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 Semiconductor photocatalysis can be operated over a narrow pH range for wastewater treatment. In this study, a simulated solar-light-mediated bismuth tungstate (SSL/Bi2WO6) process is found to be effective for norfloxacin degradation over a narrow pH range. To broaden the operating pH range of the SSL/Bi2WO6 process, an NH4+ buffer system and an Fe3+ salt were introduced under extremely basic and acidic pH conditions, respectively. The NH4+ buffer system continuously supplied hydroxyl ions to generate ·OH radicals and prevented acidification of the solution, resulting in improved norfloxacin removal and mineralization removal under alkaline conditions. In contrast, the Fe3+ salt offered an additional homogeneous photo-sensitization pathway. The former treatment assisted in norfloxacin decay and the latter increased the collision frequency between the photo-generated hole and hydroxyl ions. Moreover, the effect of parameters such as pH and Fe3+ dosage was opti-mized. © 2019, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.Published by Elsevier B.V. All rights reserved.
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1.  Introduction Norfloxacin is a second generation synthetic fluoroquino-lone antibiotic that has been widely detected in aqueous envi-ronments. In Chesapeake Bay, the largest estuary in the United States, the highest aqueous phase concentration of norfloxacin was recorded at 94.1 ng/L [1]. In China, it has been reported that norfloxacin is the most frequently detected antibiotic in coastal waters with a maximum concentration of 1990 ng/L [2]. Furthermore, in an artificial drinking water reservoir in the Yangtze River delta of East China, norfloxacin was detected at a 

frequency of 97.85%. With the deliberate release of antibiotics into the aqueous environment and lack of effective treatments for antibiotic-contaminated wastewater, antibiotic pollution continues to pose a serious environmental threat to aquatic and terrestrial ecosystems [3]. Therefore, the removal of nor-floxacin from aquatic environments is becoming an important issue [4,5]. Different technologies are available for the remediation of norfloxacin, including biological degradation, adsorption, and AOPs, to minimize its damage in aquatic environment [6–8]. Among the emerging treatment approaches, AOPs are consid-
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ered to be effective and are currently gaining significant atten-tion in the water treatment industry [9–13]. The pH is consid-ered to be an important factor for photocatalytic performance, as demonstrated by many previous studies [14,15]. Generally, the optimum pH for semiconductor photocatalysts are confined within a narrow range [14,16]. For example, the optimum pH of ZnO photocatalysts was shown to be 11 for the degradation of amoxicillin, ampicillin, and cloxacillin in aqueous solution [17]. The optimum working pH of TiO2 was reported to be 9.0 for chlorinated aniline degradation [18]. In addition to TiO2, Bi-based semiconductors have been proven effective for or-ganic pollutant removal [19–22]. Fu et al. [23] showed that B-doped Bi2WO6 exhibited the highest degradation efficiency toward RhB removal at a pH of approximately 7.0. Outside of this narrow pH range, the catalytic performance significantly decreased. To increase the decay rate of various pollutants, the initial pH of wastewater was adjusted to an optimum level by addition of acid or base [24,25]. However, Hu et al. [26] re-ported that the pH decreased during photocatalytic reaction, falling outside of the optimal range, slowing pollutant decay. Previously, we demonstrated that the pH cannot be main-tained throughout the SSL/Bi2WO6 process due to the for-mation of small molecule organic acids and carbon dioxide during ciprofloxacin degradation. The pH continuously de-creased during the reaction and eventually the solution pH dropped to 3.0, departing drastically from the optimal pH and was accompanied by the retardation of CIP decay [27]. Rao et al. [28] reported a WO3 photocatalytic system for monuron degradation, achieving the best performance at pH = 6.0. Fur-thermore, during the developed process, the monuron mole-cule was transformed to a simple aliphatic acid, resulting in decreased solution pH and retardation of total organic carbon (TOC) removal. In the UV/TiO2 degradation simazine process, the best degradation efficiency was obtained at an initial pH of approximately 9, and the photocatalytic reaction was retarded under strongly acidic and extreme basic conditions [29]. Meanwhile, the stable cyanuric acid was formed upon the oxi-dative decomposition of simazine, resulting in acidification of the aqueous solution. Bi2O3/Bi2O2CO3 was proven to be effec-tive for catalyzing ciprofloxacin decay at neutral pH, but the pH of the final aqueous solution became acidic [15]. Despite the solution pH decrease and inhibited efficiency for the photo-catalytic degradation of organic pollutants, few studies have investigated possible solutions to this problem to maintain high catalytic performance at different solution pH values. Bismuth tungstate (Bi2WO6) is the most studied visible light-driven photocatalyst due to its wide spectrum light re-sponse and lack of secondary contamination after utilization [30,31]. Moreover, Bi2WO6 is composed of perovskite-like [WO4]2− layers sandwiched between [Bi2O2]2+ layers. This structure is beneficial for separating photoexcited elec-tron-hole pairs and forming internal electric fields between slabs, which enhances photocatalytic performance [32]. In ad-dition, Bi2WO6 is stable in aqueous solution without dissolving or element leaching [27,33]. In this study, innovative approaches were proposed to ex-pand the operating pH range for simulated solar light-mediated 

