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Abstract


The narrow pH application range and lower utilization of ferrous ions (Fe(II)) restrict the application of Fe(II)/persulfate (PS) technology. In this paper, simulated sunlight and citric acid (Cit) as a chelator were introduced in an Fe(II)/PS system to overcome the drawbacks and enhance the degradation of typical antibiotic sulfamethoxazole (SMX) in secondary wastewater. The degradation kinetics, mechanism, and influence factors of SMX in a sunlight/Fe(II)/Cit/PS system and a sunlight/Fe(II)/Cit system as a comparable system were investigated. The removal efficiency of SMX can reach 71.15% and 85.25% in the sunlight/Fe(II)/Cit system and sunlight/Fe(II)/Cit/PS system with 0.1 mM Fe(II), 0.6 mM Cit, and 1 mM PS. The increase of Fe(II) concentration in both systems proved that sunlight promoted the regeneration of Fe(II) from the ferric ion chelates. However, the Fe(II) concentration decreased after 30 min in the sunlight/Fe(II)/Cit/PS system because of the decomposition of Cit. Radical quencher experiments indicated that SO4·−, ·OH, and O2·− contributed 2.48%, 88.43%, and 6.91% to the removal of SMX, respectively. Electron paramagnetic resonance spectra also proved the formation of ·OH and O2·−. The degradation of SMX was proposed to proceed via isomerization, cleavage of S–N bond, and hydroxylation. Overall, the sunlight/Fe(II)/Cit/PS process can be used as an advanced treatment technology for antibiotics in municipal wastewater.
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1. Introduction


During the last few decades, antibiotics, an important kind of emerging contaminant, have caused extensive concern due to their ubiquitous presence in the environment and potential ecological and human health risks [1,2]. Sulfonamide antibiotics were first synthesized in the 1930s and are commonly utilized to prevent and treat diseases and infections in humans and animals, as well as to foster growth in husbandry and aquaculture [3]. As the antibiotics, after administration, cannot be fully absorbed by human and animal bodies, they are excreted and discharged into the environment, resulting in the presence of SAs in wastewater, surface water, and soil [4]. In particular, wastewater effluent is a key source of antibiotics in receiving water bodies [5]. Sulfamethoxazole (SMX) is a commonly detected sulfonamide in wastewater effluent, the reported detection concentration was 0.2~7.1 μg/L in winter and 15~37.8 μg/L in Xinjiang, northwest China [6]. Moreover, the persistence of SMX and other antibiotics caused by their continuous discharge or recalcitrance may induce the spread of resistance genes and eventually pose an ecological and human health risk. Therefore, it is urgent to develop efficient advanced treatment technology to eliminate and control antibiotic pollution in secondary wastewater.



The advanced oxidation process that involves persulfate (PS) and generates highly reactive SO4·− and ·OH radicals is considered promising in the removal of antibiotics [7]. The common activation methods for PS include transition metals, thermal, carbon-based materials, and so on [8,9,10,11,12]. Among these activation methods, Ferrous ion (Fe(II)) has received the most attention because it is nontoxic, inexpensive, and environmentally friendly [13]. Previous research has proved that Fe(II) can effectively activate PS to degrade emerging contaminants, for instance, carbamazepine [14], atrazine [15], trimethoprim [16], and chloramphenicol [17]. However, the Fe(II)/PS process still contains two main drawbacks. First, the Fe(II)/PS process generally requires operating at pH values of ca. 3 to avoid the generation of Ferric ion (Fe(III)) precipitates, which can’t activate PS to generate reactive radicals and reversely produce excessive sludge [18]. Second, Fe(II) reacts with persulfate and transforms to Fe(III) quickly through Equation (1); however, Fe(II) regeneration from Fe(III) is a relatively slow process (Equation (2)). The fast transformation of Fe(II) and accumulation of Fe(III) lead to the low utility of Fe(II) and excessive sludge. Therefore, accelerating the reduction of Fe(II) from Fe(III) in an Fe(II)/PS system is very important [19].


   F e ( I I ) +  S 2    O 8   2 −   → F e ( I I I ) + S   O 4   · −   + S   O 4   2 −              k  F e ( I I ) ,  S 2    O 8   2 −     = 27  M  − 1   ·  s  − 1     



(1)






  F e ( I I I ) +  S 2    O 8   2 −   → F e ( I I ) +  S 2    O 8   · −    



(2)







To overcome the limitations of the Fe(II)/PS system, chelating agents such as citric acid/citrate (Cit), oxalic acid/oxalate, and ethylenediaminetetraacetic acid (EDTA) are introduced into the system to form Fe(II)/Fe(III) complexes, which can maintain solubility in a wider pH range [13,20,21]. Gao et al. [13] found that an Fe(II)/Cit/PS system can effectively degrade pyrene under neutral pH, and the maximum degradation efficiency of pyrene reached 94.4% with the molar ratio of Fe(II), citrate, PS, and pyrene of 2000/2000/2000/1 and reaction time of 720 min. Yuan et al. [22] demonstrated that an Fe(II)/Cit/PS system improved the productivity of SO4·− and the decomposition of extracellular polymeric substances, as well as the sludge dewaterability.



