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Abstract

:

In this work, the performance of medium-pressure UV/peracetic acid (MPUV/PAA/H2O2) was explored on removing reactive black 5 (RB5), aniline (ANL), and polyvinyl alcohol (PVA), three typical refractory contaminants in printing and dyeing wastewater, compared with MPUV/H2O2. MPUV/PAA/H2O2 showed 75.0, 44.9, and 57.7% removals of RB5, ANL, and PVA, respectively, within 5 min. The removal of RB5 increased from 68.98 to 91.2%, with pH increasing from 6 to 9, while the removals of ANL and PVA were much less pH-dependent. Quenching experiment results indicated that UV photolysis and radical (i.e., •OH and R-C•) oxidation contributed to RB5 removal, while PAA showed high activity in the oxidation of ANL. For PVA, •OH oxidation and UV photolysis were likely the main mechanisms. The coexisting natural organic matter had a negative effect on the degradation of RB5 and PVA. In addition, MPUV/PAA/H2O2 could effectively degrade those pollutants without increasing the toxicity. This work provides a theoretical reference for the utilization of MPUV/PAA/H2O2 in removing structurally diverse refractory contaminants from printing and dyeing wastewater.
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1. Introduction


As a country with a large textile industry, China’s printing and dyeing wastewater emissions are growing [1]. As shown in the 2015 Annual Report on Environmental Statistics, printing and dyeing wastewater emissions ranked in the top 4 of the 41 industrial sectors surveyed and reported, at 1.84 billion tons. Printing and dyeing wastewater mainly includes wastewater such as de-sizing, scouring, bleaching, and mercerized wastewater. The printing and dyeing wastewater contains various organic contaminants such as dyes, pastes, binders, dispersants, surfactants, and volatile organic compounds [2]. This type of wastewater poses a serious threat to the environment and has toxic effects on organisms if discharged directly into water bodies [3]. For a long time, printing and dyeing wastewater has been a difficult area in industrial wastewater treatment due to its high color and high concentrations of non-degradable organic matter. The printing and dyeing wastewater is generally discharged to urban wastewater treatment plants (WWTP) after on-site treatment in the factory, and then treated through conventional bio-chemical processes. Until now, different methods have been utilized for the removal of printing and dyeing wastewater, such as adsorption [4,5], precipitation [6,7], coagulation–flocculation [8,9], chemical oxidation [10,11,12], biological processes [13,14], and membrane filtration technology [15,16,17].



The advanced oxidation process (AOP) is a type of chemical oxidation and a widely used tertiary treatment process for the removal of low-level, refractory organic pollutants from the secondary effluent of textile industry wastewater. The AOP focuses on the rapid reaction of hydroxyl radicals (•OH) with organic matter using oxidants combined with catalysts, ultrasound, and photo to remove refractory organic pollutants [18]. AOPs have a higher oxidation reaction rate than conventional oxidants, and •OH can partially or completely degrade toxic pollutants and their by-products at a high rate, such as chemicals, dyes, and pesticides. Therefore, AOP has great promise for the removal of printing and dyeing wastewater.



Reactive dyes, aniline (ANL), and polyvinyl alcohol (PVA) are three types of typical refractory pollutants in printing and dyeing wastewater and of increasing environmental concern [19]. Nevertheless, the existence of these structurally diverse refractory pollutants has caused difficulties in meeting the growing strict discharge standards. Specifically, two-thirds of the world’s reactive dyes are non-degradable azo dyes, which are difficult to dispose of due to the azo bonds and polycyclic aromatic structures. Azo dyes are widely present in printing and dyeing wastewater, and reactive black 5 (RB5) is a typical non-degradable azo dye with a complex structure, thermal stability, and high solubility in water. Studies have proven its carcinogenic, teratogenic and mutagenic effects [20]. ANL, as a priority pollutant by the Environmental Protection Agency of the United States [21], is an important intermediate in the synthesis of benzidine azo dyes and a derived product during the biodegradation of azo dyes [19]. Due to its carcinogenic and mutagenic effects [22], the discharge of ANLs was forbidden in the latest 39 amended textile wastewater discharge standard (GB 4287-2012) in China [23], which greatly increased the treatment difficulty. PVA is a refractory polymer with high solubility and is widely used in the textile industry, where it is lost to printing and dyeing wastewater during the de-sizing process. The discharge of PVA can cause a lack of dissolved oxygen in the water system and the release of harmful metals in the sediment [24], thus deteriorating the water body receiver.



