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Abstract

:

Photocatalytic fuel cell (PFC) has been verified to be a promising technique to treat organic matter and recover energy synchronously. Sulfate radicals (SO4·−), as a strong oxidant, have obvious advantages in the degradation of refractory pollutants compared with hydroxyl radicals (·OH), which is the dominant radical in PFC. This study reports a coupling method of PFC and persulfate (PS) activation to promote the degradation of antibiotic norfloxacin (NOR) and simultaneous electricity generation. The added PS as an electron acceptor could be activated by photoelectric effects to produce SO4·− at the electrodes-electrolyte interface. In the solution, PS as supporting electrolyte could accelerate the electron transfer and also be activated by ultraviolet (UV) light irradiation, which could extend the radical oxidation reaction to the whole solution and improve the PFC performance. The performance comparison among different systems indicated the excellent synergistic effect of PFC and PS activation for improving NOR degradation and electricity generation. The effects of influencing factors including initial pH, PS concentration, and initial NOR concentration on the degradation of NOR were investigated extensively to find out the optimal conditions. Moreover, according to the results of radical capture experiments, the significantly contribution of both SO4·− and ·OH to the degradation of NOR was demonstrated and a tentative function mechanism for the NOR degradation in the proposed system was provided. Finally, total organic carbon and real wastewater treatment confirmed the high mineralization and practical applicability of the proposed PFC/PS system.
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1. Introduction


With the massive consumption of fossil fuels including coal, petroleum, and natural gas, conventional energy is facing a dry up. Thus, development and utilization of abundant, clean, and renewable energy sources has become a present hot research issue. The exploitation of solar energy has been extensively studied to realize H2, methyl alcohol, methane, and electric energy production by using photocatalytic water splitting [1], photocatalytic reduction of carbon dioxide [2,3,4], and photovoltaic solar cell [5]. Compared to hydrogen and other hydrocarbons, the transport and the use of electric energy are more secure and convenient undoubtedly.



On the other hand, environmental pollution, especially pollution of organic contaminants caused by urbanization and industrialization, is another serious threat to human health and development. In fact, organic compounds, particularly refractory organics, contain rich chemical energy [6]. Nevertheless, the traditional treatment methods for these organic contaminants such as biological, physical, and chemical processes only focus on elimination of pollutants, while ignoring the recovery of energy stored in them [7,8].



Photocatalytic fuel cell (PFC) was regarded as a rational method for converting both solar energy in light and chemical energy in organic pollutants into electricity and simultaneously degrading organic pollutants during photocatalytic oxidation process. It is a promising technology to address energy crisis and control water pollution. This is unlike microbial fuel cells (MFC) that require strict bacteria cultivation conditions, specifically substrates, which have complicated electron transfer process and temperature requirements [9]. PFC, as an attractive technology, has attracted considerable attention due to its simple operation and direct charge-transfer. In a PFC system, almost all kinds of organic compounds, even at trace levels, can be decomposed by free radicals (mainly hydroxyl radicals (·OH)) and photogenerated holes on the surface of photoanodes under light illumination. The photogenerated electron synchronously can transfer to the cathode through the external circuit to produce electric power. In recent years, many efforts have been devoted to improve the performance of PFC systems by some effective measures including developing visible-light-responsive materials as photoelectrodes to expand the light absorption range and enhance light absorption (such as BiVO4/WO3/W, CdS-TiO2, and BiOCl/Ti) [10,11,12], and using semiconductor photocathodes instead of expensive Pt cathode to improve the photogenerated electron-hole pairs separation efficiency and reduce the cost of PFC system [13,14,15]. Although, these research efforts previously reported have been demonstrated to have a degree of success, the performance of the PFC system is still less than satisfactory because PFC system has some significant intrinsic drawbacks. For instance, high recombination rate of photogenerated electron-hole pairs on the surface and inside the semiconductors influences the PFC performance of photoelectrodes. Additionally, photocatalytic redox reactions among free radicals, contaminants, and water principally occur at the single anode or cathode electrodes-electrolyte interface [16]. Nevertheless, the electrodes-electrolyte interface area depends on the surface area of the electrodes which cannot be infinitely increased. Therefore, extending the radical reactions from electrodes-electrolyte interface to the whole electrolyte solution is a feasible way to improve the performance of PFC system. Zhao et al. [17] established a novel Fenton-PFC system using TiO2 nanotube arrays as a photoanode and adding ferrous ions to induce photoelectric Fenton reaction and expand the radical reaction for organic pollutants degradation from the surface of electrodes to the whole solution system. In this Fenton-PFC system, the degradation rate of several refractory organics had been increased. Moreover, the electricity generation had been demonstrated larger than the traditional PFC [17].