UV irradiation can be utilized to activate PS and peroxymonosulfate (PMS) and promote the conversion of Fe(III) to Fe(II). Ling et al. [18] developed a process that incorporates Fe(II)/Cit/UV/PMS and was used for the degradation of carbamazepine. The degradation efficiency of carbamazepine achieved up to 71% by an Fe(II)/Cit/UV/PMS process for 20 min, and significantly higher than that in the treatment system without UV. However, the introduction of UV causes excessive energy input and increases the cost of wastewater treatment. In contrast, sunlight, a clear, abundant, and economical energy, can be used as an alternative energy for UV to accelerate the Fe(II)/Fe(III) cycle. Previous research has proved that Fe(III) ligand complexes can be reduced to Fe(II) through ligand-to-metal charge transfer (LMCT) under the irradiation of sunlight [23,24]. Therefore, we propose a hypothesis that the combination of sunlight/Fe(II)/Cit/PS system has a good removal ability for the recalcitrant emerging contaminants, in which citric acid is used to form a stable soluble Fe(II)–citrate complex in wastewater and sunlight is used to drive the reduction of Fe(III) to Fe(II).



In this paper, SMX was used as the representative pollutant to study the removal and impact factors of the sunlight/Fe(II)/Cit system in eliminating the emerging contaminants in real secondary wastewater. The degradation mechanism of SMX by a sunlight/Fe(II)/Cit/PS system was explored based on the concentration changes of Fe(III)/Fe(II) and carboxylic acid, as well as the identification of the main reactive species. As Fe(III)/Cit complexes under the irradiation of sunlight can generate reactive radicals and degrade the organic matter [25], the sunlight/Fe(II)/Cit process was also investigated to make a comparison. Furthermore, the degradation products of SMX were identified and the degradation pathway of SMX by a sunlight/Fe(II)/Cit/PS system was proposed. The results can provide a scientific basis for developing advanced wastewater treatment technology for recalcitrant organic matter.




2. Experimental Section


2.1. Chemicals


SMX (≥99.7%) was obtained from Sigma-Aldrich. Ferrous sulfate (FeSO4 ·7H2O, 99.0%), PS (K2S2O8, 99.5%), and citric acid monohydrate (C6H10O8, 99.5%) were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Carbon tetrachloride (CCl4, 99%) and glacial acetic acid (C2H4O2, 99.5%) were purchased from Macklin Reagents. 5, 5-dimethyl-1-pyrrolide-N-oxide (DMPO) was purchased from Dojindo laboratories (Kumamoto, Japan). Other chemicals utilized in this study are listed in Text S1 (Supporting Information).




2.2. Secondary Wastewater Effluent


Secondary wastewater effluent was collected from the secondary clarifier following the activated sludge treatment at a sewage treatment plant in Nanjing, Jiangsu Province of China. Then, the wastewater sample was immediately transported to the laboratory and filtered using a 0.45 μm capsule filter (Millipore, Bedford, MA, USA). The wastewater was characterized by a total organic carbon (TOC) of 9.02 mg/L, pH 7.6, NO3− of 29.61 mg/L, NO2− of 0.49 mg/L, Cl− of 52.69 mg/L, and alkalinity of 2.58 mM.




2.3. Experiment Procedure


The reaction solution was first prepared in 250 mL flasks containing 100 mL of secondary wastewater effluent. A certain amount of Fe (II) and citric acid stock solution was added into the secondary wastewater effluent and stirred for 30 min under dark conditions to ensure the full complexing of Fe(II) and citric acid. The doses of Fe (II) were set as 0.05, 0.1, 0.15, and 0.2 mM, and the ratios of Fe (II) to citric acid were 1:2, 1:4, 1:6, 1:8, and 1:10, respectively. Then, a specific amount of SMX stock solution was put into the solution to reach an initial concentration of 1.0 mg/L. After that, the solution was moved to the 50 mL quartz tubes and placed in a photochemical reactor (XPA-7, Xujiang Electromechanical Plant, Nanjing, China). The simulated solar light was generated by a 500 W xenon lamp and 290 nm cutoff filters, which hinders the penetration of light lower than 290 nm. The irradiation intensity of the simulated light was 97.17 mW·cm−1 measured by a CEL-FZ-A radiometer (Beijing China Education Au-light Co., Ltd., Beijing, China). The temperature of reaction solutions was controlled at about 25 ± 2 °C by the circulating cooling water. Then, the stock solution of PS was added into the tubes to start the degradation process. After a period of reaction (0, 1, 2, 5, 10, 20, 30, 45, 60, 90, and 120 min), 0.9 mL samples were collected in 2 mL HPLC vials containing 0.3 mL of ethanol to prevent further oxidation due to any residual oxidant or free radical. The samples were filtered before the determination of SMX concentration. Meanwhile, dark/Fe(II)/PS, sunlight/Fe(II)/PS, dark/Fe(II)/Cit, sunlight/Fe(II)/Cit, and dark/Fe(II)/Cit/PS control groups were conducted as comparisons. All the experiments were conducted in duplicate.




