation process only [32].
UV process was used as oxidant for free radical production, but only about 72.6% of STZ
could be removed by UV irradiation after 60 min. These results indicated that the removal
efficiency of STZ by a single UV process or single PDS process was limited within 60 min.
On the contrary, about 96% of STZ can be removed by UV/PDS combined process after
60 min, indicating the combined process of UV/PDS is effective. This could be due to that
PDS can be activated by UV and produce SO4

•− as following Equation (1), which has a
high oxidation activity and longer half-life than •OH, thus the combined process improved
the removal efficiency of SAs.

S2O2−
8

UV→ 2SO•−4 (1)
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Figure 1. The effects of different oxidation processes on sulfathiazole (STZ) removal. Conditions: 
[STZ] = 10 mg/L, [peroxodisulfates (PDS)] = 300 mg/L and UV (ultraviolet) irradiation: 2 mW/cm2. 
Figure 1. The effects of different oxidation processes on sulfathiazole (STZ) removal. Conditions:
[STZ] = 10 mg/L, [peroxodisulfates (PDS)] = 300 mg/L and UV (ultraviolet) irradiation: 2 mW/cm2.

3.2. The Effects of PDS Amount on STZ Removal

The influences of PDS amount on STZ removal were investigated and the results are
shown in Figure 2. With the increase in the amount of PDS, the degradation efficiency
of STZ increased within 60 min, which disclosed that STZ removal obviously increased
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when the amount of oxidant increases. This is probably because the increase in the PDS
concentration increases the concentration of SO4

•− and •OH, enhancing STZ removal.
When the amount of PDS was 300 mg/L, the removal efficiency of STZ reached 95.9%,
which was basically the same as 98.6% when the amount increased to 600 mg/L. Therefore,
300 mg/L of PDS was selected for further experiments.
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3.3. The Effects of Initial Concentrations of STZ on its Removal

Figure 3 shows the UV/PDS performance for the degradation at different initial
concentrations of STZ. The residue ratio decreased with the time passes, and the residue
ratio fell in the range from 4.1% to 28.6% at the concentration ranged between 10 and
40 mg/L. Thus, the higher the concentration of STZ, the harder the removal. This can be
attributed to the higher the pollutant concentration is, the more free radicals are needed for
pollutant removal during the reaction time.
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3.4. The Effects of Anions on STZ Removal

There are many impurities in natural water, and it is necessary to simulate the effects
of different water quality for STZ removal [33]. Therefore, the influences of different anions
on STZ removal were also studied. Common anions, such as Cl−, NO3

−, SO4
2−, HCO3

−,
and H2PO4

−, were selected to study their effects on the degradation of STZ. NaCl, NaNO3,
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Na2SO4, NaHCO3, and NaH2PO4 were added into the solution to make the concentration
of each anion at 5 mmol/L.

The results in Figure 4 show that various anions had a different extent of influence on
the removal efficiency. Anions like NO3

−and HCO3
− had certain inhibition effect. NO3

−

is easily photolyzed to NO2
−and O2−, which in turn combine with H+ to form •OH, but

NO2
− may also be the scavenger of •OH [34,35]. The results show that nitrate may also

play a role in scavenging hydroxyl radicals in the system that inhibited the degradation
rate most. HCO3

− reacting with sulfate radical can produce bicarbonate radical in solution,
and •OH reacting with HCO3

− can also produce CO3
•−. Although the free radical of

CO3
•− is also an oxidant, its activity is not as good as •OH [36], thus the removal rate was

decreased a little. Radicals like Cl•, Cl2−•and ClHO• can be produced by the reaction
between sulfate radicals and chloride ions that cause the increase in STZ removal rate [37].
Sulfate itself is the ion produced by the catalyst, so it will accelerate the reaction rate slightly.
It is well known that more SO4

2− means more reactive oxygen species (ROS), resulting
in an increase in the degradation rate. Generally, common ions in water inhibit the STZ
removal. The removal efficiencies of STZ by the UV/PDS process were still as high as
91.1–99.3% after a 60 min-reaction time, which indicates that the UV/PDS process has a
potential application in the water treatment field.
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Figure 4. Influence of anions, humic acid (HA), and natural water on STZ removal. Condi-
tions: [STZ] = 10 mg/L, [PDS] = 300 mg/L, UV irradiation: 2 mW/cm2, [anions] = 5 mM and
[HA] = 10 mg/L.

