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Abstract

:

One of the most commonly produced industrial chemicals worldwide, bisphenol A (BPA), is used as a precursor in plastics, resins, paints, and many other materials. It has been proved that BPA can cause long-term adverse effects on ecosystems and human health due to its toxicity as an endocrine disruptor. In this study, we developed an integrated MnO2/UV/persulfate (PS) process for use in BPA photocatalytic degradation from water and examined the reaction mechanisms, degradation pathways, and toxicity reduction. Comparative tests using MnO2, PS, UV, UV/MnO2, MnO2/PS, and UV/PS processes were conducted under the same conditions to investigate the mechanism of BPA catalytic degradation by the proposed MnO2/UV/PS process. The best performance was observed in the MnO2/UV/PS process in which BPA was completely removed in 30 min with a reduction rate of over 90% for total organic carbon after 2 h. This process also showed a stable removal efficiency with a large variation of pH levels (3.6 to 10.0). Kinetic analysis suggested that 1O2 and SO4•− played more critical roles than •OH for BPA degradation. Infrared spectra showed that UV irradiation could stimulate the generation of –OH groups on the MnO2 photocatalyst surface, facilitating the PS catalytic degradation of BPA in this process. The degradation pathways were further proposed in five steps, and thirteen intermediates were identified by gas chromatography-mass spectrometry. The acute toxicity was analyzed during the treatment, showing a slight increase (by 3.3%) in the first 30 min and then a decrease by four-fold over 2 h. These findings help elucidate the mechanism and pathways of BPA degradation and provide an effective PS catalytic strategy.
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1. Introduction


Bisphenol A (BPA) is a high-production-volume industrial chemical used as a precursor in synthetic polycarbonate plastics and epoxy resins, as well as many consumer products, including food containers, paper products, toys, medical equipment, and electronics [1]. Growing evidence has shown the long-term negative effects of BPA on aquatic life and human health [2,3]. Several studies have reported on the potential adverse effects of BPA exposure to humans during critical stages of neonatal or early development [3,4]. Meanwhile, BPA was ubiquitously detected in river water and soil at microgram levels [5,6]. Moreover, the highest BPA concentrations were found in landfill leachate in Japan (up to 17.2 mg/L) and Germany (4.2–25 mg/L) [7,8,9]. Growing concerns have been raised on the associated environmental risks caused by BPA as both a sole emerging contaminant and co-contaminant [10,11,12], leading to urgent demands for effective remediating techniques towards contaminated waters.



Advanced oxidation processes (AOPs) based on the production of hydroxyl radical (•OH), which acts as a powerful oxidant, have been regarded as highly promising for the degradation of BPA [13,14]. Persulfate-based AOPs have drawn considerable attention in recent years due to their high efficiency for generating sulfate radical (SO4•−), which has more positive redox potential (2.6–3.1 V) than •OH (1.9–2.7 V), to degrade recalcitrant organic pollutants [15,16]. Persulfate (PS) is one of the main precursors for the generation of SO4•− [17,18]. PS can be activated by transition metal catalysts (such as iron oxides and manganese oxides), nonmetal catalysts, ultraviolet (UV) and visible light, ultrasound, alkaline, heat, and strong oxidants to produce SO4•− and other radicals for the removal of organic pollutants [19,20].



Synergistic PS catalytic activation was recently demonstrated with enhanced contaminants removal. Most attention has been paid to the applications of transition metals or their oxides (e.g., iron, copper, and cobalt) and UV as hybrid activators for PS catalytic activation [21,22,23]. In fact, manganese dioxide (MnO2) is widely used as a catalyst or activator in various heterogeneous reaction systems due to its high natural abundance, low toxicity, and low environmental impacts [24,25,26]. MnO2 is a promising candidate for photocatalyst application due to its narrow bandgap (1–2 eV) and ability to absorb light under solar energy [27]. However, to our best knowledge, synergistic use of MnO2 and UV has never been applied for PS activation. Recently, Eslami et al. [28] confirmed that the synergistic use of MnO2 and UV is a promising hybrid activator for peroxymonosulfate (PMS) activation. Accordingly, there are many distinctive differences during activation of PS and PMS, especially in reactivity toward radicals and responses to different pH levels [29]. Furthermore, the synergistic mechanism for PS catalytic activation, especially the interactions between MnO2 and UV, remains unknown and deserves further investigation.



