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Abstract

:

The increasing concentration of residual ciprofloxacin (CIP) can cause potential harm to the environment. Photocatalysis has been regarded as an effective method for the degradation of CIP. Bi/BiVO4 with excellent photocatalytic performance was synthesized partial reduction with NaBH4. The structure, morphology, composition, and optical performance of BiVO4 and Bi/BiVO4 were characterized by a variety of techniques. The results showed that the Bi/BiVO4 exhibits high photocatalytic activity in the degradation of CIP. Comparison of BiVO4 and Bi/BiVO4 has lower photoluminescence intensity and higher photocurrent responses intensity. The introduction of Bi made Bi/BiVO4 have a higher charge separation efficiency and generate more active free radicals. In addition, the radical trapping experiments revealed that superoxide free radicals and holes were the main active free radicals during the degradation of CIP. The pathway of CIP degradation was investigated through high performance liquid chromatography-mass spectrometry, and a possible degradation mechanism was proposed.
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1. Introduction


Antibiotic drugs are broadly applied for medical treatment, prevention of animal diseases, and bactericides in agriculture. Ciprofloxacin (CIP), a third-generation quinolone antibacterial drug, is widely used due to its strong bactericidal effect [1]. However, residual CIP is discharged into the natural environment through various pathways, such as medical treatment wastewater, livestock wastewater, and human excretion [2]. Although only a small amount of CIP (ug/L–mg/L range) can be detected in surface water [3], it still pollutes the environment and generates drug-resistant bacteria [4,5,6,7]. Bioaccumulation increases the content of CIP in livestock and poses an adverse health risk for people who consume its meat. Furthermore, the CIP removal rate through the conventional methods, such as the activated sludge process, absorption, and microbial degradation, is limited [8]. Therefore, an effective technology must be developed to solve the residual CIP pollution.



In recent years, photocatalytic degradation of residual drugs has become a topic of interest because of its fleet degradation, low cost, and high degree of mineralization of pollutants [9,10,11]. BiVO4 has the potential to be a green photocatalyst due to its great thermostability, good physicochemical stability, nontoxicity, and simplicity. A narrow band gap and suitable band positions of BiVO4 enable it to have excellent visible light response and degradation ability of organic pollutants [12,13,14]. Nevertheless, the photocatalytic performance of BiVO4 is still low due to the high recombination rate of photogenerated carriers [15]. Different strategies were developed, such as ion doping [16,17], heterojunction [18,19], and morphology control [20], to improve the separation rate of photogenerated charges. The combination of noble metal and semiconductor is considered an efficient way to improve the photocatalytic activity. The main aspects to improve the photocatalytic performance are localized surface plasmonic resonance (LSPR) and Schottky barrier formation. The LSPR effect of a noble metal can expand the light-absorption ranges of a photocatalyst and construct Schottky barrier formation to suppress the recombination of photogenerated charges. [21]. In recent years, several synthetic materials that show heightened photocatalytic activity with noble metal acting as a cocatalyst have been manufactured, such as Au/BiVO4 [22] and Ag/BiVO4 [23]. However, the development is limited for the high price and shortage of noble metal. Non-noble metal bismuth (Bi) has attracted extensive attention for its narrow band gap, high carrier mobility, and LSPR effect [24,25]. Studies reported that the photocatalytic performance of a material could be significantly improved by the introduction of Bi [26,27,28]. Wang et al. [27] constructed Bi/Bi3NbO7 heterojunction by a simple two-step wet chemical method. The transfer and separation of photogenerated charges were promoted due to the strong covalent interaction between Bi atoms and Bi–O layer, and the degradation efficiency of CIP was improved. Lai et al. [29] prepared Bi-decorated TiO2 for photocatalytic toluene degradation. Metallic Bi modification increased the ability of the photocatalyst to capture O2, which accelerated the degradation efficiency of toluene.



Herein, Bi/BiVO4 was prepared using an in situ chemical reduction at room temperature for the degradation of CIP. Metallic Bi with LSPR effect and the ability to adsorb O2 was generated in situ on the defective BiVO4, which was conducive to the generation of active free radicals, and improved the degradation efficiency of pollutants. The configuration and optical properties of the material were also determined. The effects of common ions and water environment on the photocatalytic degradation of CIP were also studied. The CIP possible degradation pathways were proposed on the basis of the identified intermediates by LC–MS.