For decades, wastewater has mostly been disinfected using chlorine, producing disinfection by-products (DBPs) that are carcinogenic and teratogenic to humans. As a result, it is crucial to find an oxidant that could replace chlorine and produce less DBPs. Peroxyacetic acid (PAA), with a lower cost and less DBPs, is an organic disinfectant that can be used as an effective alternative for chlorinated disinfectants [25]. The PAA system is actually an equilibrium mixture of PAA, H2O2, and acetic acid [26], and is considered as an emerging oxidant in the advanced oxidation process (AOP) to remove organic micropollutants in water. The activation of PAA mainly included ultraviolet (UV) irradiation, ultrasound, and metal catalysis, with UV being the most commonly used activation method due to its simple, environment-friendly, and economic properties [27]. UV-catalytic oxidation is a new AOP that uses UV radiation as a source of external energy to allow oxidants to oxidize refractory organic matter, showing advantages of mild reaction conditions and a wide range of applications. The main reactions of PAA in the presence of UV irradiation are as follows:


    C H   3   C O O   O   H →   C H   3   C   O   O ∙ + ∙ O H  



(1)







UV irradiation alone achieves partial degradation of organic pollutants by breaking the chemical bonds of organic compounds. In addition, PAA itself has the potential to degrade organic micro-pollutants in water and, when combined with UV, can degrade pollutants by a variety of mechanisms: direct UV photolysis, direct oxidation, and the synergistic effect of UV and PAA (formation of radical oxidation species). Studies have shown that UV/PAA/H2O2 can improve the efficiency of disinfection and contaminant degradation through synergistic effects and is a promising technology for water treatment. In the UV/PAA/H2O2 system, abundant radicals, including •OH and R-C• (e.g., CH3C(O)O•, CH3C(O)•, and CH3C(O)OO•), would be generated and proved effective in the removal of diverse refractory micro-pollutants. Different from •OH, the reactivity of R-C• was selective towards structurally diverse organics, resulting in a compound-specific removal performance of UV/PAA/H2O2. In previous research, UV/PAA/H2O2 has showed comparable or even superior performance compared to UV/H2O2 AOP in the removal of diverse refractory micro-pollutants such as phenols and pharmaceuticals. Sharma et al. [28] demonstrated that degradation of chlorophenol congeners (4-chlorophenol, 2,4-dichlorophenol, and 2,4,6-trichlorophenol) was mediated by UV/PAA/H2O2. Cai et al. [29] utilized the UA/PAA/H2O2 system for the degradation of drugs (carbamazepine, ibuprofen, and naphthyl compounds), confirming the advantages of the system and further investigating the degradation mechanism. In addition, the degradation kinetics and mechanism of diclofenac in UV/PAA/H2O2 have also been investigated, showing that the UV/PAA/H2O2 system is a promising method for the removal of phenols from contaminated water [30].



In terms of AOP-based textile wastewater treatment, a great many studies have reported the degradation of azo dyes, ANL, or PVA by UV/H2O2 systems. Araujo et al. [31] demonstrated the feasibility of degrading two azo dyes (reactive blue 214 and reactive red 243) in the UV/H2O2 system. Xue et al. [32] compared the degradation of ANL in both UV/H2O2 and UV/CaO2 systems and found the former to be highly advantageous. In addition, another study [33] reached similar conclusions when comparing the removals of PVA by UV/H2O2 and UV/S2O82− systems. However, the effectiveness and removal mechanism of the UV/PAA/H2O2 on organic pollutants in textile wastewater has rarely been studied. Therefore, there is an urgent need to evaluate its feasibility in the removal of structurally different typical pollutants from printing and dyeing wastewater.