HA can promote the reaction at low concentration. Previous publications have re-
ported that HA can not only promote the photodegradation of pollutants as photosensitizer
but also inhibit the photodegradation of pollutants as a photomasking agent or free radical
trapping agent [38], and its effect on the photolysis of antibiotics shows a dual effect. In
Figure 4, the STZ removal efficiency was 93.3% after a 60 min-reaction time, indicating that
10 mg/L of HA has no inhibitory influence on STZ degradation.

The actual water condition is complex, so it is particularly important to study whether
the degradation of SAs will be affected. To determine the removal efficiency of the com-
bined process for the removal of sulfanilamide antibiotics in actual water, 10 mg/L of STZ
was also prepared using tap water and surface water, and similar removal experiments
were conducted. In Figure 4, STZ removal in tap water reduced to about 90.0% after
a 60 min reaction time, which is basically consistent with that in ultrapure water. The
removal efficiency of STZ in surface water was slightly lower, but removal efficiency could
reach around 76.1% after a 60 min-reaction time. The removal efficiency was lower than
that of ultrapure water, which indicated that some ions reacted with free radicals in the
two kinds of water, reducing the number of free radicals. The above results reveal that the
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UV/PDS process has good performances for STZ degradation not only in model water but
also in actual water; therefore, it has a wide potential to be applied in wastewater treatment
practice.

Figure 5 shows the possible degradation pathways of STZ, mainly including the
oxidation and fracture of thiazole substituted ring to form TP216 and TP218 products.
Finally, these intermediates can be further degraded into small molecular products.
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Figure 5. Degradation pathways of STZ by UV/PDS process.

3.5. The Oxidative Process for Other SAs Removal

In the previous experiments, it was found that UV/PDS is effective in degrading STZ,
so we will focus on alternative sulfonamides, such as SDZ, SMX, and SMZ. The contents of
these sulfonamides were all 10 mg/L. Other conditions were the same as the degradation
experiment of STZ. Figure 6 shows that the removal soared up to about 50% in the first
10 min rapidly, and reached more than 90% in 60 min. The removal efficiency of SDZ, SMX,
and SMZ was 90.1%, 96.2%, and 93.2%, respectively. These results disclosed that UV/PDS
process had advantages in sulfonamides degradation and has a broad application prospect
in practical wastewater treatment.
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Figure 6. The removal efficiency of different SAs. Conditions: [SAs] = 10 mg/L, [PDS] = 300 mg/L
and UV irradiation: 2 mW/cm2.

4. Conclusions

The removal efficiency, influencing factors, and the mechanism of STZ degradation
through an integrated UV/PDS process in water environment were studied and discussed
in this work. The results revealed that the integrated process enhanced STZ removal
rate from 72.6% to 95.9% within 60 min, suggesting excellent adaptability under different
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conditions for different types and different concentrations of sulfanilamide antibiotics,
common anions, and HA in water. As the amount of oxidant increased, the STZ removal
rate increased significantly. The integrated UV/PDS process has a potential application in
water treatment.