2. Results and Discussion


2.1. Characterization of the Prepared Samples


The crystalline structure of the synthesized photocatalysts was measured by XRD, and the results are shown in Figure 1. The diffraction peaks of BiVO4 at 2θ = 15.1°, 19.0°, 28.9°, 30.5°, 34.5°, 39.8°, 42.5°, 47.3°, 50.3°, and 53.2° can correspond to the (020), (011), (−121), (040), (200), (211), (051), (042), (202), and (−161) planes of monoclinic scheelite type BiVO4 (JCPDS No.14-0688) [30]. The diffraction peaks of BiVO4 at 2θ = 24.2°, 32.6°, and 39.5° can be agreement with the (200), (112), and (301) planes of tetragonal zircon type BiVO4 (JCPDS No: 14-0133) [31]. The position of diffraction peaks of Bi/BiVO4 treated with NaBH4 was basically the same as those of pristine BiVO4, but its relative intensity decreased, thus indicating that its crystallinity was reduced. The I(−121)/(040) of Bi/BiVO4 first increased and then decreased with the increase in NaBH4, thereby indicating that more (040) crystal planes were exposed, and the intensity of 0.3Bi-BVO (Bi/BiVO4 prepared under NaBH4 concentration of 0.30 g/L, see synthesis of photocatalyst for details) was the largest. According to previous reports [32], the (040) crystal plane can provide more active sites, which is conducive to the photocatalytic degradation of pollutants. In addition, no diffraction peak of Bi was observed, which is maybe due to little formation detected [33]. The concentration of NaBH4 was increased to 4.00 g/L to clearly confirm the formation of metallic Bi. The XRD characterization of the obtained sample (4 Bi-BVO) is shown in Figure S1. The diffraction peak of 2θ = 27.2°, which belongs to the (012) crystal plane of metallic Bi (JCPDS No.44-1246), could be found [34,35].



The characteristics of the synthesized sample’s appearance were investigated via FESEM. In Figure 2a, the pristine BiVO4 had an irregular rod-like structure. After the reduction by NaBH4, the morphology did not change; however, small particles appeared on part of the BiVO4 surface (Figure 2b).



XPS was performed to identify the surface element chemical status of the samples, and the results are shown in Figure 3. In Figure 3a, BiVO4 and 0.3Bi-BVO identified the presence of Bi, V, O, and C elements. The V 2p fine spectrum of BiVO4 and 0.3Bi-BVO displays two peaks at 524.8 and 517.2 eV, corresponding to V 2p1/2 and V 2p3/2 of the V5+ species, respectively (Figure 3b). Two peaks located at approximately 164.9 and 159.6 eV have been assigned to the spin-orbit coupling of Bi 4f5/2 and Bi 4f7/2 for the typical characteristics of Bi3+ ions, respectively. In comparison with the BiVO4, the Bi 4f binding energies of the 0.3Bi-BVO shift to the low binding energy side by approximately 0.2 eV (Figure 3c). The peaks located at 157.9 and 163.3 eV could be attributed to metallic Bi [27]. According to the semi-quantitative XPS, the atomic ratio of Bi 4f in BiVO4 is 8.80%, and that of 0.3Bi-BVO is 9.25%; accordingly, Bi is generated. In Figure 3d, the bands centered at 530.3 and 531.5 eV were assigned to the lattice oxygen and the adsorbed oxygen [36], respectively. In comparison with the BiVO4, the O 1s binding energies of the 0.3Bi-BVO is negatively shifted. In addition, the peak area of the adsorbed oxygen becomes larger, which may be due to the existence of metallic Bi, which adsorbs more oxygen [37]. These results showed that the electron densities of Bi and O on the surface of the 0.3Bi-BVO are slightly higher than those on the BiVO4, which can be attributed to the transfer of electrons from metallic Bi to BiVO4 [38]. The work function of Bi is ~4.22 eV [39]. The work function of BiVO4 is generally greater than 4.22 eV [40,41,42]. Thus, the electron transfer from metallic Bi to BiVO4 is theoretically feasible.