Bi2WO6 photocatalysis (SSL/Bi2WO6). Norfloxacin was selected as the target antibiotic compound. The performance for nor-floxacin degradation at different pH values were studied in the proposed SSL/Bi2WO6 process. To broaden the operating pH range, efforts were undertaken to achieve high removal effi-ciency under extremely basic and acidic pH conditions. At an extremely basic pH, a buffer system was developed using an NH4+ salt and at extremely acidic pH, the SSL/Bi2WO6 process was improved by adding ferric salts. 
2.  Experimental 

2.1.  Chemical and reagents  All chemicals were of analytical reagent grade and used as-received without further purification. Norfloxacin (C16H18FN3O3) was purchased from Wako Pure Chemical In-dustries, Ltd. and used as the target molecule for degradation. Bi2WO6 was synthesized using tungsten acid (H2WO4), citric bismuth (C6H5BiO7), and ammonia (NH3·H2O) as precursors. The synthesis of bismuth tungstate was reported in detail in the literature [33,34], where the characterizations of Bi2WO6 via X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), N2 adsorp-tion-desorption, ultraviolet-visible diffuse reflectance spec-troscopy (UV-Vis DRS) have been well documented. The phase of the obtained product was evaluated by XRD and all diffrac-tion peaks were indexed to pure orthorhombic Bi2WO6 with JCPDF No. 39-256. The point of zero charge was tested using a mass titration method [35]. Other chemicals used in this study including Mg(NO3)2, Ca(NO3)2, Fe(NO3)3·9H2O, NaOH, HCl, and H3PO4 were obtained from Sigma Aldrich Inc. The mobile phase solvent for HPLC analysis (acetonitrile) was purchased from Tedia Company (USA). Distilled-deionized water with a  resis-tivity of 18.2 MΩ of was used for preparing the mobile phase and stock solutions and was generated using a Barnstead NA-NOpure water treatment system (Thermo Fisher Scientific Inc., USA). 
2.2.  Experimental procedures Norfloxacin degradation was conducted in a simulated solar light photochemical reactor (Beijing Changtuo Company with a Xenon lamp of 300 W). Prior to the reaction, a predetermined amount of Bi2WO6 was added to 100 mL of the norfloxacin so-lution in a 200-mL quartz beaker/cylinder and stirred under darkness for 30 min to reach adsorption equilibrium (pre-adsorption step). After reaching equilibrium, degradation was started by turning on the pre-heated light source. At preset intervals, 1 mL aliquots of the sample were withdrawn and filtered using a 0.2-µm PTFE membrane for further analysis. All experiments were performed in duplicate at room temperature (air-conditioned) at 23±1 °C. 
2.3.  Analytical methods The amount of norfloxacin remaining in the solution was 
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quantified using high-performance liquid chromatography (HPLC) system with a Waters 515 pump, Waters 2489 dual λ absorbance detector, and Waters 717 plus autosampler. The norfloxacin in the solution was separated from its related in-termediates using a Restek pinnacle II C18 column (5.0 μm, 4.6 × 250 mm) and quantified via adsorption at 280 nm. A mixture of 50% acetonitrile and 50% 0.025 mmol/L orthophosphoric acid was selected as the mobile phase at a flow rate of 0.8 mL/min, and 10 µL samples were injected for analysis. Parts of the experiment were run in triplicate with relative standard deviations never exceeding 10%. The pH was measured using a digital pH meter (HANNA instrument, B417). Unless otherwise specified, the pH was measured from the solution just prior to reaction. The TOC was analyzed using a Shimadzu TOC-5000A analyzer equipped with an ASI-5000A autosampler to deter-mine the mineralization of norfloxacin using this process. 
3.  Results and discussion 

