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Abstract

:

The presence of antibiotic sulfadiazine (SFD) poses threats to the ecosystem and human health, and traditional wastewater treatment processes are not ideal for sulfadiazine removal. Therefore, it is urgent to develop treatment processes with high efficiency targeting sulfadiazine. This study investigated the degradation and mineralization mechanisms of SFD by ozone-based catalysis processes including ozone/persulfate (PS) and ozone/peroxymonosulfate (PMS). The degradation, mineralization and byproducts of SFD were monitored by HPLC, TOC and LC/MS, respectively. SFD was efficiently removed by two ozone-based catalysis processes. Ozone/PMS showed high efficiency for SFD removal of 97.5% after treatment for 1 min and TOC reduction of 29.4% after treatment for 20 min from wastewater effluents. SFD degradation was affected by pH, oxidant dosage, SFD concentration and anions. In the two ozone-based catalysis processes, hydroxyl radicals (OH•) and sulfate radicals (SO4•−) contributed to the degradation of SFD. The degradation pathways of SFD under the two processes included hydroxylation, the opening of the pyrimidine ring and SO2 extrusion. The results of this study demonstrate that the two ozone-based catalysis processes have good potential for the elimination of antibiotics from water/wastewater effluents.
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1. Introduction


Emerging contaminants such as pharmaceuticals, pesticides and personal care products are frequently detected in water bodies including municipal wastewater, surface water and drinking water sources, posing threats to the environment and human health [1,2,3,4]. Antibiotics are an important group of pharmaceuticals that are commonly detected in water bodies, soil and so on due to their misuse in human, veterinary and agricultural fields [5,6,7]. Sulfadiazine (SFD) is an antibiotic that is mostly used with pyrimethamine to treat toxoplasmosis. It can also be used to treat otitis media and prevent rheumatic fever, chancroid, malaria, chlamydia and Haemophilus influenza infections [8]. Due to its high antimicrobial activities, broad spectrum and low costs, SFD is commonly applied for medical use for human and animal infections as well as in agricultural feeds [9,10].



Due to incomplete metabolism, approximately 70% of consumed antibiotics are released into the environment and SFD has been frequently detected in sediments, soil and water bodies. For example, approximately 0.019 μg/L of SFD was detected in processed sewage in cities of Canada, whereas in an effluent, after secondary treatment in Germany, the detection level of SFD was 0.081 μg/L [11]. In the surface water of Poyang Lake, China, the maximum concentration of SFD was 0.056 μg/L [12].



It has been reported in previous studies that SFD has negative impacts on various aquatic organisms in the environment. For example, the green algae Selenastrum capricornutum has an EC50 at 3.43 mg/L (a 50% reduction in growth), the EC50 of the water flea Daphnia magna is 88.0 mg/L (a 50% reduction in reproductive output) and the rainbow trout Oncorhynchus mykiss has an LC50 at 103.0 mg/L [13,14,15]. The presence of antibiotics in the environment can lead to the formation of complex contaminants with heavy metals, persistent organic pollutants such as microplastics and so on, which enhance the toxicity of antibiotics [16,17]. In addition, the long-term persistence of antibiotics in the environment induces the development of antibiotic resistance genes (ARGs) and antibiotic resistance bacteria (ARB), which could be more damaging to the environment and humans than the antibiotics themselves [16,18,19]. It has been revealed that the efficiency of removing antibiotics from traditional water/wastewater treatment plants (WWTPs) is relatively low [20] since traditional methods such as coagulation, adsorption and biodegradation cannot remove antibiotics from wastewater efficiently [21]. Therefore, it is urgent to develop treatment technologies with high removal efficiency targeted toward SFD.



In recent years, advanced oxidation processes (AOPs) have received increasing attention for the removal of antibiotics from the environment. AOPs include ionizing radiation, Fenton and Fenton-like reactions, ozonation, photocatalytic oxidation, and electrochemical oxidation [22,23,24]. Previous studies have demonstrated that AOPs are effective not only for antibiotic removal but also for ARB inactivation and ARGs removal [22,25]. Due to their advantages of stability, nontoxicity, low cost and environmental friendliness, oxidants such as peroxymonosulfate (PMS)- and persulfate (PS)-based AOPs for micropollutant removal have attracted increasing attention [26,27,28]. Antibiotics and other drugs can be directly oxidatively removed by PMS and PS; nevertheless, their reaction rate is very low [29,30,31,32]. PMS and PS can be activated by photocatalysts, heating and metal ions to produce highly reactive oxygen species (ROS) such as hydroxyl radicals (•OH) and sulfate radicals (SO4•−) [26,33,34,35,36,37]. According to Feng et al. (2017), the catalysis process PMS/Fe (VI) promoted the generation of SO4•− and •OH and enhanced the degradation of fluoroquinolones (FQ) [38].