The UV-vis diffuse reflectance spectroscopy (UV-vis DRS) of the samples was measured to explore their optical absorption properties (Figure 4a). The absorption edge of BiVO4 and 0.3Bi-BVO is approximately 520 nm. However, the light absorption potential of 0.3Bi-BVO is slightly higher than that of BiVO4, which should be due to the introduction of Bi [43]. The forbidden band width of BiVO4 was determined to be 2.53 eV from the plots of (αhv)2 versus the energy of absorbed light (Figure 4b) [44]. The energy bands of pristine BiVO4 were calculated using following equations:


EVB = X − Ee + 0.5Eg,



(1)






ECB = EVB − Eg,



(2)




where EVB and ECB are the band edge potentials of the valence band (VB) and conduction band (CB), respectively; X is the absolute electronegativity of the materials, where X of BiVO4 is 6.15 eV [45]; Ee is the energy of electrons on the hydrogen scale (~4.50 eV); and Eg is the band gap of the semiconductor in electron volts. The calculated EVB and ECB are 2.92 and 0.39 eV, respectively.




2.2. Photocatalytic Activity


The photocatalytic activity of the substances was evaluated via CIP degradation. In Figure 5, the control experiment indicated that little CIP degraded under visible light irradiation without the photocatalyst addition. The adsorption effect of the material on CIP is approximately 5% in the dark. Only 54% of the CIP was degraded within 30 min in the presence of pristine BiVO4. The degradation of Bi/BiVO4 samples was higher than that of BiVO4. In addition, 0.3Bi-BVO displayed the most optimum photocatalytic activity, which had a degradation effect of 74% for CIP. Table 1 shows the pseudo-first-order kinetics of the degradation of CIP, 0.3Bi-BVO exhibited the highest k value among those substances, which was approximately 1.82 times higher than that of BiVO4.



The stable performance of a photocatalyst is critical to its application. The cycling experiments measuring the degradation of CIP are performed to verify the stability and reusability of 0.3Bi-BVO. In Figure 6a, the degradation efficiency of CIP is reduced by approximately 4% after four cycles. The structure of the 0.3Bi-BVO used in the experiment is also investigated by XRD (Figure 6b). The intensity of (040) crystal planes of the used 0.3Bi-BVO is reduced compared with fresh 0.3Bi-BVO, which slightly affects the degradation of CIP.



Once released into the environment, the photocatalytic performance of a photocatalyst is closely associated with the other substances of surface water. First, the influence of other ions in the environment on the photocatalytic performance of the material must be considered. The influence of NaNO3, Na2SO4, NaCl, and NaHCO3 on the photocatalytic degradation of CIP was studied. Figure 7a shows the effects of CIP degradation in the existence of inorganic anions with a concentration of 10 mmol/L. The presence of NO3− and SO42− did not inhibit the photocatalytic degradation of CIP. However, the removal percentages of CIP in the presence of HCO3− and Cl− are 62% and 67%, respectively. HCO3− and Cl− can be used as a trap to consume active free radicals generated on the surface of the catalyst, thereby affecting the degradation efficiency of CIP [46]. In addition, the degradation of CIP at different concentrations of humic acid (HA) had been studied. Figure S2 shows that the CIP degradation efficiency decreased from 74% to 63% with increasing HA concentration. This decrease may be attributed to HA, which can consume some active free radicals. Although the presence of HA has a certain negative effect on the photocatalytic degradation, overall, 0.3Bi-BVO still shows selectivity for CIP degradation. The effects of surface water on CIP degradation were studied to verify the feasibility of 0.3Bi-BVO to degrade CIP in the natural environment. In Figure 7b, although the degradation efficiency of the material is reduced in surface water, it can also achieve a certain degree of degradation of CIP.




2.3. Photocatalytic Mechanism


Free radical quenching tests were carried out to verify the main active free radicals in the degradation system of CIP. Isopropanol (IPA, 10 mmol/L), ascorbic acid (VC, 1 mmol/L) [47], and EDTA-2Na (1 mmol/L) were used for scavenging the hydroxyl radicals (·OH), superoxide anion radicals (·O2−), and h+ reactive species, respectively. In Figure 8a, the removal percentages of CIP reduced from 74% to 69%, 20%, and 55% in the presence of IPA, VC, and EDTA-2Na, respectively. N2 was also used to remove O2 in the solution and hinder the generation of ·O2− to further determine the role of ·O2− [48], and the removal percentages of CIP was reduced to 5%. The results indicate that ·O2− and h+ play a major role in the photocatalytic system. ESR spin-trap with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) in ethanol dispersion was used to prove the ·O2− generation. In Figure 8b, pristine BiVO4 and 0.3Bi-BVO had no characteristic peak under the dark conditions. By contrast, the characteristic peak of DMPO-·O2− appeared after 10 min of xenon lamp illumination, and the intensity of 0.3Bi-BVO was higher than that of BiVO4. Theoretically, the ECB of BiVO4 (+0.39 eV) is higher than the potential required for the formation of ·O2− (O2/·O2− = −0.046 eV vs. NHE) [49], and ·O2− cannot be generated. However, the oxygen vacancies (OVs) of BiVO4 can activate O2 and generate ·O2− [50]. In addition, the presence of Bi could capture O2 and improve the separation efficiency of photo-generated charges [29]. Therefore, 0.3Bi-BVO generates more ·O2−.