Activated persulfate oxidation as a recently emerging advanced oxidation process (AOP) for organic pollutants degradation have attracted many researchers’ interest due to its unique advantages. First of all, persulfate (S2O82−, PS) itself is a strong oxidant that exhibits both the properties of reactive (for example, hydrogen peroxide and ozone) and persistent (for instance, permanganate) oxidants [18]. PS has a high standard oxidation potential (E0) of 2.01 V. In addition, the decomposition of PS via thermal, photochemical, or metal ions activation can form reactive radical intermediates, namely sulfate free radical (SO4·−), with a E0 value varied between +2.5 and +3.1 V versus NHE which is higher than hydroxyl radicals (·OH) (E0 varied between +1.8 and +2.7V versus NHE) [19]. Such a high E0 suggests SO4·− can oxidize almost all organic compounds non-selectively and efficiently. Furthermore, the traditional Fenton system (dominating free radical is ·OH) is only valid under acidic pH conditions, PS can remain reactive and stable under not only acidic but also neutral and alkaline pH conditions [18]. Moreover, longer lifespan of SO4·− makes it is superior to ·OH [20].



In order to make full use of every space of PFC system to expand photocatalytic redox reactions and further improve the performance of PFC, PFC was combined with PS to develop PFC/PS system for simultaneous organic pollutants degradation and electricity production in this work. In this system, a refractory organic pollutant, norfloxacin (NOR), was chosen to be the degradation target organic pollutant. NOR as a kind of fluoroquinolones is one of the most commonly prescribed antibiotics in human practice. It is worth noting that in China, half of the annual production of NOR are generally used as additives in concentrated pig feeding to promote the growth of pigs [21]. It has been reported that the presence of NOR in aquatic environment is toxic to plants and aquatic organisms [22,23], can cause bacterial drug resistance [24], and pose serious threats to human health [25]. Meanwhile, considering the antibacterial property, antibiotics could not be completely removed by traditional biological treatment. The effective degradation of antibiotics, especially NOR, in the aquatic environment has become the subject of growing concern.



In the present work, the rutile TiO2 nanorod directly growing on Fluorine-doped tin oxide (FTO) was employed as the photoanode material because of its better thermostability, smaller band gap, higher refractive index, and more active photocatalysis than anatase TiO2 [26,27,28]. UV light was used to activate PS in the solution and TiO2 photoanode simultaneously. Additionally, PS as a photogenerated electron sacrificial agent in PFC/PS system could not only improve the photogenerated charge separation on the surface of electrodes but also produce SO4·− and further initiate a series of radical propagation and termination chain reactions in solution. Accordingly, in a PFC/PS system, the radical reactions are no longer confined to the single electrodes-electrolyte interface and the relatively low mass transport in the solution is no longer influenced by the reaction rate. The results demonstrated that the PS addition in PFC dramatically improved the NOR degradation efficiency and electricity generation of traditional PFC. In addition, to find the optimal conditions to degrade NOR, the influence factors were investigated systematically in PFC/PS system. According to the analysis, the results of radicals capture experiments, the dominant radicals species and the function mechanism for the NOR degradation were discussed. The total organic carbon (TOC) removal and real wastewater treatment experiments were conducted to study the NOR mineralization and potential practical applicability of the proposed PFC/PS system.




2. Results and Discussion


2.1. Crystalline Phase and Morphology of TiO2 Nanorods


In order to qualitatively and quantitatively analyze the phase composition of as-prepared samples, X-ray diffraction (XRD) patterns of FTO, TiO2/FTO before anneal, and TiO2/FTO after anneal were recorded in Figure 1. From Figure 1, expect the diffraction peaks (denoted by “#”) indexed to FTO (Figure 1a), the other diffraction peaks (denoted by “*”) of TiO2/FTO before anneal (Figure 1b) can be well identified as TiO2 with the tetragonal rutile crystal (JCPDS No. 21-1276). No characteristic peak assigned to anatase or brookite phase was detected, indicating the high purity of TiO2 prepared by hydrothermal method in this work. After being annealed at 450 °C for 90 min, the peaks assigned to rutile TiO2 became sharper and the relative intensities were significantly enhanced. Moreover, no additional diffraction peak was observed (Figure 1c). These results indicate that the heat treatment not only not destroyed the crystal structure, it also improved the crystalline quality of rutile TiO2.



The morphology of as-prepared TiO2/FTO was observed by scanning electron microscopy (SEM). It can be seen from Figure 2a that the surface of FTO electrode is uniformly covered by high-density TiO2 nanorods. Figure 2b displays the terraced top surface of the TiO2 nanorods, which is tetragonal in shape. This is in perfect agreement with XRD results. Furthermore, the edge length of the square top facets is about 200 nm. Figure 2c and d show that the TiO2 nanorods with a smooth side face and a 3 µm length grew nearly perpendicular to the FTO electrode.




2.2. Performance Comparison of Different Systems


The degradation experiments of 10 mg/L NOR in the three different systems were conducted to investigated the performance of these systems. Figure 3a compares the degradation results in different systems. The results are described as degradation efficiency versus degradation time. Figure 3a illustrates that after a 60-min treatment, only 8.70% of NOR was decomposed in the PFC system alone. The reason for this low degradation efficiency may be attributed to the restricted reactions of radicals and NOR at the single photoelectrodes-electrolyte interface in PFC system [16]. On the other hand, the surface area of TiO2 photoanode is only 2 cm2 in this work. On the other hand, the 60-min degradation efficiency of NOR was improved to 77.17% in the PS system, which may be due to the fact that the strong oxidizing property of the persulfate aion (S2O82−) is beneficial to the degradation of NOR. Additionally, the sulfate radical (SO4·−) formed from PS by UV activation is superior to ·OH generated from PFC system and has the high reactivity for NOR degradation [20,29].