Author Contributions: Conceptualization, H.W. and P.S.; methodology, P.S.; validation, H.W. and
P.S.; formal analysis, Z.L., H.Z., and W.H.; investigation, Z.L., H.Z., W.H., and P.S.; data curation,
Z.L., H.Z., W.H., and P.S.; writing—original draft preparation, Z.L. and P.S.; writing—review and
editing, Z.L., W.H., H.Z., H.W., and P.S.; visualization, H.W. and P.S.; supervision, H.W. and P.S.;
project administration, H.W. and P.S.; funding acquisition, H.W. and P.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Zhejiang Provincial Natural Science Foundation of
China, grant number LY21B070007; the National Natural Science Foundation of China, grant number
21607058; the Department of Education of Zhejiang Province, grant number Y201840526; and the
Scientific Research Startup Foundation for Leading Professor from Jiaxing University, grant number
70518034 and CD70518034.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This study was supported by the Zhejiang Provincial Natural Science Founda-
tion of China (No. LY21B070007), the National Natural Science Foundation of China (No. 21607058),
the Department of Education of Zhejiang Province (No. Y201840526), and the Scientific Research
Startup Foundation for Leading Professor from Jiaxing University (No. 70518034 and CD70518034).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Li, F.F.; Chen, L.J.; Bao, Y.Y.; Zheng, Y.H.; Huang, B.; Mu, Q.L.; Feng, C.P.; Wen, D.H. Identification of the priority antibiotics

based on their detection frequency, concentration, and ecological risk in urbanized coastal water. Sci. Total Environ. 2020, 747,
141275. [CrossRef]

2. Xu, D.M.; Pan, H.; Yao, J.C.; Feng, Y.X.; Wu, P.P.; Shao, K. Stress responses and biological residues of sulfanilamide antibiotics in
Arabidopsis thaliana. Ecotoxicol. Environ. Saf. 2020, 199, 110727. [CrossRef] [PubMed]

3. Du, J.K.; Xiao, G.F.; Xi, Y.X.; Zhu, X.W.; Su, F.; Kim, S.H. Periodate activation with manganese oxides for sulfanilamide degradation.
Water Res. 2020, 169, 115278. [CrossRef] [PubMed]

4. Vu, N.B.; Nhung, D.; Nguyen, T.K.A.; Le, X.K.; Phong, K.T. Antibiotics in the aquatic environment of Vietnam: Sources,
concentrations, risk and control strategy. Chemosphere 2018, 197, 438–450.

5. Dalahmeh, S.; Bjornberg, E.; Elenstrom, A.-K.; Niwagaba, C.B.; Komakech, A.J. Pharmaceutical pollution of water resources in
Nakivubo wetlands and Lake Victoria, Kampala, Uganda. Sci. Total Environ. 2020, 710, 136347. [CrossRef]

6. Ben, W.W.; Wang, J.; Cao, R.K.; Yang, M.; Zhang, Y.; Qiang, Z. Distribution of antibiotic resistance in the effluents of ten municipal
wastewater treatment plants in China and the effect of treatment processes. Chemosphere 2017, 172, 392–398. [CrossRef] [PubMed]

7. Ding, H.J.; Qiao, M.; Zhong, J.Y.; Zhu, Y.; Guo, C.; Zhang, K.; Yang, P.; Han, L.; Zhang, W.; Wu, Y.; et al. Characterization of
antibiotic resistance genes and bacterial community in selected municipal and industrial sewage treatment plants beside Poyang
Lake. Water Res. 2020, 174, 115603. [CrossRef]

8. Chen, Y.; Shen, W.T.; Wang, B.; Zhao, X.; Su, L.H.; Kong, M.; Li, H.; Zhang, S.H.; Li, J. Occurrence and fate of antibiotics,
antimicrobial resistance determinants and potential human pathogens in a wastewater treatment plant and their effects on
receiving waters in Nanjing, China. Ecotoxicol. Environ. Saf. 2020, 206, 111371. [CrossRef]

9. Yang, H.; Yu, X.C.; Wang, L.P.; Guo, M.C.; Liu, J.H. Adsorption of Sulfanilamide from Aquaculture Wastewater Using Modified
Activated Carbon Fiber: Equilibrium, Kinetic and Thermodynamic. Specific and Informative: Surface Modification. Surface Eng.
Appl. Electrochem. 2019, 55, 684–691. [CrossRef]

10. Wang, R.X.; Tang, J.H.; Zhang, X.Y.; Wang, D.; Wang, X.; Xue, S.; Zhang, Z.H.; Dionysiou, D.D. Construction of novel Z-scheme
Ag/ZnFe2O4/Ag/BiTa1-xVxO4 system with enhanced electron transfer capacity for visible light photocatalytic degradation of
sulfanilamide. J. Hazard. Mater. 2019, 375, 161–173. [CrossRef]

11. Javaid, A.; Nor, A.S.; Azmi, A. Combined adsorption and catalytic ozonation for removal of sulfamethoxazole using Fe2O3/CeO2
loaded activated carbon. Chem. Eng. J. 2001, 170, 136–144.