PL spectra were employed to verify the photoinduced charge recombination and electron migration. In Figure 9a, the fluorescence spectrum of each sample had three relatively obvious peaks at the excitation wavelength of 295 nm. The emission at 534 nm corresponds to the radiation energy from the energy band transition of the sample. The emission peak at 425–452 and 600–620 nm may be related to the surface defect of the material [51]. The weaker the PL intensity, the lower the recombination rate of the photo-generated electron–hole pairs. The emission intensity of the 0.3Bi-BVO is lower than that of the pristine BiVO4, which may be due to the existence of Bi inhibiting the recombination of the photogenerated charges. The photocurrent responses of the samples are depicted in Figure 9b. Bi/BiVO4 exhibit a greatly enhanced photocurrent intensity compared with pristine BiVO4 due to the presence of the metallic Bi, where 0.3Bi-BVO > 0.1Bi-BVO > 0.5Bi-BVO > BiVO4, which is consistent with the result from the photocatalytic degradation of CIP. The above-mentioned results indicate that 0.3Bi-BVO has a better photo-generated charge separation efficiency.



The main intermediates were identified on the basis of LC–MS to understand the possible degradation pathways. Six intermediates are summarized in Table S1 and Supplementary Materials. Figure 10 shows the proposed photocatalytic degradation pathways of CIP on 0.3Bi-BVO. Path 1: ·O2− attacked the piperazine side chain to form oxidative intermediate P1 (m/z = 362). Subsequently, intermediate P2 (m/z = 334) and intermediate P3 (m/z = 306) were derived from the loss of the –C = O group of intermediate P1. Intermediate P3 could be further oxidized to intermediate P4 (m/z = 291). Intermediate P4 eliminated the –C = O group and changed to intermediate P5 (m/z = 263) [52,53,54]. Path 2: Under the attack of h+, the quinolone ring of CIP decarboxylated to form intermediate P6 (m/z = 263) [55]. Path 3: h+ attacked the piperazine ring to generate intermediate P3 [56].



On the basis of the active species trapping experiments, the ESR spin-trap, and the analysis of band edge position mentioned above, the reactive mechanism of great photocatalytic efficiency for 0.3Bi-BVO can be proposed. In Scheme 1, when visible light is irradiated to the substance, BiVO4 generates photogenerated holes and photogenerated electrons, and Bi produces carriers due to the LSPR effect. Given that the ECB (+0.39 eV) of BiVO4 is lower than the Fermi level of metallic Bi (−0.17 eV) [57], the electrons of Bi can be transferred to BiVO4. Then, the Ovs of BiVO4 can trap the electrons and make them react with O2 to reduce to ·O2−. The positively charged Bi attracts the electrons generated by BiVO4 and returns to its original state [58]. This process can improve the separation efficiency of the photogenerated carriers of BiVO4.





3. Conclusions


In summary, a Bi/BiVO4 substance was successfully prepared by a NaBH4 reduction method. The structure, morphology, composition, and photoelectric performance of the material were studied. 0.3Bi-BVO showed a better photocatalytic performance in the degradation of CIP. Active species trapping experiments confirmed that ·O2− and h+ were the main active groups in the photocatalytic degradation of CIP. The existence of Bi can increase the separation rate of the photo-generated charges and the generation of ·O2−, thereby improving the degradation efficiency of CIP. In addition, 0.3Bi-BVO had great stable performance and relatively great photocatalytic activity in natural water. This study offers a new option for photocatalytic degradation of residual drugs.