2.4. Identification of Reactive Species


Quenching experiments were first carried out to identify the principal reactive species that are responsible for the removal of SMX by employing methanol (MeOH), tert-butyl alcohol (TBA), and CCl4 as quenchers. MeOH (150 mM), TBA (150 mM), and CCl4 (50 mM) were added to the reaction system at the beginning of the experiment. The other experimental procedure was the same as described in Section 2.3. It is known that MeOH can be used to quench both SO4·− and ·OH, and TBA is used to quench ·OH, while CCl4 is used to quench HO2· and O2·− radicals [22,26]. The contribution of reactive species can be calculated using Equations (3)–(5).


   C  · O H   =    k  o b s   −  k  T B A      k  o b s       × 100 %  



(3)






   C  S   O 4   · −     =    k  o b s   −  k  M e O H      k  o b s       × 100 % −  C  · O H    



(4)






   C  H  O 2  · +   O 2   · −     =    k  o b s   −  k  C C  l 4       k  o b s       × 100 %  



(5)




where,    C  · O H    ,    C  S   O 4   · −      , and    C  H  O 2  · +   O 2   · −       represent the contributions of ·OH, SO4·−, HO2/O2·− to the removal of SMX, respectively. kobs is the observed first-order rate constant of SMX degradation in wastewater. kTBA, kMeOH, and    k  C C  l 4      represent the observed first-order rate constants of SMX removal with the addition of quenchers TBA, MeOH, and CCl4, respectively.



The active radicals produced in the sunlight/Fe(II)/Cit/PS system at 0.1 mM Fe(II), 0.6 mM Cit, 1 mM PS, and a reaction time of 5 min were trapped using DMPO (100 mM) were analyzed using Bruker EMX 10/12 equipment (Karlsruhe, Germany).




2.5. Analytical Methods


2.5.1. Determination of SMX


The concentration of SMX was measured using high-performance liquid chromatography (HPLC, Thermo Scientific, Waltham, MA, USA). The separation column was an Agilent Eclipse plus C18 column (150 mm × 4.6 mm, 5 μm). The mobile phase consisted of an acetonitrile and 0.1% formic acid solution with the proportions of 25:75 (v/v) at a flow rate of 1 mL/min. The detector wavelength was 270 nm.




2.5.2. Analysis of Fe species


The 1, 10-phenanthroline method was used to determine the concentration of dissolved total iron and Fe(II). The concentration of dissolved Fe(III) was obtained based on the difference between the concentration of dissolved total iron and Fe(II).




2.5.3. Determination of Carboxylic Acids


The concentrations of citric acid and the produced carboxylic acids were determined using HPLC at 210 nm. An Agilent ZORBAX SB-AQ column (250 mm × 4.6 mm, 5 μm) was used to separate different carboxylic acids. The mobile phase was a mixture of 0.01 mM KH2PO4 (pH 2) and methanol with a proportion of 99.5:0.5 (v/v). The flow rate was 0.6 mL/min. The pH was regulated with phosphoric acid.




2.5.4. Identification of SMX Degradation Products


After treatment for 0, 15, 30, 60, and 120 min by the sunlight/Fe(II)/Cit/PS process, the SMX-containing samples were collected for the identification of degradation products and exploration of their evolution. Before the analysis, the collected samples were concentrated 100 times using Oasis HLB solid phase cartridges (200 mg/6 mL, Waters, Milford, MA, USA). After that, the concentrated samples were analyzed using HPLC coupled with a high-resolution mass spectrometer (LTQ-Orbitrap XL MS, Thermo Scientific, Waltham, MA, USA) operating in a positive mode according to our previous publication [27]. The detailed parameters and operation conditions for the HPLC-MS spectrometer are provided in Text S2 (Supplementary Information).