Ozone is a commonly used oxidant in water treatment, with an oxidation-reduction potential of 2.07 V and 1.24 V for acidic and alkaline solutions, respectively. Previous studies showed that although ozone can remove antibiotics from water, the removal efficiency was relatively low [39]. Removal efficiency can be improved by combining ozonation with other disinfectors, e.g., PMS (HSO5−) or PS (S2O82−), which have received great attention in wastewater purification because of their ability to produce SO4•− [31,40]. Previous studies showed that 1,4-dioxane, chloramphenicol, sulfamethoxazole and trimethoprim were efficiently removed by processes using ozone/PMS and ozone/PS [41,42,43]. In this study, ozone-based catalysis processes using ozone/PMS and ozone/PS were performed to examine the potential of combined processes in SFD removal. The degradation rate of SFD by ozonation and the combined processes were compared, and the effects of reaction parameters and environmental factors including dosages of oxidants, initial concentrations of SFD, pH and inorganic anions on SFD degradation were examined. The application of combined processes in real wastewater was performed and the reaction mechanisms of SFD degradation in the ozone-based catalysis processes were revealed.




2. Results and Discussion


2.1. Degradation Performance of Different Oxidation Processes


The degradation of SFD under different oxidation processes is shown in Figure 1. The sole PS and sole PMS processes showed negligible removal of SFD, with degradation efficiencies of only 3.9% and 5.9% within 10 min, respectively. The sole ozone process removed only 23.8% of the SFD in 10 min. When ozone was involved in the reaction with PS or PMS, the SFD degradation efficiency increased significantly, reaching 64.6% and 73.7% within 10 min, respectively. This may have been due to the catalysis of PS and PMS by ozone to produce reactive oxygen species (ROS) such as •OH and SO4•− that could remove the target contaminants [1,2,44,45]. At the same concentration and removal time, the ozone/PMS process had higher removal efficiency than the ozone/PS process. This can likely be attributed to the fact that PMS has an asymmetric structure and long superoxide bonds (O–O), which are more easily activated [36,46].



In addition, the degradation efficiency of SFD from previously reported literature is summarized in Table 1 for comparison. It was worth noting that the rate constant (k) of SFD removal from the wastewater effluent in the ozone/PMS process was higher than that for other processes, which fully illustrated that the ozone/PMS process was an efficient degradation method for SFD.




2.2. Influence of Reaction Parameters


2.2.1. Effects of Initial SFD Concentrations and Oxidant Dosages


As shown in Figure 2, the degradation rate of SFD gradually decreased with the increase of the initial concentration of SFD under the two ozone-based catalysis processes ozone/PS and ozone/PMS. This can be attributed to the fact that the active species produced in the system were constant, and the higher the initial concentration of SFD, the less radicals were shared [54]. Figure 3 shows the effect of the oxidant dosage on SFD degradation. For the process using ozone/PMS, the degradation efficiency increased from 47.5% to 99.5% in the range of 0 mM to 3.0 mM. For the process using ozone/PS, the removal efficiency of SFD increased from 47.5% at 0 mM to 79.9% at 3.0 mM with the increase in PS concentration. Moreover, the reaction rate constant gradually increased as the oxidant dosage increased (Figure 3b). As the oxidant dosages increased, the SO4•− and •OH radicals generated by PMS and PS also increased (Equations (1)–(11)) [2,31,40,55,56,57,58,59,60], which may have led to a higher degradation rate.


SO52− (PMS) + O3 → SO82− k = (2.12 ± 0.03) × 104 M−1 s−1



(1)






SO82− → SO5•− + O3•−



(2)






SO5•− + O3 → SO4•− + 2O2 k = 1.6 × 105 M−1 s−1



(3)






SO5•− + H2O → SO4•− + •OH



(4)






SO5•− + SO5•− → 2 SO4•− + O2 k = 2.1 × 108 M−1 s−1



(5)






O3•− → O•− + O2



(6)






O•− + H2O → •OH + OH−



(7)






S2O82− (PS) + H2O → HO2− + 2SO42− + 3H+



(8)






S2O82− + HO2− → SO4•− + SO42− + H+ + •O2−



(9)






O3 + OH− → HO2− + O2 k = 70 M−1 s−1



(10)






O3 + HO2− → •OH + •O2− + O2 k = 2.8 × 106 M−1 s−1



(11)