4. Materials and Methods


Materials: Bismuth chloride (BiCl3) was obtained from Tianjin Kemiou Company, Tianjin, China. Ammonium vanadate (NH4VO3) was purchased from Xilong Chemical Company, Guangdong, China. Ethanolamine (C2H7NO) was purchased from Aladdin Industrial Corporation, Shanghai, China. CIP was procured from Shanghai Macklin Biochemical Co., Shanghai, China. NaBH4 was obtained from Tianjin Damao Company, Tianjin, China. Deionized water was used throughout the experiment.



4.1. Synthesis of Photocatalyst


4.1.1. Synthesis of BiVO4


BiVO4 was synthesized according to a reported method [59]. First, 0.632 g of BiCl3 was dispersed in 200 mL of deionized water and stirred to form a white dispersion. Second, 0.236 g of NH4VO3 was slowly added into the above white solution and magnetically stirred for 30 min, observing a color change from white to yellow. Afterward, 1.2 mL of C2H7NO (1 mol/L) was added into the above-mentioned solution and sonicated for 30 min to ensure uniform dispersion, observing a color change from yellow to reddish brown. The resulting solution was transferred into a 100 mL Teflon-lined autoclave and heated at 160 °C for 12 h. Finally, the resulting sediment after centrifugation was washed with ethanol and deionized water several times. The obtained substance was kept dried at 60 °C in a drying oven for 12 h to obtain BiVO4.




4.1.2. Synthesis of Bi/BiVO4


Bi/BiVO4 was synthesized by using a NaBH4 reduction method [57]. First, 0.40 g of BiVO4 was dispersed in 60 mL of deionized water and ultrasonically dispersed for 30 min. Second, 20 mL of NaBH4 solution of different concentrations was slowly added into the above solution and vigorously stirred for 1 h. Finally, the resulting sediment was washed with ethanol and deionized water several times and dried at 60 °C overnight to obtain Bi/BiVO4. The concentrations of NaBH4 were 0.10, 0.20, 0.30, 0.40, and 0.50 g/L, respectively. The obtained Bi/BiVO4 substances were sequentially denoted as 0.1Bi-BVO, 0.2Bi-BVO, 0.3Bi-BVO, 0.4Bi-BVO, and 0.5Bi-BVO.





4.2. Characterization


The X-ray diffraction (XRD) patterns were measured with an X-ray diffractometer (Smart LAB SE, Rigaku, Tokyo, Japan) with Cu-Kα radiation. A field emission scanning electron microscope (FESEM) and energy dispersive spectrometer (EDS) were performed on a ZEISS Gemini 500 (ZEISS, Jena, Germany). X-ray photoelectron spectroscopy (XPS) was performed on a Thermo ESCALAB 250Xi spectrometer (East Grinstead, UK). The binding energy data were calibrated with the C 1s peak at 284.8 eV. Ultraviolet–visible (UV-vis) spectroscopy was recorded with a UV-3600 Plus (Shimadzu, Kyoto, Japan) in the wavelength range of 200–800 nm. Photoluminescence (PL) spectroscopy was performed with a FLS980 spectrometer (Edinburgh, UK) by using the 295 nm line of a 450 W xenon lamp as the excitation source at room temperature, an R928P PMT as detector, and the scan slit and fixed/offset slit are 8 and 2 nm, respectively. Electron spin-resonance (ESR) spectroscopy was conducted with a Bruker A300 (Bruker, Karlsruhe, Germany) under irradiation with a 300 W xenon lamp.



Photocurrent measurements were performed in a three electrode quartz cells with 0.1 M Na2SO4 electrolyte solution by using a CHI 660E electrochemical workstation (Chenhua Instruments, Shanghai, China). Indium tin oxide (ITO) glass coated with the photocatalysts, a Pt electrode, and an Ag/AgCl electrode were used as the working electrode, auxiliary electrode, and reference electrode. The simulated optical source was a xenon lamp (300 W) with a cutoff filter. The working electrode was prepared as follows: 10 mg as-synthesized samples were mixed with 0.9 mL ethanol and 0.1 mL of Nafion solution and ultrasonically dispersed for 1 h to obtain the mixed solution. Then, 0.3 mL of mixture was dropwise-added to a 2 cm × 2 cm ITO glass. Finally, the prepared working electrode was dried at 50 °C for 6 h.