3. Results and Discussion


3.1. Removal of SMX by Sunlight/Fe(II)/Cit/PS System


Figure 1a illustrates the removal of SMX in secondary wastewater in Fe(II)/PS, Fe(II)/Cit, Fe(II)/Cit/PS without and with simulated sunlight at Fe(II), citric acid, and PS concentration of 0.1, 0.6, and 1 mM, respectively. No significant removal of SMX was detected in dark/Fe(II)/Cit, dark/Fe(II)/PS, and dark/Fe(II)/Cit/PS systems, with the removal efficiency of SMX of 8.28%, 9.82%, and 12.17% after 120 min, respectively. The previous publication demonstrated that an Fe(II)/PS system can remove 50.4% of SMX at an Fe(II) concentration of 50 μM, PS of 200 μM, and pH of 7.0 [28]. The lower removal of SMX in the dark/Fe(II)/PS system in this research may be attributed to the weak alkaline pH (7.6) and complex component in the wastewater. Under this circumstance, Fe(II) rapidly hydrolyses and precipitates, and cannot activate persulfate to produce active radicals, and the complex components in the wastewater may hinder the degradation of SMX. In the dark/Fe(II)/Cit/PS system, the addition of citric acid elevated the solubility of Fe, and the soluble Fe probably existed as Fe(II)–Cit or Fe(III)–Cit complexes. The lower removal of SMX indicated that Fe(II)/Fe(III)–Cit complexes couldn’t effectively activate PS in wastewater in the dark [18]. The removal of SMX in the dark/Fe(II)/Cit, dark/Fe(II)/PS, and dark/Fe(II)/Cit/PS system is probably achieved by the adsorption of Fe precipitation [29]. Sunlight slightly promoted the degradation of SMX by Fe(II)/PS. The removal of SMX by the sunlight/Fe(II)/PS system was 23.00% after 120 min. Compared with the dark/Fe(II)/PS system, the increase in SMX removal in the sunlight/Fe(II)/PS system is probably caused by the photodegradation of SMX under the irradiation of sunlight [30]. In contrast, sunlight significantly promoted the degradation of SMX in the Fe(II)/Cit system and the Fe(II)/Cit/PS system, the removal of SMX in the sunlight/Fe(II)/Cit system and the sunlight/Fe(II)/Cit/PS system was 71.15% and 85.26%, respectively. This is higher than the previous report that SMX removal of 52.3% was achieved in wastewater using an Fe(II)-activated persulfate process [31]. Previous research also reported that sunlight/Fe(III)–citrate complexes can degrade propranolol and sulfamethazine, as a sunlight/Fe(III)–citrate system can generate multiple reactive radicals (Equations (6)–(10)), with ·OH generally playing the significant role [25,32]. In a sunlight/Fe(II)/Cit/PS system, except for the reactions that occurred in the sunlight/Fe(II)/Cit system, the regenerated Fe(II) can activate PS and generate more radical species (Equation (1)), consequently enhancing the degradation of SMX in secondary wastewater.


  F e ( I I I ) − C i t  →  s u n l i g h t   F e ( I I ) + C i  t  · 2 −    



(6)






  C i  t  · 2 −   +  O 2  → 3 − o x o g l u t a r a t e +   O 2   · −   + C  O 2   



(7)






    O 2   · −   +  H +  → H  O 2  ·  



(8)






  2 H  O 2  · →  H 2   O 2  +  O 2  + O  H −   



(9)






  F e ( I I ) +  H 2   O 2  → F  e ( III ) +  · O H + O  H −   



(10)







The degradation of SMX can be classified into two stages: a rapid phase (0–30 min) and a relatively slow phase (30–120 min). The degradation of SMX in the rapid phase follows pseudo-first-order kinetics. The degradation reaction rate constant of SMX in the sunlight/Fe(II)/Cit/PS system was 0.0363 min−1, which is 18.15, 19.11, 16.50, 12.96, and 1.54 times that in the dark/Fe(II)/Cit, dark/Fe(II)/PS, dark/Fe(II)/Cit/PS, sunlight/Fe(II)/PS, and sunlight/Fe(II)/Cit systems (Figure 1b).




3.2. Changes in the Concentration of Different Fe Species and Carboxylic Acids


The intensified removal of SMX in the sunlight/Fe(II)/Cit and sunlight/Fe(II)/Cit/PS systems is strongly correlated with the regeneration of Fe(II). The concentration of different Fe species in the sunlight/Fe(II)/Cit and sunlight/Fe(II)/Cit/PS systems is displayed in Figure 2. As described in the experimental section, Fe (II) and citric acid stock solution were added into the secondary wastewater effluent and stirred for 30 min before the degradation experiment. Fe(II) can be partially oxidized to Fe(III) by oxygen during this process. Therefore, Fe(III) (0.052 mM) showed a higher initial concentration than Fe(II) (0.015 mM). The total dissolved Fe concentration was 0.067 mM, indicating that about one-third of the added Fe(II) precipitated in the weak alkaline environment. The dissolved Fe generally existed as Fe(II) or Fe(III)–Cit complexes.



