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Abstract

:

The threat of antibiotic resistance to the wellbeing of societies is well established. Urban wastewater treatment plants (UWTPs) are recognised sources for antibiotic resistance dissemination in the environment. Herein a novel cerium-doped zinc oxide (Ce-ZnO) photocatalyst is compared to ZnO and the benchmark TiO2-P25 in the immobilised form on a metallic support, to evaluate a photocatalytic process as a possible tertiary treatment in UWTPs. The catalysts were compared for the removal of two antibiotics, trimethoprim (TMP) and sulfamethoxazole (SMX), and for the inactivation of Escherichia coli (E. coli) strain DH5-Alpha in isotonic sodium chloride solution and of autochthonous bacteria in real secondary wastewater. In real wastewater, E. coli and other coliforms were monitored, as well as the respective fractions resistant to ofloxacin and azithromycin. In parallel, Pseudomonas aeruginosa and the respective sub-population resistant to ofloxacin or ciprofloxacin were also monitored. Photocatalysis with both ZnO and Ce-ZnO was faster than using TiO2-P25 at degrading the antibiotics, with Ce-ZnO the fastest against SMX but slower than undoped ZnO in the removal of TMP. Ce-ZnO catalyst reuse in the immobilised form produced somewhat slower kinetics maintained >50% of the initial activity, even after five cycles of use. Approximately 3 log10 inactivation of E. coli in isotonic sodium chloride water was recorded with reproducible results. In the removal of autochthonous bacteria in real wastewater, Ce-ZnO performed better (more than 2 log values higher) than TiO2-P25. In all cases, E. coli and other coliforms, including their resistant subpopulations, were inactivated at a higher rate than P. aeruginosa. With short reaction times no evidence for enrichment of resistance was observed, yet with extended reaction times low levels of bacterial loads were not further inactivated. Overall, Ce-ZnO is an easy and cheap photocatalyst to produce and immobilise and the one that showed higher activity than the industry standard TiO2-P25 against the tested antibiotics and bacteria, including antibiotic-resistant bacteria.
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1. Introduction


The efficacy of antibiotics in treating bacterial infections is dwindling due to an increase in antibiotic resistance (AR). Nowadays, the threat of AR to the health, wellbeing and economy are well recognised, which in the future may represent a global problem with hundreds of thousands of people dying from resistant pathogens and billions of dollars in economic losses [1].



Antibiotic resistance is not confined to the clinical setting. Regarding environmental compartments, urban wastewater treatment plants (UWTPs) are well established as point sources for the spread and release of antibiotics, antibiotic-resistant bacteria (ARB) and antibiotic resistant genes into the environment [2]. Despite this, there are many knowledge gaps pertaining both to environmental dissemination of AR after wastewater discharge [3,4] and to treatment technologies that are correlated with low AR prevalence [5], i.e., those feasible to be engineered with the aim of mitigating AR release.



The concern is that the environmental resistome acts as a source of AR to the clinical resistome [6], and a higher prevalence of resistance in the environment, which is due to anthropogenic action, implies a higher risk of transfer to the clinical settings. This concern is further compounded by the projected increase in water stress due to climate change and population growth [7]. Water reuse, especially for agricultural irrigation, is considered as a necessary approach for future water management and is actively promoted by the European Commission [8,9]. While current UWTPs may include a disinfection step to meet regulations dealing with bacterial load before discharge or reuse, they are not designed to specifically tackle the AR problem. Since AR mitigation is not a direct target of wastewater treatment, there is a possibility that treatment while promoting the reduction of AR does not guarantee the adequate reduction of the relative abundance of AR [10].