When PFC and PS were both applied to the degradation of NOR, the degradation efficiency of NOR was further improved to 98.10%, indicating a good synergistic effect between PFC and PS.



In addition, according to the analysis of degradation kinetics, the pseudo first-order kinetic equation was found to fit the experimental data well (Figure 3b). The kinetic parameters including apparent rate constant k and correlation coefficient R2 for each system are listed in Table 1. It shows that k in the PFC/PS system (6.69 × 10−2 min−1) is the greatest, that in PS (2.44 × 10−2 min−1) is the second, and that in PFC (1.40 × 10−3 min−1) is the smallest, which is in accordance with the variation tendency of NOR degradation. These results demonstrate that the superior performance of PFC/PS combined system for accelerating the degradation of NOR.



Figure 4 shows the current-voltage (I-V) curves and the corresponding power density curves of PFC and PFC/PS system to compare their electricity generation performance. Obviously, the PFC/PS system exhibits the better electricity generation performance with an open-circuit potential (Voc) of 0.5 V and a short-circuit current density (Jsc) of 0.290 mA·cm−2, with 0.4 V and 0.270 mA·cm−2, respectively, for the PFC system (Figure 4a). The maximum output power (PMax) of PFC/PS is 0.036 mW·cm−2, which is nearly two times higher than that in the PFC system (0.018 mW·cm−2) (Figure 4b). These results reveal the efficient electricity output of PFC/PS system and such a high performance is attributed to the synergy of PFC and PS.



For the original PFC system, under the irradiation of UV light, TiO2 nanorods could adsorb adequate photons and produce photogenerated holes (h+) and electrons (e−). The former, as the oxidizing agent, can directly react with NOR; the latter can transfer from the TiO2 nanorods to the cathode through the external circuit and generate electric power [30]. Simultaneously, a series of photocatalytic redox reaction can occur among h+, e−, O2, and H2O, producing numerous reactive oxygen species such as ·OH, HO2, H2O2, and O2·−, which play a crucial and positive role in the decomposition of NOR [10,31]. However, the recombination of photogenerated electron-hole pairs on the surface and in the interior of TiO2 nanorods would also occur at the same time; then, the reactions between NOR and active species would be limited to the finite photoelectrodes-electrolyte interface [32,33]. Therefore, the NOR degradation and electricity production of PFC can be hindered.



When the PS was introduced into the PFC system, a part of NOR was chemically oxidized because of the strong oxidizing property of PS itself [34,35]. On the other hand, the addition of PS could increase the amount of supporting electrolyte, which can enhance the electrical conductivity and facilitate electron transfer and the separation of photogenerated electron-hole pairs. Then, as a stable and long-life radical, SO4·− could be generated not only in the entire solution by activation of PS under UV light irradiation, but also at the interface of photoelectrodes-electrolyte by the direct reaction of PS and e-. In this reaction, PS acts as an electron acceptor [36,37]. The production of SO4·− can increase the number of active radicals, reduce the recombination of photogenerated electron-hole pairs, and even extend the range of reactions between active species and NOR from interface of photoelectrodes-electrolyte to the total solution, which efficiently improve the PFC performance and benefit the degradation of NOR. At the same time, the consumption of SO4·− during the degradation of NOR can accelerate the photogenerated electron transfer, which is advantageous to the higher electricity generation [38]. Thus, the PFC/PS system was used in the following experiments unless otherwise specified.




2.3. Effect of pH


In order to clarify the effect of pH, the NOR degradation processes were carried out at different initial solution pH values in PFC/PS system. As shown in Figure 5a, during the first 30 min, the degradation efficiency increased with a decreasing initial solution pH from 11.0 to 3.0. Nevertheless, when the initial solution pH further decreased to 1.0, the degradation efficiency slightly reduced compared with that at initial solution pH 3.0. With prolonging the degradation time, the degradation efficiency continuously increased when the initial solution pH values were 3.0, 5.0, 7.0, 9.0, and 11.0. To the contrary, the degradation efficiency remained unchanged at the initial solution pH 1.0. Within 60 min, the degradation efficiency varied decreasingly with the initial solution pH value in the following sequence: 3.0, 5.0, 7.0, 1.0, 9.0, and 11.0. The maximum degradation efficiency was 97.19% at pH 3.0. However, the variation of 60-min degradation efficiency was not so remarkable. According to the pseudo first-order kinetic analysis (Figure 5b), the corresponding apparent rate constant values (k) for NOR degradation at pH of 3.0, 5.0, 7.0, 1.0, 9.0, and 11.0 were 5.64 × 10−2 min−1, 4.79 × 10−2 min−1, 4.10 × 10−2 min−1, 3.96 × 10−2 min−1, 3.56 × 10−2 min−1, and 2.99 × 10−2 min−1, respectively (Table 2). The decomposition of NOR and the variation of k were identical.



These phenomena may be ascribed to that the initial solution pH affects the dominant species of radical oxidants during the NOR degradation process and finally influences the performance of PFC/PS system. It has been widely reported that in an acidic and neutral medium, the predominate radical species is SO4·−, and converts to ·OH with increasing the pH to alkaline value [39]. In an acidic environment, SO4·− can be formed via the breakdown of persulfate using acid as catalyst (Equations (1)–(3)) [40,41,42].