In this study, we first developed an enhanced MnO2/UV/PS process for the efficient removal and mineralization of BPA. The optimum activation performance of UV irradiation and MnO2 in various conditions was examined in detail. The enhanced BPA degradation mechanism in the hybrid catalytic process was then explored using quenching studies for reactive oxygen species (ROS). More importantly, the effect of UV irradiation on the MnO2 surface in this process was substantially investigated. Moreover, the complex BPA degradation mechanism was presented in terms of the predominant reaction pathways, supported by intermediates identified using gas chromatography-mass spectrometry (GC-MS). Finally, the acute toxicity due to the BPA removal through the MnO2/UV/PS process was evaluated.




2. Results and Discussion


2.1. Degradation and Mineralization of BPA


To evaluate and compare the BPA degradation and mineralization performance of the MnO2/UV/PS process with those of its component processes, seven different processes (namely PS, MnO2, UV, UV/MnO2, MnO2/PS, UV/PS, and MnO2/UV/PS) were tested (Figure 1).



The PS process alone had no effect on BPA removal, while only 3.6% of BPA could be removed by the MnO2 process after 2 h (Figure 1a). Lin et al. [30] reported the relatively high efficacy of BPA removal from a 4.4 µM solution using a high concentration of 800 µM MnO2 over 10 min. The low BPA removal efficiency of our MnO2 process might be due to its relatively low concentration of MnO2 compared to BPA. The individual applications of MnO2 and PS were ineffective, presumably due to slow (or no) free radical generation and negligible absorption capacity of MnO2 in this study. Both UV and UV/MnO2 processes degraded 75.0% and 85.0% of BPA in 2 h, respectively. In the MnO2/PS process, the removal efficiency of 87.8% was observed after 2 h, whereas the UV-activated PS process could effectively remove all BPA in 45 min. The synergistic PS catalytic activation by MnO2/UV could entirely remove BPA within 30 min. Both the UV/PS and MnO2/UV/PS processes had better performances than the MnO2/PS process, and the concurrent presence of UV and MnO2 further enhanced the PS catalytic activation, and consequently, the BPA degradation.



A TOC analyzer was employed to explore the mineralization of BPA in the above-noted seven processes. Figure 1b shows that the TOC removal efficiencies of these seven processes were quite different. The TOC removal efficiencies of the PS, MnO2, and UV processes after 2 h of treatment were 0%, 4.8%, and 5.8%, respectively, indicating the sole processes could barely mineralize BPA from the aqueous phase. The TOC removal efficiency in the UV/MnO2 process was enhanced to 16.4%, which implied the combination of UV irradiation and MnO2 had a positive effect on BPA mineralization. The MnO2/PS process further increased the removal efficiency to 77.0%. Huang and Zhang [31] suggested that MnO2 activated PS could promote the generation of radicals (such as SO4•− and •OH) to remove organic pollutants. The results of the UV/PS process showed that BPA could be removed entirely in 45 min, but the TOC value remained high, even after 2 h of treatment (40.0% of the mineralization rate). PS residuals in the MnO2/PS, UV/PS, and MnO2/UV/PS processes (Figure S1) suggested the UV irradiation was the main factor in the acceleration of PS decomposition. Meanwhile, the MnO2/PS process showed high effectiveness in the BPA mineralization. Remarkably, the MnO2/UV/PS process could achieve more than 90.0% of TOC removal efficiency in 2 h, which demonstrated that PS activation by the combination of UV and MnO2 could effectively improve the BPA and TOC removal from water.




2.2. Effects of MnO2 Dosages, PS Concentrations, and pH Levels on BPA Degradation


We further evaluated the effects of the MnO2 dosages, PS concentrations, and pH levels on BPA degradation using the MnO2/UV/PS process within 30 min. Figure 2a shows that the extent of BPA degradation was gradually promoted with the increased MnO2 dosages (0.05–0.30 g/L) due to the availability of more surface sites for PS activation. Complete BPA degradation was observed with a MnO2 dosage of 0.25 g/L; further increasing dosages slightly improved degradation. The effects of PS concentrations were then evaluated under the conditions of 0.25 g/L MnO2 and UV irradiation (Figure 2b). Compared with the effect of MnO2, increasing PS concentration enhanced BPA degradation to a greater extent, leading to a complete BPA removal at 1 mM PS. The further increase of PS dosages only promoted the removal rate slightly, indicating that the concentration of 1 mM was sufficient for BPA degradation. Therefore, 0.25 g/L MnO2 and 1 mM PS was optimized for the efficient degradation of BPA in our study.