12. Du, X.D.; Zhou, M.H. Strategies to enhance catalytic performance of metal-organic frameworks in sulfate radical-based advanced
oxidation processes for organic pollutants removal. Chem. Eng. J. 2021, 403, 126346. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2020.141275
http://doi.org/10.1016/j.ecoenv.2020.110727
http://www.ncbi.nlm.nih.gov/pubmed/32446101
http://doi.org/10.1016/j.watres.2019.115278
http://www.ncbi.nlm.nih.gov/pubmed/31731245
http://doi.org/10.1016/j.scitotenv.2019.136347
http://doi.org/10.1016/j.chemosphere.2017.01.041
http://www.ncbi.nlm.nih.gov/pubmed/28088530
http://doi.org/10.1016/j.watres.2020.115603
http://doi.org/10.1016/j.ecoenv.2020.111371
http://doi.org/10.3103/S1068375519060127
http://doi.org/10.1016/j.jhazmat.2019.04.081
http://doi.org/10.1016/j.cej.2020.126346


Processes 2021, 9, 226 8 of 9

13. Tufail, A.; Price, W.E.; Hai, F.I. A critical review on advanced oxidation processes for the removal of trace organic contaminants:
A voyage from individual to integrated processes. Chemosphere 2020, 260, 127460. [CrossRef] [PubMed]

14. Zhu, W.Y.; Sun, F.Q.; Goei, R.; Zhou, Y. Facile fabrication of RGO-WO3 composites for effective visible light photocatalytic
degradation of sulfamethoxazole. Appl. Catal. B Environ. 2017, 207, 93–102. [CrossRef]

15. Hussain, M.; Mahtab, M.S.; Farooqi, I.H. The applications of ozone-based advanced oxidation processes for wastewater treatment:
A review. Adv. Environ. Res. 2020, 9, 191–214.

16. Zhou, T.; Wu, X.H.; Mao, J.; Zhang, Y.R.; Lim, T.T. Rapid degradation of sulfonamides in a novel heterogeneous sonophoto
chemical magnetite-catalyzed Fenton-like (US/UV/Fe3O4/oxalate) system. Appl. Catal. B Environ. 2014, 160, 325–334. [CrossRef]

17. Cai, W.W.; Peng, T.; Yang, B.; Xu, C.; Liu, Y.S.; Zhao, J.L.; Gu, F.L.; Ying, G.G. Kinetics and mechanism of reactive radical mediated
fluconazole degradation by the UV/chlorine process: Experimental and theoretical studies. Chem. Eng. J. 2020, 402, 126224.
[CrossRef]

18. Yu, H.; Chen, J.W.; Xie, H.B.; Ge, P.; Kong, Q.W.; Luo, Y. Ferrate (VI) initiated oxidative degradation mechanisms clarified by DFT
calculations: A case for sulfamethoxazole. Environ. Sci. Proc. Impacts. 2017, 19, 370–378. [CrossRef]

19. Sun, P.; Liu, H.; Zhai, Z.; Zhang, X.; Fang, Y.; Tan, J.; Wu, J. Degradation of UV filter BP-1 with nitrogen-doped industrial graphene
as a metal-free catalyst of peroxymonosulfate activation. Chem. Eng. J. 2019, 356, 262–271. [CrossRef]

20. Ushani, U.; Lu, X.Q.; Wang, J.H.; Zhang, Z.Y.; Dai, J.J.; Tan, Y.J.; Wang, S.S.; Li, W.J.; Niu, C.X.; Cai, T. Sulfate radicals-based
advanced oxidation technology in various environmental remediation: A state-of-the-art review. Chem. Eng. J. 2020, 402, 126232.
[CrossRef]