Once SO4·− is formed, it can attack nearly any organic contaminant, including NOR. In contrast, under neutral or basic condition, SO4·− formed in aqueous solution can react with H2O or OH− leading to radical inter-conversion to produce the hydroxyl radical (·OH) in accordance with forward reactions in Equations (4) and (5). In addition, the generated ·OH can further react with SO4·− to scavenge both of themselves (Equation (6)). On the account of the weaker redox ability of ·OH than SO4·− and the quenching of ·OH and SO4·−, acidic condition was more favorable than neutral and alkaline environments for NOR degradation.


S2O82− + H+ → HS2O8,



(1)






HS2O8− → SO4·− + HSO4−,



(2)






HSO4− →SO42− + H+ (pKa = 1.92),



(3)






SO4·− + H2O → SO42− + ∙OH + H+,



(4)






SO4·− + OH− → SO42− + ∙OH,



(5)






SO4·− + ∙OH → HSO5−,



(6)






      S 2   O 8    2 −     +    H 2  O    →    2  HSO   4 −    +     1 2   O 2  ,  



(7)







Since the pKa value for the system of bisulfate and sulfate ions is 1.92, the initial solution pH below 1.92 can restrain the reaction in Equation (3), then in Equation (2), and give rise to the decline in the generation of SO4·−. Therefore, the initial solution pH is usually greater than 1.92 to improve the degradation of NOR. This can explain the results shown in Figure 5, in that the degradation efficiency of NOR and the corresponding apparent rate constant value at pH 1.0 were lower than that at pH 3.0, 5.0, and 7.0.



Furthermore, on the one hand, vast hydrogen ions are released into the water, resulting in the decrease of pH according to the reactions in Equations (3) and (7) [43]. On the other hand, upon the mineralization of organic pollutants, acidic CO2 is one of the final products that diminishes the pH values. Consequently, a common issue pertaining to the oxidation of organic contaminants by activated persulfate is that the pH values in an aqueous phase usually decreases and are lower than the initial data [39], indicating the initial solution pH value has little impact on the oxidation environment. This is why the variation of degradation efficiency and corresponding apparent rate constant value at different initial solution pH value is not obvious after 60 min reaction in Figure 5.




2.4. Effect of the PS Concentration


It was reported that the PS concentration was found to have an obvious effect on the oxidation of organic contaminants [44]. The variation of 60-min degradation efficiency of NOR in the PFC/PS system with different PS concentrations was studied. It is clearly observed that the degradation efficiency of NOR was drastically enhanced with increasing the PS concentration from 0.1 mM to 3.0 mM. Figure 6a displays that the degradation efficiency of NOR increased greatly from 52.77% to 98.10%, while PS concentration showed an increasing trend from 0.1 mM to 3.0 mM. Figure 6a also shows that when the PS concentration rose further from 3.0 mM to 4.0 mM, the degradation efficiency of NOR was approximately similar with that 3.0 mM PS and no remarkable change was observed. Moreover, the pseudo first-order kinetics fitting results demonstrate that the maximum k values were obtained when PS concentration was 3.0 mM (6.69 × 10−2 min−1) and 4.0 mM (6.95 × 10−2 min−1) (Figure 6b and Table 3); the latter is slightly higher than the former.



Two reasons could be used to explain these results. Firstly, a relatively lower PS concentration results in insufficient number of SO4·−, which is not conducive to the degradation of NOR. Secondly, according to Equations (8) and (9), additional SO4·− formed at excessive PS concentration can react with itself and excessive persulfate to produce SO42− and less-reactive S2O8·−, respectively [36,45]. These reactions can reduce the number of strong radicals and pose competition between NOR and excessive persulfate, inhibiting the degradation of NOR. As a consequence, in consideration of economy and efficiency, a PS concentration of 3.0 mM was chosen for further experimentation in this work.


2SO4·− → 2SO42−,



(8)






SO4·− + S2O8− → S2O8·− + SO42−,



(9)








2.5. Effect of Initial NOR Concentration


The effect of initial concentration of NOR was investigated (Figure 7). As shown in Figure 7a, the degradation efficiency of NOR was reduced sharply from 98.10% to 12.92% with increasing NOR concentration from 10 mg/L to 200 mg/L. All the degradation processes at different NOR concentrations were fitted well with pseudo first-order kinetics model (Figure 7b) and the calculated rate constants and other parameters were exhibited in Table 4. The variation of the rate constants is similar to that of degradation efficiency. Namely, the corresponding rate constant decreased gradually from 6.69 × 10−2 to 2.70 × 10−3 min−1, with an increasing NOR concentration from 10 to 200 mg/L.



These results may be due to the reasons as follows. On the one hand, the active sites of TiO2 nanorods are limited depending on the fixed area of TiO2 nanorods photoanode. During the photocatalytic process, NOR should be firstly absorbed on the active sites of TiO2 nanorods and then react with free radicals to complete the photocatalytic process. Thus, excessive initial NOR concentration will lead to the competition for limited active sites, suppressing the degradation efficiency of NOR. On the other hand, the more NOR and its intermediates will exist in the system with an increase of the initial NOR concentration, resulting in more competition for active radicals such as ·OH and SO4·−. However, since the key factors for active radical generation, including PS concentration, UV light irradiation intensity, and the area of TiO2 nanorods photoanode, are fixed, the number of active radicals is limited. The NOR will be efficiently degraded until all the active radicals are consumed. Ultimately, the degradation efficiency of NOR is decreased.