Chlorination, the most widely applied disinfection treatment in UWTPs, and UVC disinfection have been both linked to an increase in prevalence of AR [10,11,12]. Ozonation, which is considered as the treatment of choice to meet newer strict regulatory requirements in terms of micropollutant emissions, has also been associated with AR prevalence increase [13]. A potential alternative treatment process to current technologies is heterogeneous photocatalysis (HPC), an advanced oxidation process (AOP) which can oxidise a wide range of chemical contaminants, as well as inactivate microorganisms due to the formation of different radical species [14,15]. While also being an oxidative process, HPC is not associated with the formation of toxic disinfection by-products, such as is the case for chlorination [16] and ozonation [17]. The use of HPC at real scale has, however, been limited by its cost and the lack of more stringent regulations on the quality of UWTP effluents to address new challenges (such as the removal of contaminants of emerging concern). With more stringent regulations, HPC could be possibly regarded as an economically feasible and competitive technology when compared to consolidated tertiary treatment technologies [18].



Photocatalyst immobilisation, i.e., having the photocatalyst on a support as opposed to a powder in suspension, has been previously proposed by a number of authors [19,20,21]. Immobilisation has been suggested to not negatively affect bacterial inactivation rates cf. suspension, since any lower activity due to immobilisation is compensated by the activity being concentrated on a smaller area of the bacteria cell wall, which results in reaching the inactivation threshold earlier [21,22]. However, the majority of published articles dealing with immobilised photocatalysts are focused on TiO2. Other photocatalysts, such as ZnO, are less reported in the literature [23,24,25].



In an effort to develop a photocatalytic reactor, which is feasible for large scale wastewater tertiary treatment, a ZnO-based catalyst doped with cerium was previously optimised [26]. To reduce operating costs associated with having the catalyst in powder form (such as agitation needed to keep the catalyst in suspension, requirement of catalyst recovery and its partial loss with the effluent), the photocatalyst is herein immobilised on a mechanically-treated stainless steel surface with a silica interlayer. The photocatalytic activity of the immobilised cerium-doped ZnO catalyst (Ce-ZnO) is investigated for the possible development of a tertiary treatment of urban wastewater in the oxidation of chemical species (antibiotics) and inactivation of bacteria, including specifically putative antibiotic-resistant bacteria. The target antibiotics were previously prioritised as model antibiotics within the ANSWER project (H2020-MSCA-ITN-2015 number 675530) and NEREUS COST Action (Cost Action ES1403). The prioritisation, amongst other parameters, is based on their potential for crop uptake, persistence and widespread use [27]. Specifically, the photocatalytic degradation of trimethoprim (TMP) and sulfamethoxazole (SMX) in pure water was studied, as well as the wastewater autochthonous resistance of coliforms and Pseudomonas aeruginosa to ofloxacin, azithromycin, or ciprofloxacin. It is worth mentioning that doped and undoped ZnO were directly benchmarked against TiO2-P25. Finally, to the authors´ knowledge, there is no application available in the scientific literature of immobilised ZnO-based catalysts against antibiotic-resistant bacteria.




2. Results and Discussion


2.1. Photocatalyst Immobilisation and Characterisation


The outlined procedure was successful in producing a coating that did not flake off when submerged in water and produced discs that were reusable without any recovery steps. The silica interlayer deposition and corresponding light microscope magnification is shown in Figure 1A, whereas Figure 1B shows the photocatalyst coated on the interlayer.



XRD patterns obtained for the SiO2 disc, 304SS (steel substrate), Ce-ZnO disc and Ce-ZnO powder are shown in Figure 2.



The uncoated metal disc, referred to as 304 SS, shows signals at 2ϴ of about 43°, 45°, 51° and 75° due to the steel crystalline structure [28,29,30]. The Ce-ZnO disc additionally presented all the diffraction peaks observed for Ce-ZnO powder (2ϴ at 31.7°, 34.4°, 36.2°, 47.7°, 56.5°, 62.7°, 68.4° corresponding to (100), (002), (101), (102), (110), (103) and (112) planes, respectively) due to the typical hexagonal wurtzite structure of ZnO [26]. This confirms that the coating of the steel surface by Ce-ZnO particles was in fact cerium-doped ZnO. This very simple method of coating has the potential to reduce operating costs of photocatalytic systems, namely by extending the usability of the catalyst and by not requiring post-treatment steps to separate the photocatalyst from the tertiary treated wastewater.