As can be seen, BPA could be effectively degraded with an efficiency of over 80% in a wide range of pH levels (3.6 to 10.0) (Figure 2c). The degradation rate was relatively low under acidic conditions (pH 3.6 and 5.0). The lowest reaction rate occurred at pH 5.0. According to the reports by Criquet and Leitner [32], this phenomenon was caused by the increased consumption of SO4•− by acetic acid in buffer at pH 5.0 compared to other pH levels. At pH 6.5, the improved BPA degradation was achieved comparing with acidic conditions. At pH 8.0 and 10.0, a slight improvement of BPA degradation could be due to the additional PS activation by alkaline conditions [33]. Lee, Von Gunten, and Kim [29] suggested that the main oxidants may change from SO4•− to •OH under alkaline conditions, leading to the abatement of organics that persisted in PS activation. From Figure 2d, the PS decomposition rate can be seen to have gradually increased along with the increased pH value. In contrast, the contaminant degradation was significant in acidic (pH 4.0) conditions, and decreased at neutral (pH 7.0) and alkaline (pH 10.0) conditions in the PMS activation process [28]. The high efficiency of the MnO2/UV/PS oxidation process in a wide range of pH levels (pH from 3.6 to 10.0) suggests its robust capacity in treating wastewater with broad pH ranges.




2.3. Kinetic Evaluation and Reaction Mechanism Analysis


2.3.1. Synergistic Effect of MnO2 and UV


Batch tests of three processes (MnO2/PS, UV/PS, and MnO2/UV/PS) were implemented for 30 min to explore the synergistic effect of MnO2 and UV as the hybrid catalyst of PS. The pseudo-first-order kinetic behaviors of the three processes are shown in Figure 3. The rate constants of both the MnO2/PS process (   k  M n  O 2  / P S     = 0.0334 min−1) and the UV/PS process (   k  U V / P S     = 0.1177 min−1) were found to be lower than that of the MnO2/UV/PS process (   k  M n  O 2  / U V / P S     = 0.2196 min−1). The degree of synergy between MnO2 and UV as the hybrid catalyst was calculated from the rate constants according to Equation (1) [34]. The calculated degree of synergy value (%S) of 31.2% for the hybrid MnO2/UV/PS process reflected the synergistic PS catalytic activation by MnO2 and UV, which accelerated BPA removal beyond the sum of the rates achieved by the independent MnO2/PS and UV/PS processes. To explore the mechanism of the MnO2/UV/PS process, quenching experiments were conducted as discussed in the following section.


  % S =    k  M n  O 2  / U V / P S   −    k  M n  O 2  / P S   +  k  U V / P S        k  M n  O 2  / U V / P S     × 100  



(1)








2.3.2. Contribution of ROS (•OH, SO4•−, and 1O2)


To elucidate the ROS involved in the MnO2/PS, UV/PS, and MnO2/UV/PS processes for BPA catalytic degradation, quenching experiments using MeOH, TBA, and FFA were carried out. The UV/MnO2 process was also tested as a control. The MeOH could rapidly react with both SO4•− (k = 2.5 × 107 M−1s−1) and •OH (k = 9.7 × 108 M−1s−1), and TBA could rapidly quench •OH with a rate constant in the range of 3.8–7.6 × 108 M−1s−1 [25]. As the rate constant for TBA quenching of •OH was 1000 times higher than that with SO4•−, it was frequently employed as a •OH scavenger [28]. The FFA was confirmed to effectively quench singlet oxygen (1O2) with a rate constant of 1.2 × 108 M−1s−1 [35,36]. Therefore, in this study, MeOH (1 M), TBA (1 M), and FFA (5 mM) were used to distinguish between SO4•−, •OH, and 1O2, respectively. All the scavenger concentrations were excessive according to previous studies [37]. The dynamic performance of the above four BPA catalytic degradation processes was evaluated in the same conditions.