In this study, RB5, ANL, and PVA were chosen as three typical pollutants in printing and dyeing wastewater, the removal performance of which were comparatively explored by medium-pressure (MP) UV/PAA/H2O2 AOP. Therein, RB5 represented aromatic compounds containing a naphthyl ring, ANL represented simple benzene-contained aromatics, and PVA represented aliphatic polymers. The influences of PAA dosage and coexisting substances (i.e., SO42−, Cl−, and natural organic matter) were investigated on their removal efficiency. The contributions of radicals (•OH and PAA-related R-C•), UV irradiation, and PAA oxidation under different pH conditions were discussed. Besides, the acute toxicity alteration after the treatment was evaluated. The results may provide knowledge for the application of UV/PAA/H2O2 AOP in printing and dyeing wastewater treatment.




2. Materials and Methods


2.1. Reagents and Materials


Hydrogen peroxide (H2O2, 30%), acetic acid (CH3COOH, 99%), and ANL (C6H7N, 99%) were purchased from Sigma-Aldrich (Shanghai, China). RB5 (C26H21N5Na4O19S6), polyvinyl alcohol (PVA, [C2H4O]n), sodium hydroxide (NaOH), potassium phosphate (K3PO4), dipotassium phosphate (K2HPO4) and monopotassium phosphate (KH2PO4), boric acid (H3BO3), potassium iodide (KI, 99%), iodine (I2), and tert-butanol (TBA, C4H10O, 99%) were provided by Sinopharm Chemical Reagent Company (Shanghai, China). Fulvic acid (FA), phosphoric acid (H3PO4, 99%), and methanol (MeOH, CH3OH, 99%) were provided by Fisher Scientific (Fair Lawn, NJ, 102 USA). N, N-Diethyl-p-phenylenediamine (DPD) was purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). All chemicals were of analytical grade.



The secondary effluent from the wastewater treatment plant (Shanghai, China) was selected as real wastewater, with an initial pH of 6.8. After filtration through a 0.45 µm membrane, the dissolved organic carbon (DOC) was 4.5 mg/L. The molar ratio of PAA:H2O2 in the PAA solution used in this work was 1.34, freshly prepared according to Equation (2) and stored at 4 °C [34]:


  C   H   3    COOH   +      H   2     O   2    ↔    H   2   S   O   4     C   H   3    C ( O ) OOH   +      H   2   O  



(2)








2.2. Experimental Section


The target contaminant (10 mg/L) was added to 100 mL of phosphate buffer solution (10 mM, pH 7.5) and contained in a cylindrical petri dish (8 cm in diameter and 2.5 cm in depth). Then, the solution was placed under the UV lamp with a running magnetic stirrer at 200 r/min. The system was dosed with 15 mg/L of PAA solution (containing 3 mg/L of H2O2) and simultaneously irradiated at 25 ± 2 °C. Samples (1 mL) were withdrawn at 0, 0.5, 1, 2, 3, 4, and 5 min and immediately quenched by excessive sodium thiosulfate ([Na2S2O3]/[PAA]0 molar ratio > 10) for analysis. In comparison, the removal of contaminants by MPUV alone, PAA alone, and MPUV/H2O2 (containing 3 mg/L of H2O2) was also investigated. UV irradiation was performed by a UV collimated beam device, composed of four medium-pressure UV lamps (7.5 W, Tianjin Xinjing Company, China). The lamp was preheated for at least 2 min to keep the light stable. The average irradiance was measured to be 5 mW/cm2 by the calibrated Ocean Optics Spectro radiometer (USB4000). The influences of PAA concentration (5, 15, 30, and 50 mg/L) and pH (6, 7.5, and 9) on the removal rate of three target pollutants were also explored.