4.3. Photocatalytic Degradation Experiments


The photocatalytic performances of the fabricated photocatalysts were evaluated on the basis of CIP. Visible-light photocatalytic degradation was performed by using a solar simulator (300 W xenon lamp, PLS-SXE300, Beijing Perfectlight Technology Co., Ltd., China) as the light source, which was equipped with a UV filter (λ > 400 nm). First, 0.10 g of photocatalyst was dispersed in 100 mL of 10 mg/L CIP solution and magnetically stirred for 30 min in the dark to ensure the adsorption–desorption equilibrium. Next, the solution was illuminated with light in a photocatalytic reactor. Samples were taken every 5 min and filtered through a Millipore filter (pore size of 0.45 µm) to remove the photocatalyst. The concentration of CIP was determined via HPLC (LC-20A, Shimadzu, Kyoto, Japan) with a Hypersil GOLD C18 (4.6 × 250 mm, 5 μm) and UV–vis detector at 277 nm. The mobile phase was composed of water (0.5% [v/v] formic acid as an additive) and methanol (65:35, v/v). The flow rate was 0.9 mL/min. The column temperature was maintained at 35 °C.
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The following are available online at https://www.mdpi.com/article/10.3390/catal11040489/s1, Figure S1: XRD patterns of 4 Bi-BVO sample, Figure S2: Effect of humic acid on the photocatalytic degradation of CIP, Table S1: Information on intermediates in the CIP photocatalytic process, and mass spectrum of the intermediates.
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Figure 1. XRD patterns of BiVO4 and Bi/BiVO4 samples. 
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Figure 2. FESEM images of (a) BiVO4 and (b) 0.3Bi-BVO. 
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Figure 3. XPS spectra of 0.3Bi-BVO substances: (a) survey spectra, (b) V 2p spectra, (c) Bi 4f spectra, and (d) O 1s spectra. 
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Figure 4. (a) UV-vis DRS of BiVO4 and 0.3Bi-BiVO and (b) plots of (αhv)2 versus hv for BiVO4. 






Figure 4. (a) UV-vis DRS of BiVO4 and 0.3Bi-BiVO and (b) plots of (αhv)2 versus hv for BiVO4.



[image: Catalysts 11 00489 g004]







[image: Catalysts 11 00489 g005 550] 





Figure 5. Photocatalytic degradation of ciprofloxacin (CIP) (reaction volume: 100 mL, initial CIP concentration: 10 mg/L, catalyst dose: 0.1 g, and temperature: 20 °C). 
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Figure 6. (a) Cyclic photocatalytic degradation of CIP in the presence of 0.3Bi-BVO (reaction volume: 100 mL, initial CIP concentration: 10 mg/L, catalyst dose: 0.1 g, and temperature: 20 °C) and (b) XRD patterns of the used photocatalyst and fresh photocatalyst. 
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Figure 7. (a) Effect of different anions and (b) water on the degradation of CIP in the presence of 0.3Bi-BVO (reaction volume: 100 mL, initial CIP concentration: 10 mg/L, catalyst dose: 0.1 g, and temperature: 20 °C). 






Figure 7. (a) Effect of different anions and (b) water on the degradation of CIP in the presence of 0.3Bi-BVO (reaction volume: 100 mL, initial CIP concentration: 10 mg/L, catalyst dose: 0.1 g, and temperature: 20 °C).



[image: Catalysts 11 00489 g007]







[image: Catalysts 11 00489 g008 550] 





Figure 8. (a) Effect of different trapping agents on the photocatalytic degradation of CIP and (b) ESR spectra of DMPO-·O2− in the dark and under light irradiation. 
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Figure 9. (a) PL spectra and (b) photocurrent responses of BiVO4 and Bi/BiVO4. 
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Figure 10. Possible degradation pathways of CIP on 0.3Bi-BVO. 
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Scheme 1. The possible mechanism for photocatalytic reactions happened on 0.3Bi-BVO. 






Scheme 1. The possible mechanism for photocatalytic reactions happened on 0.3Bi-BVO.



[image: Catalysts 11 00489 sch001]







[image: Table] 





Table 1. Rate constant (k), and R2 values for the degradation of ciprofloxacin.
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	Samples
	k (min−1)
	R2





	None
	0.0010
	0.9951



	BiVO4
	0.0233
	0.9985



	0.1Bi-BVO
	0.0387
	0.9799



	0.2Bi-BVO
	0.0414
	0.9794



	0.3Bi-BVO
	0.0423
	0.9869



	0.4Bi-BVO
	0.0344
	0.9855



	0.5Bi-BVO
	0.0360
	0.9975
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