The control test showed that only limited 1O2 and •OH could be generated in the UV/MnO2 process to degrade BPA (Figure S2). In the MnO2/PS process (Figure 4a), FFA slightly inhibited BPA degradation by decreasing BPA removal efficiency from 65.0% to 62.0%, while a 55.0% removal rate was observed with TBA; however, MeOH showed the strongest inhibition effect by decreasing the BPA removal efficiency to 40.0%, indicating that SO4•− had a significant contribution in the MnO2/PS process. Several chemical reactions likely occurred, resulting in the generation of ROS. Initially, the SO4•− species could be generated according to Equations (2) and (3) [38]. Subsequently, more radicals were produced by the chain reactions initiated by SO4•−, producing •OH and 1O2 species (Equations (4)–(6)) [37,39]. The quenching experiments proved that the ROS would attack and degrade BPA (Equation (7)).


  M n   IV   +  S 2   O 8    2 −   → M n   III   +  S 2   O 8  −    



(2)






  M n   III   +  S 2   O 8    2 −     →   M n   IV   + S  O 4    −   + S  O 4      2 −    



(3)






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



(4)






  2   S  O 4  −     →  S 2   O 8    2 −    



(5)






  2 · O H   →    1 2      1   O 2  +  H 2  O  



(6)






  S  O 4    −     o r   · O H   o r     1   O 2  + B P A   → P r o d u c t s  



(7)







As shown in Figure 4b, the removal efficiency of BPA in the UV/PS process decreased from 97.0% to 66.0%, 61.0%, and 28.0% after MeOH, TBA, and FFA were added, respectively. These results indicate that SO4•−, •OH, and 1O2 were generated, and the 1O2 species played a crucial role, followed by SO4•− and •OH. Unlike in the MnO2/PS process, upon irradiation with UV light, the peroxyl acid O–O bond reportedly underwent a cleavage reaction and generated two equivalents of SO4•− (Equation (7)) [40]. Consequently, ROS such as •OH and 1O2 were converted through Equations (4) and (6) [37,39] and further reacted with BPA. Wang et al. [41] confirmed that 1O2 was generated under UV irradiation but that this reaction had little effect on the mineralization of organic species. Our study confirmed that the UV/PS process achieved a high BPA removal rate, albeit a lower TOC removal rate (Figure 1b), in agreement with Wang, Teng, Hu, Wu, Huang, Luo, and Christie [41].


   S 2   O 8      2 −   + h v →   2   S  O 4    −    



(8)







The BPA removal efficiency of the MnO2/UV/PS process decreased from 100.0% to 76.0%, 86.0%, and 74.0% in the presence of MeOH, TBA, and FFA, respectively (Figure 4c). These findings indicate that plenty of SO4•−, •OH, and 1O2 species were generated to decompose BPA (Figure 4d). Among these ROS, 1O2 and SO4•− played more critical roles than •OH. The above reactions (Equations (2)–(8)) may also occur in the synergistic process. Given that 1O2 had little effect on the mineralization rate of organics, more robust degradation and mineralization occurred when SO4•− attacked the BPA. The detailed parameters before and after quenching experiments are displayed in Table S1. To better understand the interaction between UV irradiation and MnO2, more characterization analyses of MnO2 are discussed below.





2.4. Infrared Spectra of MnO2 and Mn Leaching in Different Processes


The ATR-FTIR spectra of the MnO2 particles (Figure 5a) contained several distinct peaks with different changes after 2 h of treatment with the MnO2, UV/MnO2, MnO2/PS, and MnO2/UV/PS processes. The bands at around 720 and 650 cm−1 were assigned to the Mn–O stretching and bending vibrations within a MnO6 octahedral coordination environment [42,43]. The interactions between manganese and other factors (e.g., UV, persulfate, and BPA) were revealed in the range of 2500 to 1000 cm−1 [42]. The band at around 1120 cm−1 could be assigned to vibrations of Mn–OH bonds [44]. A blue-shift of about 52 cm−1 was observed in both UV/MnO2 and MnO2/UV/PS processes, indicating UV irradiation could affect the bond between Mn and OH. Two bands at around 1653 and 1546 cm−1 represented the vibrations related to the interactions between Mn centers with OH and related surface groups [45]. A blue shift of about 48 cm−1 at the peak position 1546 cm−1 was observed in the MnO2/PS and MnO2/UV/PS processes, which suggests that PS might affect the MnO2 surface. A new peak appeared at around 3380 cm−1, which only occurred in the MnO2/UV/PS process, attributing to the single bond –OH stretching vibration on the MnO2 surface. For heterogeneous catalytic reactions, the degradation of organics mostly occurred on the surface of the catalyst. The –OH groups on the surface of metal oxides would enhance peroxide activation since they could make a bridge between peroxides and metal oxide surfaces [46,47]. Therefore, the generated –OH groups on the MnO2 surface might improve BPA degradation in MnO2/UV/PS process.