2.2.2. Effect of Initial pH


The influence of pH on SFD degradation was evaluated in the pH range of 3.5 to 9.5 (Figure 4). As shown in Figure 4a, the ozone/PS process removed SFD with the optimal degradation at an initial pH of 9.5, with a total removal rate of 99.4% at the end of the reaction (20 min) and a decay rate constant of 0.27 min−1. The final removal rate of SFD had no clear difference within the pH range of 5.0 to 8.0. At the initial pH of 3.5, the removal rate of SFD was the lowest with the ozone/PS treatment process. PS was converted into HS2O8− (Equation (12)) and the SO4•− radicals were consumed by excessive hydrogen ions (H+) (Equation (13)), resulting in a decrease in SO4•− under extremely acidic conditions (pH = 3.0) [61]. On the contrary, in the alkaline environment, OH− in the solution could directly activate PS to produce SO4•− and •OH through the hydrolysis of PS (Equations (14)–(17)) [40,43,62].


S2O82− + H+ → HS2O8−



(12)






SO4•− + SO42− + H+ → HS2O8−



(13)






S2O82− + H2O → SO52− + SO42− + 2H+



(14)






SO52− + H2O → HO2− + SO42− + H+



(15)






HO2− + S2O82− → SO4•− + SO42− + H+ + •O2−



(16)






SO4•− + OH− → SO42− + •OH k = 6.5 × 107 M−1 s−1



(17)







For the ozone/PMS process, at the initial pH range of 3.5 to 9.5, the SFD removal efficiencies were above 99.0% at the end of the reaction (20 min) and did not change significantly (Figure 4b). Similar results have been reported. For example, the effect of the initial pH solution was negligible on ofloxacin degradation by a PMS/perovskite catalysis process, according to Gao et al. [34]. The high efficiency of SFD degradation can be attributed to the role of SO4•− and •OH in the degradation. The radical •OH can play a role in degradation in the pH range of 5.0 to 11.0. When the pH was 7.0, SO4•− and •OH had the same influence on the degradation of organic pollutants [63]. However, SO4•− radicals play a key role in the removal of contaminants at a pH below 7.0 [63,64]. As the degradation of SFD is not significantly dependent on pH, the ozone/PMS process can be applied in water/wastewater treatment under a wide range of pH levels.





2.3. Influence of Water Matrix


To further understand the degradation efficiency of SFD in real wastewater, three treatment processes including ozone, ozone/PS and ozone/PMS were compared for the degradation of SFD in ultrapure water and wastewater effluent matrices (Figure 5). Similarly, in the wastewater effluents, the degradation efficiency of SFD by different processes was in the order of ozone/PMS > ozone/PS > ozone (Figure 5a). The removal efficiency of SFD by the ozone/PS process was 91.8% and 96.5% for the wastewater effluents and ultrapure water, respectively. Compared to the ultrapure water, the sole ozone and ozone/PMS processes showed higher degradation rates of SFD in the wastewater effluents. Moreover, SFD removal was much faster in wastewater effluents (with approximately 97.5% removal efficiency after treatment for 1 min) compared to ultrapure water under the ozone/PMS process. Wang et al. (2018) documented that polymeric carbon nitride foam could remove tetracycline antibiotics under visible light and achieved the highest removal rate of 78.9% in natural seawater, followed by reservoir water (75.0%), tap water (62.3%), deionized water (49.8%), reverse osmosis concentrate (32.7%) and pharmaceutical wastewater (18.9%) [65]. SFD removal in the wastewater effluents was slightly lower than that in the ultrapure water under the catalysis process ozone/PS. The differences in the removal rates of the contaminants in different water matrices may be due to a combination of factors such as solution pH, inorganic ion species, dissolved organic matter and so on [30,65,66].




2.4. Influence of Anions on SFD Degradation


Some common anions including sulfate (SO42−), phosphate (PO43−), bromide (Br−), chloride (Cl−), nitrate (NO3−) and nitrite (NO2−) may affect the degradation of SFD. Therefore, the removal of SFD by the ozone/PS and ozone/PMS processes was investigated in the presence of different anions (Figure 6). The anion levels applied in this study were based on those determined for the wastewater effluents.