2.2. Photocatalytic Degradation of Antibiotics


The three immobilised photocatalysts were effective in degrading the investigated antibiotics. Figure 3 shows the linear fit corresponding to pseudo-first-order reaction kinetics. Statistics (standard error and R2) and kinetic parameters (pseudo first-order rate constant (k) and half-life time (t1/2)) are included in Table 1.



The contribution of adsorption process to SMX and TMP removals accounted for less than 10% for all the photocatalysts investigated. SMX was less persistent than TMP, all three photocatalysts degrading SMX faster than TMP. Among the different photocatalysts, the slowest removal for both antibiotics was obtained with TiO2-P25. Ce-ZnO performed better than undoped ZnO in the removal of SMX, but the opposite was observed for TMP.



The experimentally measured hydroxyl radical rate constant (logkOH) with SMX is 9.76 [31] while that for TMP is 9.84 [32]. Thus, if the reaction was exclusively based on free-form hydroxyl radicals, the competitive kinetics would dictate a degradation rate of SMX being approx. 84% of the rate for TMP. The discrepancy (i.e., the fact that TMP was not degraded faster than SMX with both photocatalysts) implies that other processes and reactions, apart from hydroxyl radical-induced oxidation, are involved. The other reactive processes taking place could range from oxidation with other reactive oxygen species and/or direct reactions on the catalyst surface [33]. These reactions would be affected by the adsorption of specific compounds on the immobilised catalyst, including transformation products. Reactions on the photocatalytic surface would also explain why one catalyst is not the most effective at degrading both antibiotics. The different chemical structures result in different adsorption affinities and hence imply less probable reaction at the surface and slower removal rate. Thus, while efficiency in generation of reactive oxygen species (ROS) is of high importance in determining the efficacy of the photocatalysts, it is not the sole substantial contributor.



Reusability tests were also conducted with the Ce-ZnO coated disc (Figure 4 and Figure 5 for SMX and TMP, respectively). No cleaning steps were undertaken, the disc was simply dried at 80 °C for 30 min and stored before the next experiment when it was reused. In the case of SMX (Figure 4), a partial drop in the removal rate (and respective pseudo first-order reaction rate constant) took place after the first use, but no major differences were observed from the second to the last (i.e., fifth) reutilization.



Regarding TMP (Figure 5), a more gradual decrease in the catalytic activity was observed when the catalyst was reused. However, no flaking-off of the catalyst from the disc into suspension was observed with the naked eye. ZnO photochemical corrosion was also not an issue as is expected in aqueous media close to neutral pH [34]. The reuse of photocatalysts, albeit not the specific cerium-doped ZnO used herein, was studied before in several reports. For instance, in a previously published work, although powder titania was reused in industrial dyes photocatalytic degradation tests, a decrease in performance was not observed [35]. In the same study, a negligible increase in the rate of removal of the dye at catalyst loads higher than 0.5 g/L was observed but the reuse at these lower catalyst loads was not investigated. The high catalyst load investigated as well as the fact that no rate increase above 0.5 g/L loadings was observed, suggest that catalyst poisoning could still be taking place, but its activity is taken up bythe excess photocatalyst that was not being utilised at peak performance. Similarly, Rao et al. [36] reported no decrease in removal rates of salicylic acid with a high suspended catalyst load of 2 g/L, but only up to five reuse cycles after which a decrease in activity was reported. This supports the possibility that catalyst poisoning is taking place and being replaced by the unexploited excess. Fernández-Ibáñez et al. [37] reused two types of titania under solar illumination and at a suspended catalyst load of 0.2 g/L. At this much lower catalyst load, both catalysts gave decreasing removal rates with reuses, with one of the catalysts showing higher susceptibility to catalyst poisoning. ZnO reuse in powdered form was investigated by Chakrabarti and Dutta [38], which also showed major decreases in the removal rate (21% and 23% cf. 39% with the unused catalyst). At a moderately high catalyst load of 1.25 g/L, a low level of reduction in removal rates of methyl orange was observed for a glycerol scaffold-synthesised ZnO catalyst and somewhat higher reduction for TiO2-P25 [39]. Photocatalysts in the immobilised form are far less common in the literature, and many reports dealing with TiO2 and ZnO immobilization do not report reuse efficiency of the immobilised photocatalyst [23,40,41,42,43], despite reusability being one of the main advantages of immobilised HPC over suspension based one [43]. Lalhriatpuia et al. [44] reported encouraging results of reusability of immobilised titania. This catalyst used five times against tetracycline and diclofenac showed minor reduction in removal rates for the former compound and low reduction of activity for the latter compound. The variation of the reactions rates with reuses, apart from initial catalyst load, are also dependent on the compound of interest. It is presumed that a compound that produces reaction products that have a higher affinity to the catalyst or absorb UV radiation to a higher extent will interfere with the photocatalytic process to a higher degree, thus resulting in a larger decrease in reaction rate with reuse cycles [45].