The ICP-OES was further applied to identify Mn leaching after 2 h of treatment in MnO2, UV/MnO2, MnO2/PS, and MnO2/UV/PS processes (Figure 5b). Limited Mn leaching in the MnO2 process indicates that only a small amount of MnO2 might be involved in BPA oxidation, which is consistent with the results of the BPA degradation experiments (Figure 1). In contrast, in the UV/MnO2 process, the Mn leaching was significantly increased to 8.71 mg/L. Therefore, UV irradiation could stimulate the surface of MnO2 to produce more Mn ions. The Mn leaching (3.21 mg/L) was relatively moderate in the MnO2/PS process. Intriguingly, compared with the MnO2/PS process, only 0.30 mg/L of Mn leaching was increased in the MnO2/UV/PS process. In the UV/MnO2 process, high Mn leaching had little effect on BPA mineralization (Figure 1b). Fortunately, in the UV/MnO2/PS process, Mn leaching was greatly reduced, and BPA mineralization was significantly increased. When PS was present, UV irradiation might promote the formation of –OH groups on the surface of MnO2 to protect the structure of MnO2 and decrease Mn leaching.



A relatively high concentration of Mn leaching was observed in our study, mainly due to the long reaction time (2 h) for organic mineralization (e.g., over 90.0% TOC removed). Relatively low concentrations of Mn leaching were reported given the short reaction time (less than 1 h), in which thorough mineralization of organics was not considered [28,47,48]. In future research, we aim to investigate methods to decrease Mn leaching while maintaining high organic mineralization.




2.5. Reusability of MnO2


To test the reusability of the photocatalyst, MnO2 particles were recovered and reused five times with the same initial conditions in the MnO2/PS and MnO2/UV/PS processes. As shown in Figure 6, the removal rate of BPA in the MnO2/UV/PS process was 100.0% in the first three recycles and only decreased by 12.0% after five recycles; however, the removal rate of BPA continuously decreased from the initial 65.0% to 34.0% in the MnO2/PS process. The MnO2 particles in the MnO2/UV/PS process showed excellent stability for BPA degradation; this may be because the surface hydroxyl groups were generated under UV irradiation, which was confirmed by the ATR-FTIR results (Figure 5a). The recovered MnO2 particles had obvious agglomeration from the fourth cycle, leading to decreased surface contact with PS and reduced BPA removal. In addition, both XRD (Figure S3) and SEM (Figure S4) results manifested no significant change of the crystal structure, and morphology of MnO2 was observed after reactions in the MnO2/UV/PS process.




2.6. Proposed Degradation Products and Pathways


To determine the BPA catalytic degradation pathways and intermediates under the MnO2/UV/PS process, the reaction solutions (after 5, 15, 30, 60, 90, and 120 min) were subjected to a GC-MS analysis after extraction and derivatization. As shown in Table S2, 13 products were identified as their silylated derivatives, some of which had been proposed in previous studies. The fragment ions for both BPA and intermediates are given in Figure S5. Some degradation products may have remained unidentified in this study, as not all components could be effectively extracted into methylene chloride.