As shown in Figure 6a, in the ozone/PS treatment process, the decay rate constant of SFD increased from 0.20 min−1 to 0.26 min−1 in the presence of Cl−. This may have been due to the reaction of Cl− with SO4•− to generate halogen radicals (Cl• or Cl2•), which are more selective than SO4•− in degrading electron-rich compounds (Equation (18)) [67,68]. When Br− was present, the decay rate constant of SFD increased to 0.25 min−1. As reported by Zhang et al. (2020), the degradation of sulfamethoxazole by UV/PS was also slightly promoted in the presence of Br− within 5 min [69]. This may have been due to the fact that the influence of Br− on the removal of organic matter is not only related to the conversion of Br− but also to the properties of the organic matter itself [69]. In addition, the slight promotion of SFD degradation by ozone/PS was also found in the presence of SO42−, with pseudo-first-order degradation rate constants of approximately 0.21 min−1. In contrast, the presence of PO43−, NO3− and NO2− inhibited the removal of SFD to different extents. The inhibitory effect of NO2− can be explained by its ability to destroy the •OH and SO4•− produced in the reaction system as a reducing agent (Equation (19)) [70,71]. The inhibitory effects of PO43− and NO3− were less notable compared to those of NO2−, and their inhibitory effects may be related to their ability to act as bursting agents to scavenge •OH and SO4•− radicals [72]. The inhibitory effects of PO43−, NO3− and NO2− possibly explain the slight decrease of SFD removal in the effluent compared to that in the ultrapure water by ozone/PS.


SO4•− + Cl− → Cl• + SO42− k = 2.7 × 108 M−1 s−1



(18)






NO2− + •OH or SO4•− → NO2• + HO− or SO42− k = 1.0 × 1010 or 8.0 × 108 M−1 s−1



(19)







Figure 6b shows the effects of anions on SFD removal under the ozone/PMS treatment process. Compared with the ozone/PS process, the anions in the ozone/PMS process all promoted the degradation of SFD to different degrees. Compared to the control group without anions, the presence of Br− and Cl− promoted the degradation of SFD, with the decay rate constant increasing by 0.12 min−1 and 0.11 min−1, respectively. The promotion of Cl− in SFD elimination was mainly attributed to the possible involvement of Cl− in the decomposition reaction of PMS, and the generated Cl2 and HOCl could enhance the removal of SFD (Equations (20) and (21)) [73,74]. A possible explanation for the contribution of Br− to SFD removal is that Br− can be oxidized by PMS in a formal two-electron process to generate the strong oxidant HOBr (Equations (22) and (23)) [75,76]. SO42−, PO43−, NO3− and NO2− slightly promoted the degradation of SFD. The presence of PO43− promoted the degradation of SFD, which can be explained by the fact that PO43− was also able to effectively activate PMS to generate free radicals to degrade the contaminants [16].


Cl− + HSO5− → SO42− + HOCl



(20)






2Cl− + HSO5− + H+ → SO42− + Cl2



(21)






HSO5− + Br− → SO42− + HOBr k = 0.7 M−1 s−1



(22)






SO52− + Br− → SO42− + HOBr k = 0.17 M−1 s−1



(23)








2.5. TOC Abatement in SFD Degradation


Figure 7 shows the mineralization of SFD in the ozone/PS and ozone/PMS processes. In ultrapure water, the final TOC removal rates of the ozone/PS and ozone/PMS processes were 18.1% and 19.0% after treatment for 20 min, respectively. In the wastewater effluents, the ozone/PMS process showed higher mineralization than the ozone/PS process, with a TOC removal rate of 29.4% compared to 20.1% after 20 min. TOC removal in the wastewater effluents was higher than that in ultrapure water in the two treatment systems. The increase in TOC removal rates may have been due to the more significant degradation of SFD and intermediate products. Except for the direct attack oxidants, there was also the generation of •OH and SO4•− radicals, which facilitate the reduction of TOC and the degradation of intermediates.




2.6. Contributions of Different Reactive Species


To confirm the dominant reactive species in the ozone/PS and ozone/PMS reactions, radical quenching experiments were carried out (Figure 8). TBA was used to scavenge •OH (k•OH-TBA = 6.0 × 108 M−1 s−1) [31], while MeOH was highly reactive to both •OH (k•OH-MeOH = 9.7 × 108 M−1 s−1) and SO4•− (kSO4•−-MeOH = 1.0 × 107 M−1 s−1) [77]. In the ozone/PS process, the SFD removal rate decreased by 5.5% and 23.2% within 10 min when TBA and MeOH were added, respectively, indicating that the removal efficiency of SFD decreased by 5.5% and 17.7% due to the quenching of •OH and SO4•− radicals (Figure 8a). Similarly, in the ozone/PMS process, the removal efficiency of SFD decreased by 9.0% and 18.5% due to the quenching of •OH and SO4•− radicals, respectively (Figure 8b). The results showed that •OH and SO4•− radicals contributed to SFD elimination in the ozone/PS and ozone/PMS processes, and SO4•− played a relatively major role.