Outside the field of environmental catalysis, ZnO and other catalysts are used in organic synthesis for oxidation reactions, albeit their use is less widespread than in environmental remediation [46]. For ZnO as a classical chemical catalyst, it was observed that a simple ZnO washing with dichloromethane was sufficient to remove interfering agents, avoiding the decrease in the reaction rate with consecutive reuses [47]. For large scale application, keeping green chemistry principles in mind, a non-chlorinated and hence greener solvent might also be suitable for catalyst regeneration, which would not be too laboursome if the catalyst is immobilised on a metallic surface, since plastic surfaces might not be compatible with many solvents.




2.3. Photocatalytic Inactivation of E. coli in Isotonic Saline Solution


The HPC treatment using the immobilised Ce-ZnO catalyst was also effective in the inactivation of E. coli in saline water (0.85% NaCl). As expected, the higher initial cell density (Figure 6 series A) needed longer reaction times for inactivation. Bacterial inactivation takes place via peroxidation of the bacteria’s cell walls at multiple points [48]. With higher bacterial density, at the same catalyst availability, the threshold needed for cell inactivation is thus reached after a longer period of time. In order to test the reproducibility of the entire process from coating to inactivation, two different fresh discs were tested for E. coli inactivation at lower initial cell density. The results (Figure 6, series B1 and B2) show identical inactivation profiles demonstrating the reproducibility of the method of coating and use. A dark control, i.e., a measurement of inactivation with the coated disc without UV irradiation produced no inactivation after 120 min and less than 1 log unit after 210 min. This confirms that the activity in the coated form is via photocatalysis.



Rigorous comparisons with literature are not possible due to the fact that UV intensities, bacterial loads and other conditions vary widely. Keeping these differences in mind, comparing immobilised catalysts from literature is still useful in elucidating promising steps for application. Guz et al. [23] used ZnO nanorods immobilised on polyethylene terephthalate and a 300 W UVA lamp (cf. 36 W used herein) and a bacterial density of 108 CFU/mL in 50 mL of water. Under these conditions, a reduction of 7 log units was reported after 90 min. Since the work herein aims to be a proof of concept, the UVA intensity was not optimised for maximum inactivation but was chosen to evaluate the differences in catalyst activity. Guz et al. [23] work suggests that the UV intensity in this study (from the two 36 W lamps) is nowhere close to saturation for activity and technology upscale should find the best economic balance between the residence time in the reactor and UV power usage. Makwana et al. [49] synthesised TiO2 wafers and TiO2-WO3 composites for the inactivation of E. coli in 60 mL of isotonic saline solution using a 75 W xenon lamp. Keeping in mind that the light intensity is higher and the volume of water is much lower (60 mL), their results are highly encouraging as 4 log units of bacteria were inactivated within 25–30 min.