In the sunlight/Fe(II)/Cit system, the concentration of Fe(III) decreased and Fe(II) increased with the increasing of the reaction time (Figure 2a), this is expected as Fe(II) can be reduced from Fe(III) through LMCT (Equation (6)) [25]. Notably, the increase of Fe(II) concentration was relatively fast in the first 20 min, but retarded as the reaction time was further prolonged. This can be explained by the concentration of carboxylic acid in the system (Figure 2c). During sunlight/Fe(II)/Cit treatment, citric acid can also be removed and acetic acid was formed as a primary intermediate. The concentration of acetic acid reached the highest value of 0.236 mM while citric acid remained at a relatively high concentration during the first 20 min, which maintained the quantity of Fe(III)–carboxylic acid chelates, and the regeneration of Fe(II). When the reaction time was prolonged from 20 min to 120 min, the continuous degradation of citric acid and acetic acid induced the concentration of carboxylic acid to decrease, consequently inducing the regeneration of Fe(II) rate to slow down.



In sunlight/Fe(II)/Cit/PS, the evolution of the concentration of Fe species in the first 30 min is similar to that in the sunlight/Fe(II)/Cit system but shows a different trend from 30–120 min (Figure 2b). The photoreduction of Fe(III)–citrate complexes in the first 30 min increased Fe(II) concentration and decreased Fe(III) concentration. However, the concentration of Fe(II) started to decrease once the reaction time was further increased to 120 min. This may be caused by the decomposition of citric acid in the sunlight/Fe(II)/Cit/PS system (Figure 2d). Previous research has reported that citric acid can be degraded by various advanced oxidation processes, for instance, the TiO2 photocatalytic process and the O3/H2O2/UV process [16,33]. In this study, citric acid can be removed by a sunlight/Fe(II)/Cit/PS system, with the removal reaching up to 90.26% at 45 min and 100% at 90 min, respectively (Figure 2d). Acetic acid is an important intermediate of citric acid [33], whose concentration increased to the highest level of 0.140 mM at 5 min and then declined. The further decomposition of acetic acid may generate oxalic acid, which can then be mineralized into CO2 [34]. The concentration of oxalic acid gradually increased with the reaction time and reached a plateau of ca. 0.08 mM at 60~120 min. Overall, the total carboxylic acid concentration was relatively low in the system after 30 min, which induced a decrease in the concentration of the total dissolved Fe and Fe(II) after 30 min. This is the reason that the degradation of SMX showed a relatively slow stage at 30~120 min. The decomposition and mineralization of citric acid in the sunlight/Fe(II)/Cit/PS system is favorable, doesn’t require further treatment, and won’t cause secondary pollutants in the wastewater.




3.3. Identification of Reactive Species


The reactive species responsible for SMX degradation in the sunlight/Fe(II)/Cit system and the sunlight/Fe(II)/Cit/PS system were first determined using radical-quenching experiments. TBA was employed to quench ·OH, as the second reaction rate constant of TBA with ·OH (   k  T B A , · O H    =6 × 108 M−1s−1) was much higher than that of TBA and SO4·− (   k  T B A , S   O 4   · −      =8 × 105 M−1s−1). MeOH is selected to quench both SO4·− and ·OH because the second reaction rate constant of MeOH and ·OH (   k  M e O H , · O H     = 9.7 × 108 M−1s−1) is comparable with that of MeOH and SO4·− (   k  M e O H , S   O 4   · −       = 2.5 × 107 M−1s−1) [35]. The difference of SMX removal in the existence of TBA and MeOH can differentiate the contribution of ·OH and SO4·−. Further, CCl4 is used to quench HO2·/O2·− since it can prevent the generation of HO2·/O2·− and can resist ·OH [26].



Figure 3a,b displays the degradation kinetics of SMX when different quenchers existed in the sunlight/Fe(II)/Cit system and the sunlight/Fe(II)/Cit/PS system, respectively. In the sunlight/Fe(II)/Cit system, the removal of SMX was obviously inhibited by TBA. The removal efficiency of SMX decreased from 71.15% without TBA to 10.29% with TBA after 120 min. Correspondingly, the elimination rate constant of SMX declined from an initial 0.0236 min−1 without TBA to only 0.0017 min−1 with TBA. This demonstrated that ·OH was the primary reactive species and contributed 92.80% of the degradation of SMX. In contrast, the degradation rate constant of SMX slightly declined to 0.0225 min−1 in the presence of CCl4, which indicated that HO2·/O2·− contributed only 4.66% to the removal of SMX.



In the sunlight/Fe(II)/Cit/PS system, the addition of TBA, MeOH, and CCl4 resulted in the degradation rate constant of SMX decreasing from 0.0363 min−1 to 0.0042, 0.0033, and 0.0337 min−1. Accordingly, the contribution of ·OH, SO4·− and HO2·/O2·− was calculated to be 88.43%, 2.48%, and 6.91%. This demonstrated that ·OH was the primary reactive species in the degradation of SMX. However, the contribution of SO4·− to the degradation of SMX in the sunlight/Fe(II)/Cit/PS system was very small. This can be attributed to the weak alkalinity of the wastewater, in which the generated SO4·− can rapidly transform to ·OH (Equations (14) and (15)) [26].