2.7. Proposed Degradation Products and Pathways


The degradation products of SFD in the two reaction processes with ozone/PS and ozone/PMS were investigated, respectively. Three degradation products including C267, C214 and C186 were detected from SFD degradation in the ozone/PS process. C267 at 268.03 m/z was formed from the attack of •OH on the benzene ring as well as the amino group on the benzene ring from the parent compound SFD. The opening of the pyrimidine ring resulted in C214 with an m/z value of 215.81. The SO2 extrusion of SFD led to the generation of the compound 4-(2-iminopyrimidin-1(2H)-yl) aniline (C186) with an m/z value of 187.85. C186 was also detected during SFD degradation under processes with MoS2-Fe(III)-PMS, COF/PMS, S-Fe0/PMS and so on [50,77,78]. According to the structures of the products, the transformation pathways including hydroxylation, the opening of the pyrimidine ring and SO2 extrusion are revealed in Figure 9a.



Two intermediates—C267 and C180—were detected during SFD degradation under the treatment process using ozone/PMS. C267 was the common degradation product of SFD in the two reactions with ozone/PS and ozone/PMS. C180 with an m/z value of 181.87 was generated from the opening of the pyrimidine ring and further oxidation. Though there was only one common product (C267) in the two reactions, the degradation pathways were similar. Hydroxylation, pyrimidine ring opening and further oxidation are revealed in Figure 9b as the degradation pathways of SFD under the process with ozone/PMS.



Since neither the ozone/PS process nor the ozone/PMS process completely mineralized SFD, further understanding of the toxicity of SFD and its degradation intermediates is necessary. C214, C186 and C180 were detected in the EA-PMS-MMO/MMO system for the degradation of SFD. Among them, C186 was more toxic to fish, Daphnia and green algae than SFD, while C214 and C180 were significantly less toxic than SFD [79]. Furthermore, the toxicity of C186 detected in the degradation of SFD by the S-Fe0/PMS system was significantly higher than that of SFD [50]. This suggests that although the ozone/PS and ozone/PMS processes can degrade SFD effectively, the potential ecological risk of their degradation intermediates should not be ignored.





3. Methodology


3.1. Chemicals and Reagents


All the chemicals used in this study were purchased from Sigma-Aldrich (St. Louis, MO, USA). The chemicals used in the reactions were of at least analytical standard, and the solvents employed in HPLC and LC/MS analyses were of HPLC grade and LC/MS grade, respectively. All solutions were prepared in ultrapure water from a Barnstead NANO pure water system (Thermo Fisher Scientific Inc., Waltham, MA, USA). The nitrogen supplied by Zhuhai Huateya industrial gas Co., LTD. (Zhuhai, China) with a purity higher than 99.999% was employed in IC analysis. Table 2 shows information regarding the chemicals used in this study. The oxygen with a purity higher than 99.7%, supplied by Linde HKO Ltd. (Hong Kong, China), was used for ozone generation as well as TOC analysis.




3.2. Experimental Procedures


All experiments were conducted in duplicate at 22 ± 0.5 °C unless stated otherwise. SFD degradation experiments were performed in a 500 mL gas washing bottle. The experimental setup is shown in Figure 10. Ozone was generated from the ozone generator (Model 2001, Jelight, Irvine, CA, USA) and diffused from the catheter. The experimental procedure was as follows: The reaction was started by turning on the switch for ozone entry and adding a certain amount (1.5–15 mL) of PS or PMS (0.1 M) simultaneously. The selection of [SDZ], [PS] and [PMS] concentrations; ozone flow; and pH comprised the preliminary studies of the research group. In addition, the literature provided references for initial parameter selection, including the efficient degradation of chloramphenicol, sulfamethoxazole and sulfadiazine by O3/PMS, O3/PS and MBR/O3 processes, respectively [42,43,80]. The initial pH of the reaction solution was adjusted using HCl (1 M) and NaOH (1 M). At the preset intervals, samples were collected and overdosed Na2S2O3 was added to terminate the reaction. The wastewater effluent was collected from Tai Po Sewage Treatment Plant in Hong Kong, and the property of the effluent is shown in Table 3. The pH value of the effluent was determined with a pH meter (pH/ION 735, ionLab). The concentrations of inorganic ions in the wastewater sample were determined using ion chromatography (IC, Thermo Scientific (Waltham, MA, USA), https://www.thermofisher.cn/order/catalog/product/22176-60004?ICID=search-product (accessed on 3 July 2023).