2.6. The Mineralization of NOR in PFC/PS System


In order to investigate the mineralized degree of NOR, the TOC variation of the NOR solution with an initial concentration of 10 mg/L during the degradation process in PFC/PS system was analyzed. The degradation experiment was performed under the optimal conditions (pH = 3.0, [PS] = 3 mM, and 0.1 M Na2SO4 as electrolyte). As shown in Figure 8, the TOC removal efficiency was lower than the degradation efficiency at the same treatment time. Within 60 min, the degradation efficiency of NOR reached 98.1%, indicating that NOR was almost completely degraded. At the same time, the TOC removal efficiency was only 72.3%, which suggested that despite the fact that 27.7% NOR had been transformed to its intermediates, the PFC/PS system still had the capacity to effectively degrade NOR under the optimal conditions. After a further prolonging 20-min treatment time, it was observed that the TOC removal efficiency reached 90.5%, showing the hysteresis quality of NOR mineralization and the potential of PFC/PS system in refractory organic pollutant treatment.




2.7. Roles of Different Reactive Radical Species in PFC/PS System


As is well-known, the degradation of organic pollutants during photocatalytic process and activated persulfate oxidation process is completed by the generation of various reactive radical species. Next, we need to identify the predominant radicals and clarify whether the roles of different reactive radical species in the PFC/PS system are significant and conductive to better elucidate the function mechanism of enhanced NOR degradation in the PFC/PS system. It has been reported that scavengers can react with reactive radical species both generated on the catalyst surface and in the solution. Therefore, a series of radicals quenching experiments were conducted by adding 0.3 M ethanol (EtOH, as a scavenger of both SO4·− and ·OH) [38], 0.3 M isopropanol (IPA, as a specific ·OH scavenger) [46,47,48], and 4 mM EDTA-2Na (as a typical quenching agent for h+) [49] into the degradation solution of NOR with 10 mg/L initial concentration. In addition, since the formation of O2·− is due to the reduce reaction between molecular oxygen adsorbed on the surface of catalyst and photogenerated electron, nitrogen was continuously blown into the PFC/PS system to drive off oxygen and further inhibit the generation of O2·− in a separate experiment. These experiments were carried out under the optimal condition in the PFC/PS system. The results are shown in Figure 9.



As presented in Figure 9, 98.1% of NOR was degraded after 60 min without any scavenger added. After bubbling nitrogen and adding EDTA-2Na, the 60-min degradation efficiency was slightly decreased by 8.6% and 15.33%, respectively. Whereas, the degradation efficiency of NOR was obviously restrained in the presence of EtOH and IPA, separately. The 60-min degradation efficiency of NOR was greatly reduced to 67.7% and 73.6% with the addition of EtOH and IPA, respectively. These results indicate that the degradation of NOR was triggered by radicals. Moreover, the O2·− and h+ play a relatively minor role in the NOR degradation process, while ·OH and SO4·− are the two main radicals contributed to the degradation of NOR. Therein, the NOR degradation efficiency of EtOH quenching declined more than that of IPA, which may be attributed to that IPA was more apt to react with ·OH; nevertheless, SO4·- could react more readily with NOR, suggesting that SO4·- radicals played a more dominant role in the NOR degradation process. These were in accordance with the results of pH effect experiment and those reported in the literature [38]. On the other hand, it is very interesting to observe from Figure 9 that after adding EtOH into the solution, a large amount of NOR were still degraded. EtOH can usually be applied to effectively quench both ·OH and SO4·− due to its high rate constant of 1.9 × 109 M−1 S−1 and 1.6 × 107 M−1 S−1 for ·OH and SO4·−, respectively [50,51]. However, it has been also reported that NOR also possessed similar high reaction rate constants with ·OH (k = 1.0 × 109 M−1 S−1) and SO4·− (k = 107–1010 M−1 S−1) [52]. In this case, the degradation of a large amount of NOR could most likely be attributed to that a part of ·OH and SO4·− reacted referentially with NOR rather than EtOH. At this moment, the other radicals and h+ also made a positive contribution to the degradation of NOR.



According to the aforementioned analysis, a tentative function mechanism for the degradation of NOR in PFC/PS system was proposed and illustrated in Scheme 1. In PFC/PS system, the degradation of NOR took place both in the solution and on the surface of TiO2 nanorods. Under the irradiation of UV light, the photogenerated hole and electron separated and transferred to the surface of TiO2 nanorods (Equation (10)). Then, a portion of the photogenerated hole directly participated in the degradation reaction of adsorbed NOR on the surface of TiO2 nanorods (Equation (11)), and a portion of h+ reacted with water to produce ·OH (Equation (12)); the other part of the hole recombined with the electron inevitably. The limited quantity of h+ showed that it played a minor role in the NOR degradation. After transferring to the surface of Pt electrode from TiO2 nanorods through the external circuit, electrons effectively excited the adsorbed PS molecules to decompose and generate SO4·− (Equation (13)). Moreover, the dissolved oxygen molecules could also react with electrons to form O2·− (Equation (14)). On the one hand, the content of dissolved oxygen molecules in the solution is low and constant; on the other hand, generated O2·− could partially transformed into ·OH through the reaction with water in the solution (Equation (15)). Thus, O2·− also played a minor role in the NOR degradation. In the solution, SO4·− could also be generated via the UV light excitation of PS (Equation (16)). Under certain conditions, the transform reaction from generated SO4·− to ·OH also occurred in the solution (Equations (4) and (5)). Finally, according to the Equations (11), (17)–(21), the degradation of NOR occurred both in the solution and on the surfaces of TiO2 nanorods by the oxidation of radicals (O2·−, ·OH, SO4·−), h+, and PS.