To determine the contribution of radicals, quenching tests were conducted by adding 0.1 M TBA or 0.1 M EtOH to the reaction solution before adding PAA. The effect of coexisting substances on the removal of the three target pollutants by MPUV/PAA was investigated by adding 0–2000 mg/L of inorganic anions (SO42−, Cl−) or 0–10 mg C/L of organic matter (using fulvic acid as a model of natural organic matter) to the working solution. All experiments were conducted at least in duplicate, and the error bars represent standard deviation.



The toxicity variation of the three pollutants was evaluated using Vibrio fischeri relevant to the treatments of MPUV alone, PAA alone, MPUV/PAA, and MPUV/H2O2. The effect of the quencher (Na2SO3) on Vibrio fischeri was also separately tested. The detected luminescence intensity was brought into Equation (2) and the final Vibrio fischeri luminescence inhibition was required to subtract the quencher inhibition.



A bioluminescent bacteria acute toxicity test was conducted via the following steps. The bacteria recovery solution was cooled at 4 °C in advance. A bottle of lyophilized bacteria was taken out from the refrigerator at −18 °C, and 3 mL of the pre-cooled bacteria recovery solution was immediately added into the lyophilized bacteria, and the bacteria lyophilized powder was gently shaken to make it quickly dissolve. The resuscitated bioluminescent bacterial suspension was stored as a reserve liquid in a 4 °C refrigerator. The osmotic pressure was adjusted in a proportion of 1 mL of each sample to 0.1 mL of osmotic pressure-regulating solution. Then, 0.5 mL of diluted bacterial solution was added to each test tube: 0.5 mL of bacterial resuscitation solution was added to the first test tube as a blank control, and 0.5 mL samples were added to the rest of the test tubes. After 15 min of reaction, luminescence intensity was successively tested:


      I L % =  (     I 0    −    I  5   m i n      I 0      −    I  N  a 2  S  O 3     )  * 100 %      



(3)







  I L  : The inhibitory rates of luminescence, IL%.



    I   0    : Luminous intensity of the negative control sample.



    I   5   m i n    : Treated for 5 min.



    I     N a   2     S O   3      : Luminous intensity of the quencher.




2.3. Analysis Methods


The concentration of RB5 was measured using a UV spectrophotometer (UV 1900 i, Japan) at a wavelength of 598 nm [35]. The concentration of ANL was detected via high-performance liquid chromatography (HPLC, Shimadzu LC-16, Agilent Technologies Ltd. CA, USA), equipped with a UV detector at 230 nm. HPLC analysis was carried out with the Symmetry-C18 column (5 µm, 4.6 mm × 250 mm). The mobile phase for ANL was a mixture of methanol and ultrapure water (80/20 in volume) at a flow rate of 0.8 mL/min [26]. The H3BO3-KI colorimetric–spectrophotometric method was used to determine the PVA concentration [36]. Standard PVA solutions (0.5 g/L) of 0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 mL were added to eight volumetric flasks (25 mL) and diluted to 10 mL with water, respectively. Then, 5 mL of boric acid (4%) and 2 mL of I2-KI (1.27 g/L I2 and 25 g/L KI) were added to the systems. After equilibration for 5 min, the solutions were fixed to 25 mL to measure absorbance at 690 nm. The PAA stock solution was regularly calibrated using the iodine titration method and the potassium permanganate titration method [22]. The concentrations of PAA and H2O2 in the working solution were determined according to the DPD method [37]. Vibrio fischeri was used for toxicity testing and the luminescence intensity was measured with a portable water biotoxicity analyzer (HACH, TX131518, Ames, IA, USA) [38].