3.1.  Degradation performance at different pH values Norfloxacin degradation was performed at different pH values ranging from 3.0 to 13.0, and the decay curves are shown in Fig. 1. The decay was significantly reduced under extremely acidic (pH = 3.0) and alkaline (pH 13.0) conditions due to the electrostatic repulsion between the norfloxacin molecule and Bi2WO6 particle surface, arising from the pKa of norfloxacin (pKa1 = 6.34, pKa2 = 8.75) and the point of zero charge of Bi2WO6 (pH = 5.0). Three species of norfloxacin can exist in solution (cationic, zwitterionic, and anionic) and two phases of Bi2WO6 (cationic and anionic at a pH of 5.0) with var-iable pH. Under acidic (pH <5.0) and basic pH conditions (pH >8.75), both norfloxacin and Bi2WO6 mostly exist as like charg-es, preventing attraction between them and inhibiting norflox-acin decay. On the other hand, a moderate pH range (i.e. pH = 5.0 to 10.8) is favorable for norfloxacin decay, where all tests at mod-erate pH showed ˃90% norfloxacin removal in 150 min. How-ever, norfloxacin decay in the moderate pH range still showed 

certain differences as a function of pH. In particular, the optimal performance was observed at pH = 8.6, showing 93% norfloxa-cin removal in 60 min. From pH = 5.0 to 8.6, the norfloxacin removal efficiency gradually increased, indicating that higher pH values improved norfloxacin decomposition as long as the Bi2WO6 and norfloxacin remained electrostatically attractive. For pH values slightly higher than that of pKa2 (i.e. pH at 9.0 and 10.8), inhibition of norfloxacin decay was observed, which can be attributed to the repulsive forces between norfloxacin and Bi2WO6 at this pH that restrict interaction between nor-floxacin and the Bi2WO6 surface. Despite the repulsive force preventing norfloxacin removal, it was interesting that the re-moval efficiency at pH = 9.0 (repulsive force) was superior to that at pH = 7.5 (attractive force), suggesting the pH itself has a significant effect on norfloxacin decay, and can even be consid-ered more critical than the electrostatic effect in some cases. 
3.2.  Variations in pH during norfloxacin decay The pH variations during the pre-adsorption and reaction steps were monitored at three pH values, and the results are shown in Fig. 2. All three runs showed a continuous pH de-crease, regardless of initial pH value. During the pre-adsorption stage, the pH quickly dropped from 10.0, 9.3, and 8.1 to 8.6, 7.8, and 7.5, respectively. This significant pH decrease in the pre-adsorption step indicated that hydroxyl ions in the solution were adsorbed (or at least attracted) to the Bi2WO6 surface. This was critical for the SSL/Bi2WO6 process as it provided a reservoir of precursors for the formation of hydroxyl radicals in the subsequent (reaction) step, where the hydroxyl radical was the dominating active species, as determined by quenching experiments [27]. An OH– enriched model was proposed to describe this property of Bi2WO6 and is shown in Scheme 1, where the hydroxyl ions adhered and concentrated on the Bi2WO6 surface and its surroundings. After initiation of the photocatalytic reaction, the pH continuously decreased at a lower rate, suggesting that the hydroxyl ions were gradually consumed in the degradation process, likely due to the for-mation of low molecular weight organic acids and carbon di-