21. Liu, H.; Sun, P.; Feng, M.; Liu, H.; Yang, S.; Wang, L.; Wang, Z. Nitrogen and sulfur co-doped CNT-COOH as an efficient metal-free
catalyst for the degradation of UV filter BP-4 based on sulfate radicals. Appl. Catal. B Environ. 2016, 187, 1–10. [CrossRef]

22. Sun, P.; Liu, H.; Feng, M.; Zhai, Z.; Fang, Y.; Zhang, X.; Sharma, V.K. Strategic combination of N-doped graphene and g-C3N4:
Efficient catalytic peroxymonosulfate-based oxidation of organic pollutants by nonradical-dominated processes. Appl. Catal. B
Environ. 2020, 272, 119005. [CrossRef]

23. Ding, X.X.; Gutierrez, L.; Croue, J.P.; Li, M.R.; Wang, L.J.; Wang, Y.R. Hydroxyl and sulfate radical-based oxidation of RhB dye
in UV/H2O2 and UV/persulfate systems: Kinetics, mechanisms, and comparison. Chemosphere 2020, 253, 126655. [CrossRef]
[PubMed]

24. Sun, P.; Liu, H.; Feng, M.; Guo, L.; Zhai, Z.; Fang, Y.; Zhang, X.; Sharma, V.K. Nitrogen-sulfur co-doped industrial graphene as an
efficient peroxymonosulfate activator: Singlet oxygen-dominated catalytic degradation of organic contaminants. Appl. Catal. B
Environ. 2019, 251, 335–345. [CrossRef]

25. Zhang, R.C.; Yang, Y.K.; Huang, C.H.; Zhao, L.; Sun, P.Z. Kinetics and modeling of sulfonamide antibiotic degradation in
wastewater and human urine by UV/H2O2 and UV/PDS. Water Res. 2016, 103, 283–292. [CrossRef]

26. Yin, R.L.; Guo, W.Q.; Ren, N.Q.; Zeng, L.A.; Zhu, M.S. New insight into the substituents affecting the peroxydisulfate nonradical
oxidation of sulfonamides in water. Water Res. 2020, 171, 115374. [CrossRef]

27. Yadira, M.A.; Sandra, T.P.; Gemma, G.M.J.; Hernandez-Ramirez, A.; Hinojosa-Reyes, L.; Palomino, C.C. Magnetic porous carbons
derived from cobalt (II)-based metal-organic frameworks for the solid-phase extraction of sulfonamides. Dalton Trans. 2020, 49,
8959–8966.

28. Liu, H.Z.; Bruton, T.A.; Doyle, F.M.; Sedlak, D.L. In situ chemical oxidation of contaminated groundwater by persulfate:
Decomposition by Fe (III)- and Mn (IV)-containing oxides and aquifer materials. Environ. Sci. Technol. 2014, 48, 10330–10336.
[CrossRef]

29. Guan, Y.H.; Ma, J.; Ren, Y.M.; Liu, Y.L.; Xiao, J.Y.; Lin, L.Q.; Zhang, C. Efficient degradation of atrazine by magnetic porous copper
ferrite catalyzed peroxymonosulfate oxidation via the formation of hydroxyl and sulfate radicals. Water Res. 2013, 47, 5431–5438.
[CrossRef]

30. Ding, Y.B.; Zhu, L.H.; Wang, N.; Tang, H.Q. Sulfate radicals induced degradation of tetrabromobisphenol A with nanoscaled
magnetic CuFe2O4 as a heterogeneous catalyst of peroxymonosulfate. Appl. Catal. B Environ. 2013, 129, 153–162. [CrossRef]

31. Wang, Y.X.; Sun, H.Q.; Ang, H.M.; Tadé, M.O.; Wang, S.B. Magnetic Fe3O4/carbon sphere/cobalt composites for catalytic
oxidation of phenol solutions with sulfate radicals. Chem. Eng. J. 2014, 245, 1–9. [CrossRef]

32. Ji, Y.; Shi, Y.; Dong, W.; Wen, X.; Jiang, M.; Lu, J. Thermo-activated persulfate oxidation system for tetracycline antibiotics
degradation in aqueous solution. Chem. Eng. J. 2016, 298, 225–233. [CrossRef]