3. Results and Discussions


3.1. Removal Efficiency Assessment for Different Systems


The removal rates of RB5, ANL, and PVA by PAA/H2O2, MPUV alone, MPUV/PAA/H2O2, and MPUV/H2O2 were compared. As shown in Figure 1, PAA/H2O2 had no removal effects on RB5 and PVA, while it contributed to ANL removal of 18.25% within 5 min. Considering the reported low reactivity of H2O2 towards ANL [39], PAA played a key role in its removal, which was consistent with the selective oxidation of PAA to anilines [40,41,42]. Under the irradiation of MPUV alone, the removal rates of RB5, ANL, and PVA were 31.9, 24.4, and 38.9%, respectively, indicating the contribution of photolysis. In the MPUV/PAA/H2O2 system, the removal rates of RB5, ANL, and PVA were 75.0, 44.9, and 57.7% within 5 min, respectively, likely because of the radicals produced by MPUV activation of PAA and H2O2 [43,44]. In the MPUV/H2O2 system, the removal efficiency of RB5 was similar to that of the MPUV/PAA/H2O2 system, indicating the insignificant effect of PAA. The removal rate of ANL in the MPUV/H2O2 system was 15.2% lower than that of the MPUV/PAA/H2O2 system, likely due to the oxidation of PAA and its derived radicals [45]. Interestingly, the degradation of PVA was better in MPUV/H2O2 (87.87%) compared to the MPUV/PAA/H2O2 (57.74%) system, indicating that the coexisting PAA may react with •OH to produce R-C• with a low reactivity with PVA, according to reactions (3)–(6) [27,46]. Those results demonstrated that MPUV/PAA/H2O2 showed a selectivity to aromatic organics such as ANL and RB5.


  C   H   3   C   O     O   -   + • O H → • C   H   2   C   O     O   -   +   H   2   O  



(4)






  C   H   3   C   O   3   H + • O H → • C   H   3   C   O   3   • +   H   2   O  



(5)






  C   H   3   C   O   3   H + • O H → • C   H   3   C O • +   H   2   O  



(6)






  C   H   3   C   O   3   H + • O H → • C   H   3   C   O   2   H • + • O O H  



(7)








3.2. Effects of PAA Dosage and pH on Pollutants’ Removal


In Figure 2a–c, as the PAA dosage increased from 5 to 50 mg/L, the removal rate of RB5 increased from 25.8 to 82.7%, which may be mainly attributed to the increased amounts of radicals produced by MPUV-activated H2O2 [47,48]. As for ANL, the removal rate showed an increasing trend as PAA dosage increased (from 5 to 30 mg/L). However, when the PAA dosage was 50 mg/L, the removal rate decreased compared to 30 mg/L. As for ANL, with the increasing PAA dosage, the removal rate initially increased (from 5 to 30 mg/L) and then (from 30 to 50 mg/L) decreased, reaching the maximum removal rate of 64.84%. This was probably because the overuse of PAA could consume a part of the radicals [49]. The PAA dosage variation exhibited an insignificant influence on the removal of PVA, indicating that the acetic acid, PAA, and H2O2 may consume radicals in the system, according to reactions (3)–(7).


  H O O H + H O ∙ → H O O ∙ +   H   2   O  



(8)







As displayed in Figure 2d–f, with the increasing pH, the removal rate of RB5 increased from 68.98 to 91.2% in 5 min, while the removal rates of ANL and PVA were less pH-dependent, in the ranges of 42.9–48.7% and 57–58%, respectively. The higher removal of RB5 under the alkaline condition was in consistent with the reported work using photolytic or ozone AOP systems [50,51]. The minor effect of pH on the removal of ANL and PVA may be related to combined contributions of PAA/radicals’ oxidation and photolysis.




3.3. Radicals’ Contribution in the MPUV/PAA/H2O2 System


Quenching experiments were carried out to investigate the contribution of radicals in the MPUV/PAA/H2O2 system at different pH levels. As illustrated in Figure 3, the removal of RB5 in the MPUV/PAA/H2O2 system increased from 68.9 to 76.1% and 91.8%, with a pH rise from 6 to 7.5 and 9. Meanwhile, the removal rates under UV irradiation were 16.1%, 31.9%, and 39.4% at pH 6, 7.5, and 9, corresponding to relative contributions of UV photolysis of 23.4%, 41.9%, and 42.9%. With the addition of TBA, the removal rates of RB5 significantly decreased to 33.64, 42.13, and 58.36% at pH 6, 7.5, and 9, respectively. The addition of MeOH resulted in a further decrease of RB5′s removal to 18%, 19.4%, and 39.8%, respectively. Herein, TBA was used to quench •OH (k•OH/TBA = (3.8–7.6) × 108 M−1s−1) [52], and MeOH for both •OH (k•OH/MeOH = 9.16 × 109 M−1s−1) [53] and R-C• [54]. The results indicated that UV photolysis and oxidation of radicals including •OH and R-C• contributed to the degradation of RB5.