0 20 40 60 80 100 120 140 160 180 200
0.0

0.2

0.4

0.6

0.8

1.0

 

C/
C 0

Time (min)

 pH = 3.0
 pH = 5.0
 pH = 6.6
 pH = 7.5
 pH = 8.6
 pH = 9.0
 pH = 10.8
 pH = 13.0

Fig. 1. Effect of pH on the SSL/Bi2WO6 process. Experimental condi-tions: [Norfloxacin]0 = 0.1 mmol/L, [Bi2WO6] = 1 g/L. 
-40 -20 0 20 40 60 80 100 120 140 160

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

 
 

pH
 le

ve
l

Time (min)

 pH = 7.5
 pH = 7.8
 pH = 8.6

pre-
adsorption during reaction

Fig. 2. Variations of pH during the SSL/Bi2WO6 reaction. Experimental conditions: [Norfloxacin]0 = 0.1 mmol/L, [Bi2WO6] = 1 g/L. 
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oxide. Considering the pH decrease during the SSL/Bi2WO6 pro-cess, it is clear that the norfloxacin decay rate may be gradually hindered if the pH is shifted to an unfavorable range. It is well-known that only the hydroxyl ions close to the Bi2WO6 surface can be the source of active hydroxyl radicals due to the limited lifetime of the photo-generated holes [36]. Therefore, the maintenance of higher hydroxyl ion concentrations nearby or on the Bi2WO6 surface is critical for improving or maintain-ing rapid target decomposition. 
3.3.  The effect of calcium and magnesium salts To verify the proposed OH– enriched model, norfloxacin de-cay in the presence of calcium and magnesium salts was inves-tigated due to their similar chemical properties and large dif-ferences hydroxyl ion capture abilities. The Ksp (solubility product constant) of Mg(OH)2 and Ca(OH)2 are 1.5×10-11 and 0.166, respectively. Thus, it can be deduced that the magnesium ions more effectively deplete hydroxyl ions and generate mag-nesium hydroxide at lower [OH–] compared to that of calcium ions. As described in the OH– enriched model in Scheme 1, the hydroxyl ions were adsorbed onto the Bi2WO6 surface to form a thin layer of concentrated OH–. It is presumed that once the metal salt dosages are properly administered, the hydroxyl ions originally concentrated on the Bi2WO6 surface are removed by the magnesium ion, resulting in reduced hydroxyl radical gen-eration. However, this procedure is ineffective when using cal-cium salts, due to their higher Ksp values.  Detailed investigations were performed by varying the [Ca2+] and [Mg2+] from 0 to 40 mmol/L, and the results are shown in Fig. 3. The calcium ions showed no effect on norfloxa-cin degradation, even when the [Ca2+] was increased to 40 mmol/L. However, magnesium significantly retarded norfloxa-cin decay and higher [Mg2+] resulted in a slower norfloxacin decay rates. The norfloxacin remaining after 20 min of degra-dation was 22.9%, 29.0%, 31.9%, 38.3%, and 42.1% at [Mg2+] of 0, 10, 20, 30, and 40 mmol/L, respectively. These experi-mental results are quite encouraging and support the assump-