   TiO 2     →  h v      h +    +    e −  ,  



(10)






h+ + NOR → CO2 + H2O + intermediate



(11)






H2O + h+ → ∙OH + H+,



(12)






S2O82− + e− → SO4·− + SO42−,



(13)






O2 + e− → O2∙−,



(14)






O2∙− + H2O → OH− + ∙OH,



(15)






     S 2   O 8    2 −      →  h v     2  SO 4   · −  ,  



(16)






SO4·− + NOR→ CO2 + H2O + intermediate,



(17)






O2∙− + NOR→ CO2 + H2O + intermediate,



(18)






∙OH + NOR→ CO2 + H2O + intermediate,



(19)






PS + NOR → intermediate,



(20)






Intermediate + (SO4·−, ∙OH, h+ and O2∙−) → CO2 + H2O,



(21)








2.8. NOR Degradation and Simultaneous Electricity Generation in Actual Sample


To examine the practical applicability of the PFC/PS system in real wastewater treatment, the NOR degradation experiment was also conducted in commercial norfloxacin eye-drops sample (Changchun Changqing Pharmaceutical Group Co. Ltd., Changchun, China). Prior to the degradation experiment, the eye-drops sample containing 3 mg/mL NOR was diluted into that containing 15 µg/mL NOR. Then, 0.1 M H2SO4 was used to adjust initial pH of the sample to 3. After the above pretreatment, the degradation experiment was conducted under optimal condition.



Figure 10 depicts the absorbance spectrum of pretreated eye-drops sample during the degradation process in PFC/PS. As demonstrated in Figure 10, at 0 min, the spectrum presented five absorption peaks at 209 nm, 223 nm, 277 nm, 315 nm, and 330 nm. With increasing the degradation time, the intensities of all absorption peaks decreased gradually. During the degradation process, two additional absorption peaks at 263 nm and 307 nm were appeared at different times, which may be attributed to the formation of intermediates. After 60 min degradation, all the absorption peaks had disappeared except the peak at 209 nm, implying that the chemicals in the commercial norfloxacin eye-drops almost were degraded completely. Meanwhile, 0.285 V of Voc, 0.457 mA·cm−2 of Jsc, and 0.019 mW·cm−2 of PMax were obtained in the PFC/PS system for the eye-drops sample treatment, as shown in Figure 11. The results established the high efficiency of the proposed PFC/PS system applied in the real wastewater sample.




2.9. The Stability of PFC/PS System


The stability of the PFC/PS system plays an important role in its practical application. As shown in Figure 12, after five times of continuous runs for NOR degradation in PFC/PS system under the optimal conditions, no significant loss was observed for the photocatalytic performance of PFC/PS system.





3. Experimental


3.1. Materials


Norfloxacin (NOR, 98.0%) was purchased from Aladdin Reagent Co. Ltd. (Shanghai, China). Potassium persulfate (PS, ≥99.0%) was obtained from Sigma-Aldrich (Shanghai, China). Tetra-n-butyl titanate (≥98.5%), absolute ethyl alcohol (EtOH, ≥99.7%), isopropanol (IPA, ≥99.7%), sodium sulfate (Na2SO4, ≥99.0%), disodium ethylenediamine tetraacetate (EDTA-2Na, ≥99.0%), and other reagents were purchased from Tansoole technology Co. Ltd. (Shanghai, China). All the reagents in this work were of analytical grade and used as received without further purification. Deionized water (18.25 MΩ·cm) was used throughout this work.




3.2. Preparation of TiO2 Nanorods


TiO2 nanorods were prepared using modified hydrothermal method reported previously [53]. FTO conductive glass (10 × 50 mm2, 2.2 mm thick, 7 Ω, Dalian Heptachroma Solar Tech Co. Ltd., Dalian, China) was used as the substrate of the growth of TiO2 nanorods. Prior to use, FTO substrates were dipped into absolute ethyl alcohol for 2 min to clean off adsorbed dust, followed by thorough ultrasonic degreasing in acetone, isopropanol, and absolute ethyl alcohol in turn for 30 min. Between each step, FTO was rinsed with deionized water (18.25 MΩ·cm) and dried with a nitrogen atmosphere for further use. 2 mL tetra-n-butyl titanate was added into 120 mL 6 M HCl. Then, the above solution was treated by magnetic stirring for 5 min to prepare the precursor solution. After being mixed well, 35 mL precursor solution was transferred into 50 mL sealed Teflon-lined stainless-steel autoclave and two pieces of cleaned FTO with the conductive side facing down were inserted into the precursor solution at a diagonal angle. Then, the autoclave was kept at 150 °C for 12 h. As soon as the hydrothermal reaction was over, the autoclave was quickly cooled under flowing water for 10 min. Then, FTO substrates were taken out and rinsed thoroughly with deionized water. Finally, after being dried with nitrogen gas, the substrates were annealed at 450 °C for 90 min in a muffle oven.