As for ANL, neither TBA nor MeOH addition resulted in a significant decrease in its removal, indicating minor contributions of radicals. The UV-induced removal increased from 14.4% to 24.4% and 24.4% as pH increased from 6 to 7.5 and 9, with the relative contributions increased from 33.6% to 54.2% and 54.1%. These results indicated that PAA oxidation probably played a key role, as well as UV photolysis, in its removal.



Comparatively, the addition of TBA and MeOH resulted in similar quenching effects on PVA removal, implying that •OH played an important role in PVA removal instead of R-C•. Besides, contributions of UV irradiation were 13.9%, 38.9%, and 40.2% at pH 6, 7.5, and 9. These results indicated that •OH oxidation and UV photolysis were the dominant mechanisms relevant to PVA degradation.




3.4. Effect of Coexisting Substances on MPUV/PAA Degradation of Target Pollutants


Considering that textile wastewater generally has high contents of SO42− and Cl− [55], their effects on the removal of RB5, ANL, and PVA in the MPUV/PAA/H2O2 system were investigated with the anions’ concentrations of 0–2000 mg/L. As shown in Figure 4a–c, the coexistence of SO42− had no effect on their removal rates. Figure 4d–f suggested that the coexisting Cl− had no effect on the removal of RB5 and ANL, but decreased the removal of PVA from 59.5% to 50.6% when the Cl− dosage increased from 0 to 2000 mg/L. Such an inhibition effect of PVA removal at a high concentration of Cl− was probably because Cl− reacted with •OH to generate Cl•, HOCl•, and Cl2• [56].



Besides, the effect of NOM, represented by natural fulvic acid (FA) [57], on their removal rates was investigated. Figure 4g–i showed that, with the increasing FA concentration from 0 to 10 mg C/L, the removal of RB5 and PVA decreased from 75 to 30.80% and from 51.44 to 33.43%, respectively. The inhibition mechanisms may include: (1) FA contained a large number of unsaturated groups and could absorb a part of photons, resulting in a lower absorption of photons by PAA [58], and (2) FA acted as a quencher of •OH and R-C• [59]. Relatively, the coexisting FA showed a tiny influence on ANL, probably because •OH and R-C• were not the dominant reason for the removal.




3.5. Degradation Performance of MPUV/PAA in Real Water Bodies


The effectiveness of the MPUV/PAA/H2O2 system was investigated in removing the three target pollutants in secondary sedimentation effluent of a wastewater plant (pH = 6.8). As shown in Figure 5, the removal rates of RB5, ANL, and PVA in real water were 80.54, 56.26, and 39.83%, respectively. The removal of RB5 or ANL in real water was almost the same as that in the buffer solution, while PVA removal in the former was relatively lower compared with the latter, probably because of the competing effect of DOM in real water based on the reported high reaction rates between DOM with •OH [60]. This result proved the feasibility of MPUV/PAA/H2O2 to remove RB5, ANL, and PVA to different extents in real water.




3.6. Acute Toxicity Evaluation


A bioluminescent bacteria test was used to evaluate the acute toxicity of different systems. Figure 6 shows that RB5 had an inhibition rate of around 21% on luminescent bacteria. After treating with PAA, MPUV/PAA/H2O2, and MPUV/H2O2, the inhibition rates significantly decreased, especially the latter, which was consistent with previously reported toxicity results in Fe2+/PAA/H2O2 and Fe2+/H2O2 treatments [61]. Compared with RB5, PVA showed a lower inhibition rate (12%), which greatly decreased after the three treatments. Interestingly, ANL had the lowest inhibition rate, which increased after treatment with MPUV/H2O2, indicating the likely formation of toxic products induced by •OH oxidation [62]. In conclusion, MPUV/PAA/H2O2 treatment could effectively degrade the three target pollutants without causing more toxicity.