Based on the intermediates identified by GC-MS, BPA catalytic degradation via the MnO2/UV/PS process, we propose that they occur in five steps (Figure 7). Both charge and spin densities, calculated using density functional theory, indicate that the 1, 2, 4, 6, and 7 positions of BPA (shown in red in Figure 7 top) were the most susceptible to free radical attacks [30,49]. In the first step, attacks at positions 2 and 6 were considered, and the BPA oxidative condensation through C–C and ether bridges between two phenyl rings led to the formation of dimers, such as P12 and P13. Previous studies confirmed that such condensation reactions commonly occurred upon the oxidation of phenolic compounds [50,51]. It is worth noting that these dimers were very unstable and gradually decomposed as the reaction proceeded (Figure S6). In the second step, it was presumed that the free radicals attacked both BPA and the dimers formed in the first step at positions 1, 4, and 7. The rupture of phenolic C–O and O–H bonds and the C–C bond (between phenyl and isopropyl groups) led to the formation of three active species containing phenol moieties of BPA, labeled BPA-1, BPA-2, and BPA-3. In the third step, we propose that a variety of rearrangement reactions occurred among these active species. For instance, the coupling reaction between BPA-1 and BPA-2 would generate P11. The BPA-2 was further oxidized, subsequently recombining with another molecule of BPA directly at the position of 2 to create the ether P10. The generation of P8 was formed by hydroxylation that occurred when water molecules attacked the aromatic ring through electrophilic action [52]. Meanwhile, multiple BPA intermediates were considered to undergo coupling and deprotonation reactions to generate P9. In the fourth step, the carbocation of BPA-3 could trigger a suite of oxidation, substitution, or elimination reactions to yield P1, P2, P3, P4, and P5. In detail, the BPA-3 was subject to deprotonation to give P4 or substitution by hydroxyl, yielding P2. The elimination reaction of P2 produced P3. The BPA-3 could be subject to ketonization, generating P5, or elimination reaction, producing P1. Subsequently, the fifth step would take place with the cleavage of the phenyl rings by a free radical attack. Long-chain carboxylic acids would be produced during this step by the combination of fragments (P6 and P7) [51,53]. Finally, these long-chain compounds would continue to be converted into small molecules, such as oxalic and malonic acids [54], and ultimately into carbon dioxide and water.




2.7. Acute Toxicity Evaluation


The toxicity of the BPA solution in the MnO2/UV/PS process was monitored over 2 h with and without a buffer (pH 6.5). The estimated EC50 value of the initial BPA solution was 2.06 mg/L in the present study, which is lower than previous reports (3.46–7.7 mg/L) [55,56]; this may be because the MnO2 and PS were present in our initial BPA sample, causing the increased toxicity. Given these influencing factors, we evaluated a relative trend of the toxicity changes in the reaction process. Moreover, the samples were diluted four-fold before testing to concentrations that help provide a consistent instrumental response.



As shown in Figure 8, the EC50 value increased from 17.5% to 75.0% within 30 min, and then gradually decreased to 27.7% after 2 h without buffer. In the unbuffered process, the pH decreased from 6.5 for the initial BPA solution to 5.5 after 30 min, and to 2.9 after 120 min. Considering that luminescent bacterial metabolism is inhibited by overly acidic environments, as the pH value of the reaction mixture decreased, the increase in toxicity was observed by declining bioluminescence. In order to discern the effect of pH on the toxicity determination, a phosphate buffer was used to maintain the pH of the reaction mixture at 6.5. We observed that the EC50 value decreased slightly by 3.3% after the first 30 min of the process, followed by a substantial four-fold increase by 82.5% after 2 h. In the above discussion and Figure 1, we confirmed that the concentration of BPA and TOC of the reaction mixture decreased rapidly, especially in the first 30 min; therefore, we conclude that the increased toxicity observed in the first 30 min could be caused by some BPA degradation intermediates. Figure S6 shows that the intermediates were observed after the first 30 min of the process and that most of these gradually degraded at process times of between 30 and 120 min. These results are consistent with the toxicity test.





3. Materials and Methods


3.1. Chemicals and Reagents


BPA (2, 2-bis (4-hydroxyphenyl) propane, purity > 99%), MnO2 (particle size = 10 µm), sodium persulfate (PS, purity > 99%), methanol (MeOH), tert-butyl alcohol (TBA), furfuryl alcohol (FFA), sodium acetate, acetic acid, sodium monohydrogen phosphate, disodium hydrogen phosphate, sodium carbonate, bicarbonate, toluene, and phosphoric acid were purchased from Sigma-Aldrich (Oakville, ON, Canada). N, O-bis(trimethylsilyl)trifluoroacetamide with trimethylchlorosilane (BSTFA + TMCS) for gas chromatography derivatization, LiChropur™, containing 1% TMCS, 99% (excluding TMCS) was purchased from Sigma-Aldrich (Oakville, ON, Canada), as well.