3.3. Analytic Methods


The residual SFD was detected by high-performance liquid chromatography (HPLC) with a Water 515 HPLC pump and 2487 detector. The mobile phase consisted of 50% acetonitrile (ACN) and 50% 10 mM KH2PO4 solution, and the pH was adjusted to 3 by adding an H3PO4 solution. The elution flow rate was set at 1 mL/min and the 10 μL sample was injected. The detection wavelength was set at 265 nm. The peak areas of SFD were recorded and the SFD concentrations were calculated accordingly. Total organic carbon (TOC) was measured by a TOC analyzer equipped with an autosampler (Shimadzu, ASI-L, Kyoto, Japan) and a CO2 conductivity detector. The 680 °C combustion catalytic oxidation method was adopted in TOC analysis (https://www.shimadzu.com/an/products/total-organic-carbon-analysis/toc-analysis/toc-l-series/features.html#anchor_0, accessed on 3 July 2023). The samples underwent combustion through heating to 680 °C with a platinum catalyst and were converted to carbon dioxide, which was further detected using an infrared gas analyzer (NDIR).



A UPLC/ESI-MS system that consisted of a quaternary pump, an autosampler, a vacuum degasser, a thermostated column compartment and a diode array detector (DAD) coupled with an ion trap mass spectrometer detector (MSD) was used for the detection and analysis of the transformation byproducts. A Bruker amaZon SL ion trap mass analyzer (Bruker, Billerica, MA, USA) was used for the mass analysis in both positive and negative ion modes. Dionex UltiMate 3000 (Dionex, Sunnyvale, CA, USA) Ultra-high Performance Liquid Chromatography (UPLC) was carried out to obtain the chromatography. The UPLC was equipped with a Thermo Hypersil GOLD column (1.9 µm, 50 × 2.1 mm) (Waltham, MA, USA). The temperature of the column was kept at 30 °C during the analysis. The flow rate of the mobile phase was 0.15 mL/min and the injection volume of the samples was 5 μL. Acetonitrile and 0.1% formic acid were used as the mobile phases, which were marked as A and B solutions, respectively. The gradient washing was progressed from 10% A (0–2 min) to 60% A in 2–15 min linearly, maintained at 60% A for 3 min, and finally went back to 10% A. The system was controlled by the LC/MSD ChemStation (Dayton, OH, USA) software version A.09.03. Isopropyl alcohol and 0.1% formic acid were used as the washing solvents. Nitrogen was employed as a nebulizer as well as a drying gas.





4. Conclusions


This study focused on the degradation, mineralization and reaction mechanism of SFD by ozone/PS and ozone/PMS processes. The ozone/PMS and ozone/PS processes promoted the degradation of SFD compared to processes with sole ozone, sole PMS and sole PS. The results of quenching experiments showed that •OH and SO4•− radicals contributed to SFD elimination in the ozone/PS and ozone/PMS processes and SO4•− played a relatively major role. In addition, the initial concentration of SFD, oxidant dosages, initial pH and inorganic anions influenced the degradation of SFD. A higher oxidant dosage and lower initial SFD concentration resulted in a higher SFD removal reaction rate in the two ozone-based catalysis processes. For the ozone/PS process, the SFD removal rate increased with increasing solution pH, with an optimum pH of approximately 9.5. The anions PO43−, NO3− and NO2− inhibited the removal of SFD by ozone/PS, while SO42−, Br− and Cl− enhanced the removal of SFD. In the ozone/PMS process, the initial pH in the range of 3.5 to 9.5 showed an insignificant effect on the degradation of SFD. PO43−, NO3−, NO2−, SO42−, Br− and Cl− showed positive effects on the removal of SFD. In the ultrapure water and wastewater effluents, the degradation efficiency of SFD by different processes was in the order of ozone/PMS > ozone/PS > ozone. TOC removal in wastewater effluent was higher than that in ultrapure water in the two ozone-based catalysis processes. Under the treatment process ozone/PS, the degradation pathways of SFD included hydroxylation, the opening of the pyrimidine ring and SO2 extrusion, while hydroxylation, pyrimidine ring opening and further oxidation were the main degradation pathways under the treatment process with ozone/PMS. This work confirms that the two ozone-based catalysis processes are efficient methods for the treatment of antibiotics from wastewater effluents.
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Figure 1. SFD degradation under different treatment processes. Experiment conditions: [SFD] = 0.03 mM, [ozone flow rate] = 2.14 g/min, [PS] = 1.5 mM, [PMS] = 1.5 mM, pH = 8.0. 
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Figure 2. Effect of initial SFD concentration on SFD degradation rate in different processes. (a) Ozone/PS system. (b) Ozone/PMS system. Experiment conditions: [PS] = 1.5 mM, [PMS] = 1.5 mM, [ozone flow rate] = 2.14 g/min, pH = 8.0. 
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Figure 3. Effect of oxidant dosages on SFD degradation by (a) Ozone/PS system and (b) Ozone/PMS system. Experiment conditions: [ozone flow rate] = 2.14 g/min, [SFD]= 0.03 mM, pH = 8.0. 