tions presented in Scheme 1, where the concentration of hy-droxyl ions surrounding Bi2WO6 is sufficient for the production of Mg(OH)2, but not for Ca(OH)2 formation, This also validates the proposed OH– enriched model in Scheme 1. Therefore the hydroxyl ion concentration in the thin layer surrounding Bi2WO6 was calculated to be between 3.87 × 10–4 and 2.03 mol/L in the tests based on the Ksp values and concentrations of magnesium and calcium salts (10 and 40 mmol/L, respective-ly). The calculation method is as follows, i.e. when [Mg2+] = 10 mmol/L, the formation of Mg(OH)2 suggested [Mg2+]·[OH–]2 < 1.5  10–11 (Ksp of Mg(OH)2), thus [OH]– was calculated as greater than 3.87 × 10–4 mol/L; when [Ca2+] = 40 mmol/L, the non-formation of Ca(OH)2 suggested [Ca2+]·[OH–]2 > 0.166 (Ksp of Ca(OH)2), thus [OH]–- was calculated to be less than 2.03 mol/L. The experiments showed that the pre-adsorption capacity of Bi2WO6 for norfloxacin was decreased in the presence of Mg2+, and further decreased with increasing [Mg2+]. When [Mg2+] was 0, 10, 20, 30, and 40 mmol/L, the pre-adsorption efficiency of norfloxacin was 7.1%, 6.2%, 4.8%, and 2.7%, re-spectively. These variations in pre-adsorption efficiency can also be ascribed to the formation of magnesium hydroxides near the Bi2WO6 surface, which left fewer adsorption sites available for norfloxacin and blocked the diffusion pathway for norfloxacin to the Bi2WO6 surface. However, in the presence of Ca2+ ions no pre-adsorption variation was observed because the surface properties of Bi2WO6, as shown in the OH– enriched model, remained largely unchanged, even at a high [Ca2+] of 40 mmol/L. The pre-adsorption variation in the presence of Mg2+, and its insensitivity toward Ca2+ further justify the proposed OH– enrichment model. 
3.4.  Norfloxacin decay at basic pH Norfloxacin decay under extremely basic pH conditions was significantly slowed, as shown in Fig. 4. At pH = 13.0, only 22.0% of the norfloxacin was removed after 150 min. Consid-ering that the hydroxyl ion is the source of the active radical ·OH, an ammonium salt (NH4Cl) was gradually added to the reaction solution to decrease the pH to 9.0 by forming a buffer system, as shown in Fig. 4. The ammonium salt was chosen because it is a natural degradation product of nitrogenous or-ganic matter, and significant sources of enrichment include industrial waste, municipal wastewater treatment plants, and agricultural runoff (including animal wastes and chemical ferti-lizers) [37]. From Fig. 4, it is clear that after dosing ammonium, 
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Scheme 1. OH–-enriched Bi2WO6 model. 
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norfloxacin decay efficiency dramatically increased to 97.0% in 60 min. This observation indicates that the pH adjustment by forming a buffer system with simple addition of an NH4+ salt under extremely basic condition is a practical method for the SSL/Bi2WO6 process. Furthermore, a comparison experiment was performed us-ing a non-buffered system, where the solution pH was initially set at 13.0, followed by adjustment to 9.0 using HCl. As shown in Fig. 4, norfloxacin decay in the non-buffered system was slightly slower than that of the NH4Cl buffer system. This is because in the non-buffered system the pH gradually decreased from 9.0 to 8.8 (10 min), 8.3 (20 min), and 7.0 (150 min), which was far from the optimum working pH of 8.6. In contrast, a constant pH was maintained at 9.0 in the buffered system. In addition, TOC removal was investigated, as shown in Fig. 5. Mineralization at pH = 13.0 was negligible, whereas the buff-ered and non-buffered systems at pH = 9.0 showed 52.0% and 30.0% TOC removal, respectively. Comparing the buffered and 