3.2. Degradation Experiments


All degradation experiments were conducted in 200 mL glass bottles placed on a room temperature shaker (280 r/min) (Figure S7). A 30 mg/L sample of the BPA solution prepared with deionized water was placed in each glass bottle. PS (1 mM) and MnO2 (0.25 g/L) were added into each glass bottle. A UV-254 nm (UVP 90-0012-01 Model) source (Krackeler Scientific, Albany, NY, USA) was used to treat the solutions. The UV lamp was inserted into the glass bottle and protected by a quartz tube. The tinfoil was wrapped outside the glass bottle to ensure that the experiment was carried out safely (Figure S7). In the evaluation of the impact of solution pH, different buffers were adopted using sodium acetate and acetic acid for pH 3.6 and 5.0, sodium dihydrogen phosphate and disodium hydrogen phosphate for pH 6.5 and 8.0, and sodium carbonate and bicarbonate for pH 10.0.




3.3. Analysis of Water Samples


The water samples were collected by syringe and first filtered through 0.22 µm membrane filters, and the BPA concentrations were analyzed using a high-performance liquid chromatography (HPLC) instrument with a C18 column (Agilent 1260 Infinity II, Mississauga, ON, Canada). An acetonitrile/water (50:50, v/v) mixture was used as a mixed mobile phase at a flow rate of 1 mL/min. The detection wavelength was 276 nm. Under these conditions, the BPA peak in the chromatogram corresponds to an elution time of 6.24 min. The total organic carbon (TOC) concentrations were measured by the burning oxidation-non-dispersive infrared absorption method using a Shimadzu TOC-L analyzer (Shimadzu, Tokyo, Japan). Phosphoric acid was added into the samples before measuring TOC to maintain the solution pH < 1. The pH was measured using a pH meter (EL20, Mettler Toledo®, Mississauga, ON, Canada). The PS concentrations were detected following a modified spectrophotometric method [57] (Text S1). The leached Mn concentrations in different processes were measured using an inductively coupled plasma optical emission spectrometer (ICP-OES, LabX, Midland, ON, Canada).




3.4. Characterization and Recovery of MnO2


The surface functional groups of MnO2 before and after degradation reaction in MnO2, UV/MnO2, MnO2/PS, and MnO2/UV/PS processes were characterized using Fourier-transform infrared spectroscopy with attenuated total reflectance (ATR-FTIR). Other characterization methods (XRD and SEM) are listed in the supplementary materials (Text S2). Based on the XRD results, the MnO2 used in this study is consistent with the phase of β-MnO2; this phase had the highest efficiency on PS activation [37]. MnO2 particles were recovered and dried in a vacuum oven (Fisherbrand Isotemp Model 281A, Fisher Scientific, Ottawa, ON, Canada, set at 60 °C, 12 h).




3.5. Intermediates Analysis


To analyze the BPA degradation intermediates in the MnO2/UV/PS process, the reaction solutions (at 0, 5, 15, 30, 60, 90, and 120 min) were analyzed using Agilent 7890 GC coupled with an Agilent 5975 MS (Agilent technologies, Mississauga, ON, Canada). The details of BPA extraction, derivatization, and GC-MS analysis methods were based on previous studies [30,58,59] (Text S3).




3.6. Toxicity Evaluation


Acute toxicity tests of the MnO2/UV/PS-treated samples were carried out using a Microtox® Model 500 (M500) analyzer, whose primary indicator is the luminous bacterium Vibrio fischeri. The acute toxicity test relies on bacterial luminescence via cellular respiration. Inhibition of cellular activity (caused by exposure to toxins, acidic or alkaline conditions, etc.) decreases the respiratory rate, leading to a corresponding decrease in luminosity. The pH range of 6.0–8.5 is recommended to be the standard since V. fishery is pH-sensitive [60]. The toxicity testing of BPA and its intermediates were conducted both with and without phosphate buffer (pH = 6.5). In addition to BPA, the presence of MnO2 particles, PS, etc., would affect the light-emitting bacteria, so each sample was diluted before testing. To ensure consistency, the first sample was quickly obtained in the presence of MnO2 and PS. Therefore, the measured effective concentration that was given the half-maximal response (EC50) of the original BPA might differ from the value given in the literature [55,56].