  S  O 4   · −  + O  H −  → · O H + S   O 4   2 −         k = ( 5.5 − 7.5 ) ×  10 7     M  − 1    s  − 1    



(11)






  S  O 4   · −  +  H 2  O → · O H + S   O 4   2 −   +  H +            k < 2 ×  10 7     s  − 1    



(12)







EPR spectra using DMPO as a spin-trapping agent for SO4·−, ·OH, and O2·− were also analyzed (Figure 3c,d). The typical spectra for the spin adducts of DMPO-·OH and DMPO-O2·− were noticed in the sunlight/Fe(II)/Cit system and the sunlight/Fe(II)/Cit/PS system, proving the yield of ·OH and O2·− in the two systems. The EPR spectra intensity of DMPO-·OH and DMPO-O2·− in the sunlight/Fe(II)/Cit/PS system are a little higher than that in the sunlight/Fe(II)/Cit system, demonstrating that the yield of ·OH and O2·− are higher in the sunlight/Fe(II)/Cit/PS system. Further, the signal for DMPO-SO4·− was not observed, this may be attributed to the lower yield of SO4·−, whose signal may be covered by the strong intensity of DMPO-·OH. In summary, reactive species SO4·−, ·OH, and O2·− were produced in the sunlight/Fe(II)/Cit/PS system, and ·OH was the key radical that contributed more than 80% of the removal of SMX. This is in accordance with the previous research in the carboxylic-acid-chelated Fe(II) activated persulfate process [20,36,37].



Figure 4 displays the production mechanism of reactive radicals in the sunlight/Fe(II)/Cit/PS system. Based on the previous report, the main species of Fe(III)–Cit complex at pH 7 is [Fe3O(Cit)3H3]2−, which has a higher photolysis rate of 1.32 × 10−3 s−1 [18]. Under the irradiation of sunlight, Fe(III)–Cit complexes undergo an LMCT process and produce Fe(II) and free citrate radicals (Equation (6)). Then, the free citrate radicals react with O2, leading to the formation of O2·−/HO2· (Equations (7) and (8)). The dismutation of HO2· generates H2O2 (Equation (9)), which reacts with Fe(II) to produce ·OH via the Fenton process (Equation (10)) [25,38]. The regenerated Fe(II) can also activate PS to generate SO4·−and ·OH (Equations (1), (11) and (12)). Moreover, PS can also directly generate O2·− in an alkaline environment (Equation (13)) [39].


  2  S 2    O 8   2 −   + 2  H 2  O  →  H  O −    S   O 4   · −   + 3 S   O 4   2 −   +   O 2   · −   + 4  H +   



(13)








3.4. Influencing Factors on the Removal of SMX


3.4.1. Influence of Fe(II) Concentration


Figure 5 depicts the effects of Fe(II) concentration on the removal of SMX in the sunlight/Fe(II)/Cit system and the sunlight/Fe(II)/Cit/PS system with Fe(II)/Cit molar ratio of 1:6 and PS concentration of 1 mM. In both systems, higher Fe(II) concentration within 0.05~0.2 mM facilitates higher SMX removal, but the increasing trend of SMX degradation rate was somewhat different. In the sunlight/Fe(II)/Cit system, the removal of SMX significantly increased from 32.4% to 71.1%, and the degradation rate constant of SMX in the first 30 min was enhanced from 0.0055 min−1 to 0.0236 min−1, when the Fe(II) concentration increased from 0.05 mM to 0.1 mM. However, the removal of SMX reached a plateau when the Fe(II) concentration increased to 0.15 and 0.2 mM. The degradation rate of SMX was 88.2% and 90.2%, while the degradation rate constant of SMX was 0.0294 min−1 and 0.0305 min−1 at Fe(II) concentrations of 0.15 and 0.2 mM, respectively. This suggested that a very high concentration of Fe(II) is not beneficial for the degradation of SMX, which can be explained from two aspects. First, overdosage of Fe(II) can react with hydroxyl radicals (Equation (14)) and subsequently affect the degradation of SMX [22]. Second, citric acid, as a low molecular weight organic matter, can also consume reactive species [40].


   Fe ( II ) +  ⋅ OH →    Fe ( III ) + OH   -   



(14)







The removal of SMX in the sunlight/Fe(II)/Cit/PS system is obviously higher than that in the sunlight/Fe(II)/Cit system. The elimination of SMX in sunlight/Fe(II)/Cit/PS system was fast during the first 20–30 min and retarded at 30–120 min, especially at higher Fe(II) concentrations. This is caused by the lower dissolved Fe(II) and carboxylic acid in the later stage, which is discussed above. Compared with the sunlight/Fe(II)/Cit system, the degradation rate constant of SMX in the first 30 min significantly increased from 0.0099 min−1 to 0.0918 min−1 when the Fe(II) concentration increased from 0.05 mM to 0.2 mM. This indicates that a higher concentration of Fe(II) effectively activated PS and resulted in a higher yield of reactive species. Notably, the removal efficiency of SMX was close and all higher than 85% after a reaction time of 120 min at Fe(II) concentration of 0.1~0.2 mM. As a higher concentration of Fe(II) produces more sludge, which needs to be further treated, we prefer to use the Fe(II) concentration of 0.1 mM.