non-buffered systems, it was clear that the difference in TOC removal was approximately 22.0%, higher than the difference in norfloxacin removal efficiency (i.e. 3.8% calculated from Fig. 4). This demonstrated that the mineralization of intermedi-ates/byproduct is more efficient in the buffered system.  
3.5.  Norfloxacin decay at acidic pH When the aqueous solution is acidic, ferric salts were added to the solution to form the SSL/Fe3+/Bi2WO6 process. Fe3+ was used because SSL/Fe3+ (simulated solar-light-irradiated ferric salt) is efficient at acidic pH for the evaluation of norfloxacin decay. In Fig. 6, the SSL/Fe3+ process showed a certain capacity for norfloxacin decay at pH = 4.0. Its mechanism can be ration-alized by the oxidative properties of the ferric ions under acidic conditions when irradiated with UV light from the simulated solar light (200–400 nm) [38]. In the acidic solution, Fe3+ un-dergoes spontaneous hydrolysis with water to form a species of FeⅢOH2+, which is a photosensitive species, and this complex can produce hydroxyl radicals directly via a photo-sensitization reaction:  FeⅢ(OH)2+ + hv → Fe2+ + ·OH           (1) Fig. 6 showed that the removal efficiencies at 20 min in the SSL/Fe3+/Bi2WO6, SSL/Fe3+, and SSL/Bi2WO6 processes were 75.3%, 44.2%, and 42.4%, respectively. Among these process-es, the fastest norfloxacin decay was observed in the SSL/Fe3+/Bi2WO6 process. This superior performance at acidic pH can be ascribed to the combination of the advantages of homogeneous SSL/Fe3+ and heterogeneous SSL/Bi2WO6 pro-cesses.  A series of parallel experiments were performed at pH = 7.2 and 9.0 for the above-mentioned three processes and the re-sults are listed in Table 1. The SSL/Fe3+ process was largely inert (i.e., no norfloxacin removal was observed) at both pH = 7.2 and 9.0 because the reaction described by Eq. (1) could not proceed at non-acidic pH. In addition, the SSL/Fe3+/Bi2WO6 process was slightly superior compared to the SSL/Bi2WO6 process at pH = 7.2 (by 5.9%) and 9.0 (by 4.0%) after 20 min of reaction. This improvement can be ascribed to the electron 
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transfer carrier role of Fe3+, as shown in Eq. (2), resulting in decreased photogenerated electron-hole combination, which prolonged the lifetime of photo-generated holes and promoted the generation of ·OH radicals [39]. Fe3+ + e– → Fe2+                       (2) This observation suggests that Fe3+ as an electron transfer carrier also benefitted the SSL/Fe3+/Bi2WO6 process under acidic pH conditions. 
3.6.  Determining the optimum operating pH for the 
SSL/Fe3+/Bi2WO6 process  To determine the optimum pH level for norfloxacin degra-dation by the SSL/Fe3+/Bi2WO6 process, the decay performance at different acidic pH values (i.e. 2.0, 3.0, and 4.0) was investi-gated and the results are shown in Fig. 7. The SSL/Fe3+/Bi2WO6 process at pH = 3.0 showed the most rapid norfloxacin decay, where 82.0%, 86.0%, and 78.3% of the norfloxacin was de-composed at a pH of 2.0, 3.0, and 4.0, respectively, in 20 min. The pH variations during all three runs were negligible and both norfloxacin and Bi2WO6 were positively charged with the repulsive force between the two materials preventing norflox-acin decay. Therefore, the difference in performance with pH variation was not a result of the electrostatic effect between norfloxacin and Bi2WO6. It is well-known that Fe3+ undergoes spontaneous hydroly-sis with water to form four species of Fe(III)-hydroxo com-plexes, FeⅢOH2+, FeⅢ(OH)2+, FeⅢ2(OH)24+, and FeⅢ(OH)30, in an aqueous solution [40]. Moreover, Flynn at el. [41] Reported 