Figure 3. Effect of oxidant dosages on SFD degradation by (a) Ozone/PS system and (b) Ozone/PMS system. Experiment conditions: [ozone flow rate] = 2.14 g/min, [SFD]= 0.03 mM, pH = 8.0.



[image: Catalysts 13 01076 g003]







[image: Catalysts 13 01076 g004 550] 





Figure 4. Effect of initial pH on SFD degradation by the (a) ozone/PS process and (b) ozone/PMS process. Experiment conditions: [SFD] = 0.03 mM, [PS] = 3.0 mM, [PMS] = 3.0 mM, [ozone flow rate] = 2.14 g/min. 
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Figure 5. SFD degradation in effluent matrices. (a) Decay curves. (b) Reaction rate constants. Experiment conditions: [SFD] = 0.03 mM, [PS] = 3.0 mM, [PMS] = 3.0 mM, [ozone flow rate] = 2.14 g/min. 
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Figure 6. (a) Effect of anions on SFD degradation by the ozone/PS process. (b) Effect of anions on SFD degradation by the ozone/PMS process. Experiment conditions: [SFD] = 0.03 mM, [ozone flow rate] = 3.21 g/min, [PS] = 3.0 mM, [PMS] = 3.0 mM, [SO42−] = 5.915 mM, [PO43−] = 0.002 mM, [Br−] = 0.166 mM, [Cl−] = 105.63 mM, [NO3−] = 0.002 mM, [NO2−] = 0.024 mM. 






Figure 6. (a) Effect of anions on SFD degradation by the ozone/PS process. (b) Effect of anions on SFD degradation by the ozone/PMS process. Experiment conditions: [SFD] = 0.03 mM, [ozone flow rate] = 3.21 g/min, [PS] = 3.0 mM, [PMS] = 3.0 mM, [SO42−] = 5.915 mM, [PO43−] = 0.002 mM, [Br−] = 0.166 mM, [Cl−] = 105.63 mM, [NO3−] = 0.002 mM, [NO2−] = 0.024 mM.
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Figure 7. Mineralization of SFD by different processes. Experiment conditions: [SFD] = 0.03 mM, [ozone flow rate] = 3.21 g/min, [PS] = 3.0 mM, [PMS] = 3.0 mM. 
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Figure 8. SFD degradation with quenchers. (a) Ozone/PS reaction system. (b) Ozone/PMS reaction system. Experiment conditions: [SFD] = 0.03 mM, [ozone flow rate] = 2.14 g/min, [PS] = 3.0 mM, [PMS] = 3.0 mM, [TBA] = 0.5 M, [MeOH] = 0.5 M. 
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Figure 9. Degradation products and pathways of SFD. (a) Ozone/PS reaction. (b) Ozone/PMS reaction. Experiment conditions: [SFD] = 0.03 mM, [ozone flow rate] = 3.21 g/min, [PS] = 3.0 mM, [PMS] = 3.0 mM. 
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Figure 10. The experimental setup for SFD degradation. 
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Table 1. Comparison of different advanced oxidation processes for degradation of SFD.
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Processes

	
Reaction Conditions

	
SFD

	
Matrix

	
Removal Rate

	
k (min−1)

	
Refs.






	
Co3O4-MnO2/BC/PMS

	
[catalyst] = 0.1 g/L

[PMS] = 1 mM

pH = 7.0

	
25 mg/L

	
Ultrapure water

	
100%

(10 min)

	
0.482

	
[47]




	
ZIF-CoN3P-C/PMS

	
[catalyst] = 0.05 g/L

[PMS] = 1 mM

pH = 3.35

	
10 mg/L

	
Ultrapure water

	
98.4%

(5 min)

	
1.074

	
[48]




	
Fe3O4@Co3S4-3/PMS

	
[catalyst] = 0.2 g/L

[PMS] = 1 mM

pH = 6.9

	
20 mg/L

	
Ultrapure water

	
95%

(2 min)

	
1.1609

	
[49]




	
S-Fe0/PMS

	
[catalyst] = 0.05 g/L

[PMS] = 0.5 mM

pH = 5.4

	
0.08 mM

	
Ultrapure water

	
99.4%

(60 min)

	
0.296

	
[50]




	
MBC/PS

	
[catalyst] = 1.0  mg/L

[PS] = 1.5 mM

pH = 5.16

	
40 mg/L

	
Ultrapure water

	
91.79%

(60 min)

	
0.0309

	
[51]




	
Two-stage US-ZVI/PS

	
[US power] = 90 W

[catalyst] = 0.6 mM

[PS] = 1.4 mM

pH = 6.5

	
20 mg/L

	
Ultrapure water

	
97.4%

(15 min)