3.4.2. Influence of Citric Acid Concentration


Figure 6 depicts the effect of Cit on the removal of SMX in the sunlight/Fe(II)/Cit system and the sunlight/Fe(II)/Cit/PS system with 0.1 mM Fe(II) and 1 mM PS. In the sunlight/Fe(II)/Cit system, the degradation rate constant of SMX elevated from 0.0053 min−1 to 0.0304 min−1 when citric acid increased from 0.2 mM to 0.8 mM. This is consistent with previous research [41] and indicates that a higher concentration of Fe–Cit complexes produces more reactive species. However, when the citric acid concentration increased to 1 mM, the degradation rate constant of SMX decreased to 0.0203 min−1. This is reasonable because overdosage of citric acid competes with SMX for reactive species, and consequently affects the removal of SMX.



In the sunlight/Fe(II)/Cit/PS system, the degradation of SMX increased with the increase of citric acid concentration, with the degradation rate constant increasing from 0.0110 min−1 to 0.0650 min−1 when the citric acid concentration increased from 0.2 mM to 1 mM. In particular, compared with the sunlight/Fe(II)/Cit system, the degradation of SMX at 1 mM of citric acid wasn’t inhibited. This proved that a high concentration of citric acid assured the solubility of Fe(II), and the effective activation of PS generated more reactive species in the sunlight/Fe(II)/Cit/PS system. Citric acid also consumed the reactive species; however, the degradation of SMX was not affected due to the higher quantity of reactive species in the sunlight/Fe(II)/Cit/PS system.




3.4.3. Influence of PS Concentration


Figure 7 depicts the removal of SMX and degradation rate constant of SMX in the sunlight/Fe(II)/Cit/PS system with varying PS concentration at 0.1 mM Fe(II) and 0.6 mM citric acid. The degradation of SMX increased with increasing of PS concentration, with the degradation rate constant of SMX of 0.0259–0.0450 min−1 at 0.5–4 mM PS. The activation of PS can produce reactive species SO4·− and ·OH; therefore, it is expected that the elevated PS concentration would show a positive effect on SMX degradation [42]. However, the SMX degradation rate constant only increased a little when PS concentration increased from 1 mM to 4 mM, this suggested that Fe(II) is an important limitation factor with overdosage of PS. Further, excessive PS dosage of PS will consume reactive species, which to some extent results in the minor improvement in the SMX degradation rate.


  S   O 4   · −   +  S 2    O 8   2 −   → S   O 4   2 −   +  S 2    O 8   · −    



(15)






  · O H +  S 2    O 8   2 −   → H S   O 4  −  + S   O 4   · −   + 1 / 2  O 2   



(16)









3.5. Degradation Products of SMX


The degradation products of SMX in the sunlight/Fe(II)/Cit/PS system were further analyzed using HPLC high resolution mass spectroscopy. Four main degradation products of SMX were identified, and the detailed information, including chemical formula, accurate mass weight, and ring double bond equivalent (RDB), was listed in Table S1 (Supporting information). The mass error between the experimental and theoretical mass was lower than 5 ppm, indicating the reliability of the chemical formula of SMX and their degradation products. The structure of the degradation products was elucidated based on their MS/MS spectrum and previous publications.



Correspondingly, possible degradation pathways were proposed for the degradation of SMX by the sunlight/Fe(II)/Cit/PS system (Figure 8). In degradation pathway I, the cleavage of the S–N bond of SMX via the hydrolysis of the sulfonamide bond generated the degradation product TP99 (3-amino-5-methylisoxazole). TP99 has been reported to be generated in various treatment technologies of SMX, for instance, photodegradation [27], catalytic ozonation [43], chlorination [44], and peroxymonosulfate activation by immobilized CoFe2O4 network [45]. In degradation pathway II, an SMX isomer denoted TP254 was formed via isoxazole ring rearrangement [46]. TP254 has the same m/z value and fragmentation ions but a different elution time as SMX. The SMX isomer was reported in the direct photolysis of SMX [46,47]. In degradation pathway III, the aromatic ring of SMX was attacked by reactive species such as ·OH and formed two hydroxylated products, TP270 and TP286. The characteristic fragment ion of TP270 (m/z 172.0071) and TP 286 (m/z 188.0019) were 16 Da and 32 Da higher than the characteristic fragment ion of SMX (m/z 156.0120), respectively (Figure S1, Supplementary Materials). This indicates that the hydroxyl replacement occurred on C of the aromatic ring. TP270 was observed in the catalytic ozonation of SMX [43], photocatalytic degradation of SMX [48], and PMS activation by 2D ZIF-L arrays supported on zinc foam degradation of SMX [49]. Wang et al. [50] observed both TP270 and TP286 in the degradation of SMX by PMS activated by iron and sulfur co-doped graphite carbon nitride.