that the monohydroxy complex FeⅢOH2+, which is the most photosensitive and photoactive species, was predominant at pH = 3.0. The slowing of norfloxacin decay at pH 4.0 can be attributed to the formation of FeⅢ(OH)30 [42], which results in a decreased [FeⅢOH2+] in the solution. On the other hand, the norfloxacin removal performance also decreased when the initial pH decreased to 2.0. This is because the hydrolysis of ferric ions at pH 2.0 was inhibited leading to slower generation of FeⅢOH2+ [41]. 
3.7.  Effect of [Fe3+] in the SSL/Fe3+/Bi2WO6 process Fig. 8 shows the effect of [Fe3+] on norfloxacin decay in the SSL/Fe3+/Bi2WO6 process at the optimum pH of 3.0. After 20 min, the removal efficiency at [Fe3+] of 0.1, 0.2, 0.3, and 0.5 mmol/L was 23.6%, 71.0%, 88.0%, and 86.2%, respectively. As shown in the inset of Fig. 8, [Fe3+] significantly changed the decay rate of norfloxacin, increasing with increased [Fe3+], which plateaued after the critical concentration of 0.3 mmol/L. As described previously, the FeⅢOH2+ species is essential for norfloxacin decay in the SSL/Fe3+/Bi2WO6 process. Higher [Fe3+] provided a larger amount of FeⅢOH2+ for hydroxyl radical generation. However, if Fe3+ is present in excess, too many ·OH radicals will be produced, resulting in the self-reaction of ·OH radicals [43]. Therefore, excess [Fe3+] is not suggested in prac-tical operation.  
4.  Conclusions 

Table 1 Norfloxacin decay at acidic, neutral, and basic pH. System k, min–1 Removal after 20 min (%) pH = 4.0 pH = 7.2 pH = 9.0 pH = 4.0 pH = 7.2 pH = 9.0 SSL/Fe3+ 0.0277 0.0000 0.0000 44.2 0.0 0.0 SSL/Bi2WO6 0.0261 0.0679 0.0938 42.4 74.1 85.7 SSL/Fe3+/Bi2WO6 fast (non-first order) 0.0777 0.1006 75.3 80 89.7 Experimental conditions: [Norfloxacin]0 = 0.0313 mmol/L, [Bi2WO6] = 0.5 g/L, [Fe3+] = 0.3 mmol/L.    
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Fig. 8. Norfloxacin decay at different [Fe3+] in the SSL/Fe3+/Bi2WO6process. Experimental conditions: [Norfloxacin]0 = 0.0313 mg/L, [Bi2WO6] = 0.5 g/L, at pH =3.0. 
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In this study, the SSL/Bi2WO6 process was used to decom-pose the antibiotic norfloxacin. The pH significantly influenced the performance in the SSL/Bi2WO6 process, which generally exhibited good performance over a narrow pH range. To de-scribing the reaction mechanism of the SSL/Bi2WO6 process, an OH– enriched Bi2WO6 model was proposed and verified exper-imentally by adding Mg2+ and Ca2+. Moreover, the hydroxyl ion concentrations in the thin layer surrounding Bi2WO6 were de-termined to range between 3.87×10-4 and 2.03 mol/L. Under acidic and alkaline pH conditions, the SSL/Bi2WO6 process was significantly inhibited. To broaden the operating pH range of the SSL/Bi2WO6 process, different modifications of the original approach were explored. At extremely basic pH, a buffer was successfully introduced into the SSL/Bi2WO6 process by simply adding an NH4+ salt, which showed excellent performance for both norfloxacin decay and TOC removal. At the extremely acidic pH, the SSL/Bi2WO6 process was significantly improved by adding ferric salts (i.e. forming an alternative SSL/Fe3+/Bi2WO6 process). The improvement can be ascribed to the homogeneous photo-sensitization mechanism offered by the SSL/Fe3+, whereas the electron transfer carrier role of Fe3+ in the SSL/Bi2WO6 process was relatively minor. The SSL/Fe3+/Bi2WO6 process can be used over a wide acidic pH range (2–4); however, a pH of 3.0 showed slightly better per-formance. The optimal [Fe3+] for the SSL/Fe3+/Bi2WO6 process was 0.3 mmol/L, and the decay rate increased with increasing [Fe3+], then plateaued when ferric ion where in excess. 
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宽pH条件下运行的太阳光催化钨酸铋降解抗生素诺氟沙星 
陈美娟a,b, 黄  宇b,*, 朱  威c 