33. Li, R.; Cai, M.; Xie, Z.; Zhang, Q.; Zeng, Y.; Liu, H.; Liu, G.; Lv, W. Construction of heterostructured CuFe2O4/g-C3N4
nanocomposite as an efficient visible light photocatalyst with peroxydisulfate for the organic oxidation. Appl. Catal. B Environ.
2019, 244, 974–982. [CrossRef]

34. Shad, A.; Chen, J.; Qu, R.J.; Dar, A.A.; Bin-Jumah, M.; Allam, A.A.; Wang, Z.Y. Degradation of sulfadimethoxine in phosphate
buffer solution by UV alone, UV/PMS and UV/H2O2: Kinetics, degradation products, and reaction pathways. Chem. Eng. J.
2020, 398, 125357. [CrossRef]

35. Li, M.; Bernhard, S. Synthetically tunable iridium (III) bis-pyridine-2-sulfonamide complexes as efficient and durable water
oxidation catalysts. Catal. Today. 2017, 290, 19–27. [CrossRef]

36. Wang, Y.; Hong, C.S.; Fang, F. Effect of solution matrixon TiO2 photocatalytic degradation of 2-chlorobiphenyl. Environ. Eng. Sci.
1999, 16, 433–440. [CrossRef]

http://doi.org/10.1016/j.chemosphere.2020.127460
http://www.ncbi.nlm.nih.gov/pubmed/32673866
http://doi.org/10.1016/j.apcatb.2017.02.012
http://doi.org/10.1016/j.apcatb.2014.05.036
http://doi.org/10.1016/j.cej.2020.126224
http://doi.org/10.1039/C6EM00521G
http://doi.org/10.1016/j.cej.2018.09.023
http://doi.org/10.1016/j.cej.2020.126232
http://doi.org/10.1016/j.apcatb.2016.01.036
http://doi.org/10.1016/j.apcatb.2020.119005
http://doi.org/10.1016/j.chemosphere.2020.126655
http://www.ncbi.nlm.nih.gov/pubmed/32302899
http://doi.org/10.1016/j.apcatb.2019.03.085
http://doi.org/10.1016/j.watres.2016.07.037
http://doi.org/10.1016/j.watres.2019.115374
http://doi.org/10.1021/es502056d
http://doi.org/10.1016/j.watres.2013.06.023
http://doi.org/10.1016/j.apcatb.2012.09.015
http://doi.org/10.1016/j.cej.2014.02.013
http://doi.org/10.1016/j.cej.2016.04.028
http://doi.org/10.1016/j.apcatb.2018.12.043
http://doi.org/10.1016/j.cej.2020.125357
http://doi.org/10.1016/j.cattod.2016.11.027
http://doi.org/10.1089/ees.1999.16.433


Processes 2021, 9, 226 9 of 9

37. Dhaka, S.; Kumar, R.; Khan, M.A.; Paeng, K.-J.; Kurade, M.B.; Kim, S.-J.; Jeon, B.-H. Aqueous phase degradation of methyl
paraben using UV-activated persulfate method. Chem. Eng. J. 2017, 321, 11–19. [CrossRef]

38. Liu, X.D.; Rao, L.J.; Yao, Y.Y.; Chen, H.X. Phosphorus-doped carbon fibers as an efficient metal-free bifunctional catalyst for
removing sulfamethoxazole and chromium (VI). Chemosphere 2019, 246, 125783. [CrossRef]

http://doi.org/10.1016/j.cej.2017.03.085
http://doi.org/10.1016/j.chemosphere.2019.125783

	Introduction 
	Experiment 
	Reagents 
	Methods 

	Results and Discussion 
	The Effects of Oxidation Processes on STZ Removal 
	The Effects of PDS Amount on STZ Removal 
	The Effects of Initial Concentrations of STZ on its Removal 
	The Effects of Anions on STZ Removal 
	The Oxidative Process for Other SAs Removal 

	Conclusions 
	References