3.3. Characterization of TiO2 Nanorods


X-ray diffraction (XRD) patterns were performed with a Bruker D2-PHASER X-ray diffractometer (Bruker AXE, Germany) using Cu K-α radiation from 5° to 90° at a scanning speed of 0.2° S−1. The obtained XRD patterns were analyzed by MDI Jade 6.0 software. The scanning electron microscopic (SEM) images were recorded by a Hitachi SU8010 instrument (Hitachi, Japan).




3.4. NOR Degradation Experiments


The degradation experiments of NOR solutions were carried out in a glass reaction cell equipped with a quartz window. The total volume of the NOR solutions was 80 mL. Unless otherwise stated, 0.1 M Na2SO4 was chosen as a supporting electrolyte and added into the NOR solution throughout all the experiments. The initial pH and concentration of NOR solution as well as the concentration of PS used in the degradation experiments were adjusted to desired value. During the degradation process, the NOR solution was under continuous and moderate stirring. In addition, no external potential was applied.



PFC and PFC/PS system were both assembled using a conventional three-electrode configuration with a saturated calomel electrode (SCE) as the reference electrode, a platinum wire as the auxiliary electrode, and the as-prepared TiO2/FTO electrode as the working electrode, respectively. The TiO2/FTO electrode with a fixed exposed area of 2 cm2 was carefully placed at the quartz window of the glass reaction cell to ensure the UV light illumination. In order to efficiently activate PS and excite TiO2, a 15-W mercury lamp (Cnlight Co., Ltd., Guangdong, China) with 254 nm major emission wavelength was placed outside the quartz window and served as UV light source. During the working time, the distance between the UV light and TiO2/FTO electrode was fixed of 10 cm. The UV irradiation intensity of UV light on the surface of TiO2/FTO electrode is 61 µW cm−2 determined with a UV radiometer (Photoelectric Instrument Factory of Beijing Normal University, Beijing, China). The PS system was assembled in the same way, except without a three-electrode system.



During the degradation process, the samples at given intervals were taken from the reaction solution and measured at 277 nm (the maximum ultraviolet-visible (UV-vis) absorption wavelength of NOR) using UV-vis spectroscopy. The degradation efficiency could be calculated according to Equation (22):


Degradation efficiency % = (C0–Ct)/C0 × 100%,



(22)




where C0 and Ct refer to the concentration of NOR at the initial and at the sampling time t, respectively.



The current-voltage (I-V) curves of the PFC system and PFC/PS system were recorded using CHI660E electrochemical workstation (Shanghai Chenhua Instrument Co. Ltd., Shanghai, China). The linear sweep voltammetry (LSV) with a scan rate of 5 mV·S−1 was used as testing technique. The power output density (P-V) curves were obtained by plotting the power density (V × I/A) versus the voltage (V), where A represents the geometric area of TiO2/FTO electrode.



TOC changes of the NOR samples under the optimal degradation conditions in PFC/PS system were recorded using a vario TOC analyzer (Elementar, Langenselbold, Germany). Moreover, the TOC removal efficiency could also be calculated by Equation (1). At this point, C0 and Ct in Equation (1) represent the TOC concentration of NOR solution at initial and at the sampling time t, respectively.



All the UV-vis data in this work were obtained by using a L9 UV-vis Spectrophotometer (INESA Scientific Instrument Co. Ltd., Shanghai, China). The UV-vis absorption spectra were collected by UVwin8 software.



All the experiments were repeated at least three times to check their reproducibility.