	
0.279

	
[52]




	
UV/Oxone

	
[UV intensity] = 0.272 mW/cm2

[Oxone] = 80 μM

pH = 7.0

	
20 μM

	
Ultrapure water

	
98.9%

(10 min)

	
0.4518

	
[53]




	
Ozone/PS

	
[Ozone flow rate] = 2.14 g/min

[PS] = 3.0 mM

pH = 8.0

	
0.03 mM

	
Ultrapure water

	
96.5%

(20 min)

	
0.163

	
This work




	
Effluent

	
91.8%

(20 min)

	
0.1315




	
Ozone/PMS

	
[Ozone flow rate] = 2.14 g/min

[PMS] = 3.0 mM

pH = 8.0

	
0.03 mM

	
Ultrapure water

	
99.3%

(20 min)

	
0.2267

	
This work




	
Effluent

	
97.5%

(1 min)

	
3.579
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Table 2. Information of chemicals used in this study.
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Name

	
CAS No.

	
Molecular Weight

	
Formula

	
Purity

	
Manufacturer






	
Target compounds




	
Sulfadiazine (SFD)

	
68-35-9

	
250.28

	
C10H10N4O2S

	
99.0%

	
Sigma Aldrich Inc.




	
Compounds used in HPLC and LC/MS analyses




	
Acetonitrile

	
75-05-8

	
41.05

	
C2H3N

	
≥99.9%

	
Sigma Aldrich Inc.




	
Potassium phosphate

	
7778-77-0

	
136.09

	
KH2PO4

	
≥99.5%

	
Sigma Aldrich Inc.




	
Formic acid

	
64-18-6

	
46.03

	
CH2O2

	
≥98.0%

	
Sigma Aldrich Inc.




	
Compounds used for degradation experiments




	
Hydrochloric acid

	
7647-01-0

	
36.46

	
HCl

	
≥96.0%

	
Sigma Aldrich Inc.




	
Sodium hydroxide

	
1310-73-2

	
40.00

	
NaOH

	
≥97.0%

	
Sigma Aldrich Inc.




	
Peroxymonosulfate

	
37222-66-5

	
152.17

	
KHSO5·0. 5KHSO4·0.5 K2SO4

	
>4.0% (active oxygen)

	
Sigma Aldrich Inc.




	
Persulfate

	
7727-21-1

	
270.02

	
K2S2O8

	
≥99.0% (RT)

	
Sigma Aldrich Inc.




	
Sodium thiosulfate pentahydrate

	
10102-17-7

	
248.18

	
Na2S2O3·5H2O

	
≥99.5%

	
Sigma Aldrich Inc.




	
Sodium nitrite

	
7632-00-0

	
69.00

	
NaNO2

	
≥97.0%

	
Sigma Aldrich Inc.




	
Sodium nitrate

	
7631-99-4

	
84.99

	
NaNO3

	
≥99.0%

	
Sigma Aldrich Inc.




	
Sodium chloride

	
7647-14-5

	
58.44

	
NaCl

	
≥99.5%

	
Sigma Aldrich Inc.




	
Sodium bromide

	
7647-15-6

	
102.89

	
NaBr

	
≥99.0%

	
Sigma Aldrich Inc.




	
Sodium sulfate

	
7757-82-6

	
142.04

	
Na2SO4

	
≥99.0%

	
Sigma Aldrich Inc.




	
Sodium phosphate

	
7601-54-9

	
163.94

	
Na3PO4

	
96%

	
Sigma Aldrich Inc.




	
Methanol

	
67-56-1

	
32.04

	
CH4O

	
≥99.8%

	
Sigma Aldrich Inc.




	
Tert-Butanol

	
75-65-0

	
74.12

	
C4H10O

	
≥99.0%

	
Sigma Aldrich Inc.
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Table 3. Property of the effluent.






Table 3. Property of the effluent.





	Parameter
	Value
	Parameter
	Value





	pH
	6.55
	[Cu2+] (mg/L)
	0.019



	[PO43−] (mg/L)
	2
	[Zn2+] (mg/L)
	0.05



	[SO42−] (mg/L)
	567.9
	[Mg2+] (mg/L)
	>149.171



	[Br−] (mg/L)
	13.3
	[Sr2+] (mg/L)
	0.976



	[Cl−] (mg/L)
	3750
	[Ca2+] (mg/L)
	66.986



	[NO3−] (mg/L)
	0.127
	[Se2+] (mg/L)
	0.01



	[NO2−] (mg/L)
	1.1
	[K+] (mg/L)
	>96.000
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