As there are no standards for the degradation products of SMX, we semi-quantify the yield of degradation products of SMX by dividing their peak area by the initial peak area of SMX (A/ASMX0) (Figure S2, Supporting Information). It should be noted that the yield of TP270 was the most predominant, reaching 0.158 after reaction for 60 min and then decreasing to 0.131 at 120 min. In contrast, the yield of TP254, TP286, and TP99 were relatively low, reaching 0.020, 0.006, and 0.005 at a reaction time of 120 min. Overall, the degradation products of SMX in the sunlight/Fe(II)/Cit/PS process were mainly formed through isomerization, cleavage of the S–N bond, and hydroxylation. The hydroxylated product TP270 was the main degradation product, which proved the main reactive species is ·OH and was consistent with the previous discussion.





4. Conclusions


This study proposed a novel advanced treatment technology, the sunlight/Fe(II)/Cit/PS process, in which citric acid was used as a chelate agent to form Fe(II)/Fe(III)–Cit complexes, and sunlight was introduced to promote the regeneration of Fe(II) of Fe(III)–Cit complexes through an LMCT process. The removal efficiency of SMX can reach up to 85.26% in the sunlight/Fe(II)/Cit/PS system with Fe(II) concentration of 0.1 mM, Cit concentration of 0.6 mM, and PS concentration of 1 mM. The Fe(II) concentration increased during the first 30 min, which enhanced the activation of PS and the degradation of SMX. However, the Fe(II) concentration decreased at 30–120 min because of the degradation of Cit in the system. This is favorable concerning the chemical oxygen demand of the effluent of the wastewater. A radical quencher experiment demonstrated that SO4·−, ·OH, and O2·− were produced in the sunlight/Fe(II)/Cit/PS system, with ·OH playing the most important contribution to the degradation of SMX. EPR spectra proved the presence of ·OH and O2·−, while the signal of SO4·− may be covered by the strong intensity of ·OH. Three degradation pathways were proposed, including isomerization, cleavage of S–N bond, and hydroxylation. This study can broaden our understanding of the degradation mechanism of SMX in the sunlight/Fe(II)/Cit/PS system, which could be a promising advanced treatment for antibiotics in secondary wastewater.
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Figure 1. Degradation efficiency (a) and pseudo-first-order rate constant (b) of SMX in different systems. Conditions: [SMX] = 1 mg/L, [Fe(II)] = 0.1 mM, [Cit] = 0.6 mM, [PS] = 1 mM, reaction time of 120 min (a) and 30 min (b). 
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Figure 2. Changes in the concentration of different Fe species (a,b) and carboxylic acids (c,d) in the sunlight/Fe(II)/Cit system and the sunlight/Fe(II)/Cit/PS system. Conditions: [SMX] = 1 mg/L, [Fe(II)] = 0.1 mM, [Cit] = 0.6 mM, [PS] = 1 mM. 
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Figure 3. Effect of radical scavengers on SMX degradation in the sunlight/Fe(II)/Cit system (a) and the sunlight/Fe(II)/Cit/PS system (b); EPR spectra of DMPO−·OH (c) and DMPO−O2·− (d) in the sunlight/Fe(II)/Cit system and the sunlight/Fe(II)/Cit/PS system. Conditions: [SMX] = 1 mg/L, [Fe(II)] = 0.1 mM, [Cit] = 0.6 mM, [PS] = 1 mM. 
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Figure 4. The formation of reactive species in sunlight/Fe(II)/Cit/PS system. 
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Figure 5. Degradation efficiency and reaction kinetic rate of SMX in the sunlight/Fe(II)/Cit system (a,b) and the sunlight/Fe(II)/Cit/PS system (c,d) with varying Fe(II) concentration. Conditions: [SMX] = 1 mg/L, [Fe(II)]/[Cit] = 1:6, [PS] = 1 mM. 
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Figure 6. Degradation efficiency and reaction kinetic rate of SMX in the sunlight/Fe(II)/Cit system (a,b) and the sunlight/Fe(II)/Cit/PS system (c,d) with varying citric acid concentration. Conditions: [SMX] = 1 mg/L, [Fe(II)] = 0.1 mM, [PS] = 1 mM. 
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Figure 7. Degradation efficiency (a) and reaction kinetic rate (b) of SMX in the sunlight/Fe(II)/Cit/PS system with varying PS concentration. 
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Figure 8. Degradation pathway of SMX by sunlight/Fe(II)/Cit/PS process. 
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