4. Conclusions


In this work, a synergistic PFC/PS system was successfully established by adding PS into the PFC system. SEM and XRD analyses confirmed that the prepared photoanode contained TiO2 nanorods with a 3 µm length and a 200 nm edge length of square top facets. In the coupling PFC/PS system, the electricity generation was nearly doubled compared to the conventional PFC system. Moreover, the NOR degradation reached 98.10% and the corresponding apparent rate constant was 6.69 × 10−2 min−1 after 60 min operation in PFC/PS system. At an initial solution pH of 3.0, NOR degraded with the fastest rate. Furthermore, the higher concentration of PS and lower concentration of NOR resulted in a higher degradation efficiency of NOR in the PFC/PS system. Moreover, the radical trapping experiments demonstrated that SO4·− was the most dominant radical, while ·OH was the second most dominant radical. O2·− and h+ also played a relatively minor role in the NOR degradation. A tentative function mechanism was proposed according to the analyses of radical trapping experiments results. The TOC removal indicated the high mineralization though existing hysteresis. Additionally, the successful degradation and electricity generation in the commercial NOR eye-drops sample suggested that the proposed PFC/PS system is promising to simultaneously be applied in real wastewater for organic matter degradation and electricity generation.
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Figure 1. X-ray diffraction (XRD) patterns of Fluorine-doped tin oxide (FTO) (a), TiO2/FTO before anneal (b) and TiO2/FTO after anneal (c). 
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Figure 2. Scanning electron microscopy (SEM) images of as-prepared TiO2 photoanode. The micro scale (a) and nano scale (b) top view, cross-sectional view (c), and partially enlarged cross-sectional view (d). 
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Figure 3. Degredation efficiency of 10 mg/L norfloxacin (NOR) in photocatalytic fuel cell (PFC), persulfate (PS), and PFC/PS system under ultraviolet (UV) light irradiation (a) and its pseudo first-order kinetic fit (b). Experimental conditions: pH = 3.0, [PS] = 3 mM, and electrolyte: 0.1 M Na2SO4. 
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Figure 4. The current-voltage (I-V) characteristic curves (a) and the corresponding power density curves (b) of the PFC and PFC/PS systems. Experimental conditions: pH = 3.0, [NOR] = 10 mg/L, [PS] = 3 mM, and electrolyte: 0.1 M Na2SO4. 
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Figure 5. Effect of initial solution pH on degradation efficiency of NOR (a) and the corresponding pseudo first-order kinetics (b). Experimental conditions: [NOR] = 10 mg/L, [PS] = 2 mM, and electrolyte: 0.1 M Na2SO4. 
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Figure 6. Effect of PS concentration on degradation efficiency of NOR (a) and the corresponding pseudo first-order kinetics fitting (b). Experimental conditions: [NOR] = 10 mg/L, pH = 3, and electrolyte: 0.1 M Na2SO4. 
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Figure 7. Effect of initial NOR concentration on the degradation efficiency of NOR (a) and the corresponding pseudo first-order kinetics fitting (b). Experimental conditions: [PS] = 3 mM, pH = 3, and electrolyte: 0.1 M Na2SO4. 
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Figure 8. The degradation efficiency and the total organic carbon (TOC) removal efficiency of NOR with 10 mg/L initial concentration in PFC/PS system. Experimental conditions: [PS] = 3 mM, pH = 3, and electrolyte: 0.1 M Na2SO4. 
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Figure 9. Effect of different reactive radical species on the degradation efficiency of NOR with 10 mg/L initial concentration in PFC/PS system. Experimental conditions: [EtOH] = [IPA] = 0.3 M, [EDTA-2Na] = 4mM, [PS] = 3 mM, pH = 3, and electrolyte: 0.1 M Na2SO4. 
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Scheme 1. Schematic illustration of PS activation, radicals’ generation, and NOR degradation pathway in PFC/PS system. 
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Figure 10. Time course (0, 10, 20, 30, 40, 50, and 60 min) absorbance spectrum of pretreated eye-drops sample during the degradation process in PFC/PS. Experimental conditions: [PS] = 3 mM, pH = 3, and electrolyte: 0.1 M Na2SO4. 
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Figure 11. Electricity generation of PFC/PS system for the eye-drops sample treatment. Experimental conditions: [PS] = 3 mM, pH = 3, and electrolyte: 0.1 M Na2SO4. 
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Figure 12. The stability of the PFC/PS system for the degradation of NOR with 10 mg/L initial concentration under optimal conditions. 
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Table 1. The kinetic parameters of norfloxacin (NOR) degradation in different systems.






Table 1. The kinetic parameters of norfloxacin (NOR) degradation in different systems.





	Process
	Apparent Rate Constant, k (min−1)
	R2





	Photocatalytic fuel cell (PFC)
	1.40 × 10−3
	0.9821



	Persulfate (PS)
	2.44 × 10−2
	0.9654



	PFC/PS
	6.69 × 10−2
	0.9962
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Table 2. The kinetic parameters of NOR degradation at different initial pH values.






Table 2. The kinetic parameters of NOR degradation at different initial pH values.





	Initial pH value
	Apparent Rate Constant, k (min−1)
	R2





	pH = 1
	3.96 × 10−2
	0.9259



	pH = 3
	5.64 × 10−2
	0.9908



	pH = 5
	4.79 × 10−2
	0.9863



	pH = 7
	4.10 × 10−2
	0.9782



	pH = 9
	3.56 × 10−2
	0.9947



	pH = 11
	2.99 × 10−2
	0.9957
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Table 3. The kinetic parameters of NOR degradation at different PS concentrations.






Table 3. The kinetic parameters of NOR degradation at different PS concentrations.





	PS Concentration (mM)
	Apparent Rate Constant, k (min−1)
	R2





	0.1
	1.28 × 10−2
	0.9850



	0.5
	2.57 × 10−2
	0.9716



	1.0
	3.10 × 10−2
	0.9509



	3.0
	6.69 × 10−2
	0.9962



	4.0
	6.95 × 10−2
	0.9703
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Table 4. The kinetic parameters of NOR degradation at different initial NOR concentrations.






Table 4. The kinetic parameters of NOR degradation at different initial NOR concentrations.





	Process, CNOR/(mg/L)
	Apparent Rate Constant, k(min−1)
	R2





	10
	6.69 × 10−2
	0.9962



	30
	2.22 × 10−2
	0.9986



	50
	1.28 × 10−2
	0.9988



	100
	6.00 × 10−3
	0.9971



	200
	2.70 × 10−3
	0.9243











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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