a西安交通大学, 人居环境与建筑工程学院, 陕西西安710049 
b中国科学院地球环境研究所, 黄土第四纪地质国家重点实验室&气溶胶化学与物理重点实验室, 陕西西安710061 

c香港理工大学, 建设与环境学院, 香港 

摘要: 抗生素污染对水生和陆地生态环境系统造成严重的威胁.  在世界各地的水性环境中普遍检测到第二代合成氟喹诺

酮类抗生素—诺氟沙星.  因此, 水环境中残留诺氟沙星的去除成为当今研究热点.  在现有去除方法中, 光催化技术因其采

用太阳光作为能源、污染物完全矿化及不产生二次污染等优点而被认为是非常有效的方法, 在水处理工业中得到了广泛的

关注.  已有研究表明, pH值是影响光催化降解污染物的一个重要因素, 大多数半导体光催化剂的最佳pH被限制在较窄的近

中性范围内.  当pH变为酸性或碱性时, 污染物的降解速度显著降低.  我们研究发现, 在太阳光下钨酸铋(SSL/Bi2WO6)催化

降解诺氟沙星时,  在pH=5.0–10.8表现出较快的去除速率, 其中pH=8.6时效果最佳, 目前优化降解效果多通过酸碱调整初

始溶液的pH至最佳值.  进一步研究发现, 即使将反应初始溶液pH值调整到最佳, 随着诺氟沙星的不断降解, 反应溶液的pH
值持续降低直至3.0.  溶液不断酸化导致偏离最佳条件, 从而减缓诺氟沙星的降解.  这说明通过简单的酸碱滴定优化溶液

初始pH值不能阻止反应过程中溶液的酸化, 也不能解决酸化导致的降效问题.  基于上述问题, 本文提出针对溶液pH值改变

对体系效率影响的新方法.   
本文以钙钛矿结构的Bi2WO6为光催化剂, 诺氟沙星为探针化合物, 详细研究了在不同pH值下SSL/Bi2WO6体系催化性

能.  为描述SSL/Bi2WO6反应的合理性, 首先提出了OH–
富集Bi2WO6模型, 并考察了Mg2+和Ca2+两种离子对反应的影响.  在

预吸附阶段pH值明显降低, 说明溶液中的羟基离子被吸附到Bi2WO6表面.  光催化反应开始后, pH值以较低的速率持续降

低, 说明在降解过程中溶液中的羟基离子可能由于低分子有机酸和二氧化碳的形成而逐渐被消耗.  因此, 在Bi2WO6表面及

其附近维持较高浓度的羟基离子是改善或保持探针快速分解的关键途径.  我们在极碱pH环境中引入NH4
+缓冲体系, 以持

续提供羟基离子生成·OH自由基, 同时可防止溶液酸化, 从而使诺氟沙星的去除率和矿化率在碱性条件下均达到更好的效

果.  另一方面, 在酸性pH条件下, 通过加入铁盐(即形成替代的SSL/Fe3+/Bi2WO6过程)显著提高了SSL/Bi2WO6去除诺氟沙星

的效率 .  这主要归因于SSL/Fe3+提供的均匀光敏化机制; 同时 , Fe3+在SSL/Bi2WO6过程中对电子传递起到辅助作用 .  
SSL/Fe3+/Bi2WO6工艺可以在较宽的酸性pH(2–4)范围内使用, 且pH=3.0时性能最好.  在SSL/Fe3+/Bi2WO6过程中,  诺氟沙星

的降解速率随着[Fe3+]的增加而增大, 过剂量时降解趋于平稳. 
关键词: 钨酸铋; 扩展pH范围; 诺氟沙星; 光催化; 水 
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