4. Conclusions


During the treatment with MPUV/PAA/H2O2 for 5 min, RB5, ANL, and PVA showed removal rates of 75.0, 44.9, and 57.7%, respectively. Oxidation of PAA and the derived R-C• showed high selectivity to aromatic organics such as ANL and RB5. The removal of RB5 increased from 68.98 to 91.2%, with pH increasing from 6 to 9, while the removal rates of ANL and PVA were less pH-dependent, in the ranges of 42.9–48.7% and 57–58%, respectively. Quenching experiment results indicated that both •OH and R-C• oxidation contributed to RB5 removal, PAA oxidation played a key role in ANL removal, while •OH oxidation mainly functioned in PVA removal. The coexistence of NOM showed a negative influence on the removal rates of RB5 and PVA. In addition, MPUV/PAA/H2O2 treatment could effectively degrade the three target pollutants without causing more toxicity. The results indicated the necessity to evaluate the selective activity of MPUV/PAA/H2O2 towards structurally different contaminants before its application in treating printing and dyeing wastewater.
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Figure 1. Effects of PAA/H2O2, MPUV alone, MPUV/PAA/H2O2, and MPUV/H2O2 systems on the removal of (a) RB5, (b) ANL, and (c) PVA. Conditions: [PAA]0 = 15 mg/L, [H2O2]0 = 3 mg/L, [Contaminant]0 = 10 mg/L, UV fluence rate = 5 mW/cm2, UV exposure time = 5 min, pH 7.5, with 10 M phosphate buffer, T = 25 ± 1 °C. 
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Figure 2. Effect of PAA dosage and pH on the removal of (a,d) RB5, (b,e) ANL, and (c,f) PVA in the MPUV/PAA/H2O2 system. Conditions: [Contaminant]0 = 10 mg/L, [PAA]0 = 15 mg/L, [H2O2]0 = 3 mg/L, UV fluence rate = 5 mW/cm2, UV exposure time = 5 min, T = 25 ± 1 °C. 
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Figure 3. Removal rates of (a) RB5, (b) ANL, and (c) PVA in MPUV/PAA/H2O2, MPUV/PAA/H2O2 + TBA, MPUV/PAA/H2O2 + MeOH, and MPUV only systems at pH 6, 7.5, and 9, respectively. Conditions: [Contaminant]0 = 10 mg/L, [PAA]0 = 15 mg/L, [H2O2]0 = 3 mg/L, UV fluence rate = 5 mW/cm2, UV exposure time = 5 min, T = 25 ± 1 °C. 
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Figure 4. Effect of coexisting SO42−, Cl−, and NOM on the degradation of (a,d,g) RB5, (b,e,h) ANL, and (c,f,i) PVA in the MPUV/PAA system. Conditions: [PAA]0 = 15 mg/L, [Contaminant]0 = 10 mg/L, pH = 7.5, T = 25 ± 1 °C, UV exposure time = 5 min. 
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Figure 5. (a) Removal of the three pollutants in real water with time. (b) Removal comparison in the real water and phosphate buffer solution. Conditions: [PAA]0 = 15 mg/L, [Contaminant]0 = 10 mg/L, pH = 7.5, T = 25 ± 1 °C, UV exposure time = 5 min. 
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Figure 6. Acute toxicity changes of RB5, ANL, and PVA before and after degradation. Conditions: [PAA]0 = 15 mg/L, [H2O2]0 = 3 mg/L, [Contaminant]0 = 10 mg/L, pH = 7.5, T = 25 ± 1 °C, UV exposure time = 5 min. 
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