4. Conclusions


This study proposed an integrated MnO2/UV-activated PS process for BPA catalytic degradation and demonstrated that the synergistic use of MnO2 and UV is a more powerful hybrid catalyst of PS in this AOP. The mineralization of the MnO2/UV/PS process was significantly improved in comparison with MnO2 or UV as a single catalyst. This process also showed a stable removal efficiency with a large variation of pH levels (3.6 to 10.0). The presence of SO4•− and 1O2 was the key to the more rapid decomposition of BPA. Infrared spectra showed that UV irradiation could stimulate the generation of –OH groups on the MnO2 surface, facilitating the PS activation in this process. The degradation pathways consisting of 5 steps and 13 intermediates were further investigated using GC-MS. The acute toxicity of reaction mixtures during the process was evaluated, which confirmed the overall reduction by the proposed method. These findings indicated that the combination of MnO2 with UV improved PS catalytic activation as a more promising means of treating persistent and emerging organic pollutants. Our current research includes controlling the Mn leaching and applying other water matrixes (like real wastewater) to evaluate the feasibility of this process.
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Figure 1. BPA (a) and TOC (b) removal over time using the PS, MnO2, UV, UV/MnO2, MnO2/PS, UV/PS, and MnO2/UV/PS processes. Conditions at t = 0 min: [BPA] = 30 mg/L, [PS] = 1 mM, [MnO2] = 0.25 g/L, pH = 6.5, T = 22–25 °C. 






Figure 1. BPA (a) and TOC (b) removal over time using the PS, MnO2, UV, UV/MnO2, MnO2/PS, UV/PS, and MnO2/UV/PS processes. Conditions at t = 0 min: [BPA] = 30 mg/L, [PS] = 1 mM, [MnO2] = 0.25 g/L, pH = 6.5, T = 22–25 °C.



[image: Catalysts 11 00502 g001]







[image: Catalysts 11 00502 g002 550] 





Figure 2. Effects of (a) MnO2 dosages, (b) PS concentration, and (c) pH level on BPA removal, and PS residual in different pH levels (d). Conditions at t = 0 min: [BPA] = 30 mg/L, pH in (a) and (b) = 6.5, [PS] in (a) and (c) = 1 mM, [MnO2] in (b) and (c) = 0.25 g/L. 
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Figure 3. BPA degradation using MnO2/PS, UV/PS, and MnO2/UV/PS processes over 30 min. k = rate constant of pseudo-first-order kinetics. Conditions at t = 0 min: [BPA] = 30 mg/L, [PS] = 1 mM, [MnO2] = 0.25 g/L, pH = 6.5. 
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Figure 4. Effects of radical inhibitors on BPA concentrations over 30 min for (a) MnO2/PS, (b) UV/PS, and (c) MnO2/UV/PS processes, and (d) the effects these inhibitors have on the process rate constants. Initial conditions: [BPA] = 30 mg/L, pH = 6.5, [PS] = 1 mM, [MnO2] = 0.25 g/L. When an inhibitor is used, initial [MeOH] = 1 M or [TBA] = 1 M or [FFA] = 5 mM. 
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Figure 5. ATR-FTIR spectra of MnO2 particles (a) and the concentration of Mn leaching (b) after 2 h treatment via MnO2 only, UV/MnO2, MnO2/PS, and MnO2/UV/PS processes. 
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Figure 6. MnO2 recycles in MnO2/PS and MnO2/UV/PS processes. 
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Figure 7. Proposed main BPA degradation pathways with steps leading to the intermediates identified using GC-MS (Table S2) under the MnO2/UV/PS process. 






Figure 7. Proposed main BPA degradation pathways with steps leading to the intermediates identified using GC-MS (Table S2) under the MnO2/UV/PS process.



[image: Catalysts 11 00502 g007]







[image: Catalysts 11 00502 g008 550] 





Figure 8. EC50 of MnO2/UV/PS process mixtures determined after four-fold dilution with the Microtox® Basic test. Initial conditions: [BPA] = 30 mg/L, [PS] = 1 mM, [MnO2] = 0.25 g/L, with (out) phosphate buffer, pH = 6.5. 
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