2.4. Photocatalytic Wastewater Disinfection


The effectiveness of immobilised Ce-ZnO photocatalytic reactor in real wastewater disinfection was also investigated. In particular, the effect on autochthonous bacteria, specifically on antibiotic resistant coliforms and P. aeruginosa, and possible enrichment of resistance prevalence (i.e., the change of the ratio of resistant bacteria over total bacteria) were evaluated. This assessment was benchmarked against the TiO2-P25 standard photocatalyst immobilised as previously explained. WW1 and WW2 correspond to wastewater samples collected at different times. Aiming at adequate control measurements, the comparison of the performance of Ce-ZnO and TiO2-P25 catalysts was studied using different aliquots of the same wastewater sample identified in figures as WW2.



Ce-ZnO was effective at inactivating indigenous E. coli, other coliforms and P. aeruginosa, as presumptively identified on the respective selective and differential culture media. In all assays, E. coli and other coliforms reached lower abundance and were inactivated faster than presumptive P. aeruginosa (Figure 7 and Figure 8). In the best case, using Ce-ZnO and WW2, the load of E. coli was below the LOQ (0.5 CFU/mL) after 180 min, other coliforms in the same experimental run were at higher levels throughout.



In the HPC assays using immobilised titania disc, inactivation of autochthonous was orders of magnitude lower than with the Ce-ZnO disc when the same wastewater (WW2) was used (Figure 7 and Figure 8). These results are consistent with those achieved for the antibiotics (Figure 3), where removal was considerably slower with titania than with Ce-ZnO. The higher activity of Ce-ZnO could be expected considering the results obtained with the antibiotics. Photocatalysts that are more efficient in generating ROS (including HO●) will be more effective on treating both chemical species (such as the antibiotics) and biological structures (such as bacterial cell walls) [50]. However, the orders of magnitude differences are not explained simply by the generation of a higher number of radicals because the removal of both antibiotics was not faster to the same extent. The removal of bacteria may be faster with Ce-ZnO because Ce3+ is inserted in the lattice of ZnO replacing a Zn2+ ion, thus resulting in a positively-charged surface that attracts Gram-negative bacterial cell walls, which are generally negatively charged [51].



Adán et al. [21] immobilised TiO2-P25 on glass rings and used it for the inactivation of E. coli and a genus of amoebae in distilled water and synthetic wastewater. As expected, and as the results demonstrated, the inactivation of the bacteria in distilled water was faster than that in wastewater. This can be explained due to presence of other species in the wastewater competing with the pollutants of interest in this study.



In parallel to the determination of the inactivation of bacteria by photocatalysis, the inactivation of the antibiotic resistant fraction of their respective populations was measured using cultivation methods. All the analysed groups were partially inactivated after 180 min exposure.



The treatment with both photocatalysts was efficient on the susceptible and resistant fractions of the populations. Ofloxacin resistant coliforms (Figure 9a,c) were below the limit of quantification by 180 min with Ce-ZnO but not with the titania-based disc (Figure 9e). As the effect on P. aeruginosa is of concern, the Ce-ZnO photocatalytic process did not substantially affect bacterial loads after 180 min of treatment in WW1 (Figure 9b) and the same was observed for WW2 (Figure 9d) after 90 min, longer treatment times resulting in very low densities of the resistant fractions. Possibly, at lower bacterial densities, other competing species severely outnumbered bacterial biomass and, thus, acted as quenchers for the reaction, resulting in the repair mechanisms of these bacteria outpacing the rate of damage [52]. A higher UV intensity, i.e., one that would be more realistic in real conditions, could potentially overcome this issue. Other options include increasing the coated surface area in contact with water or adding an additional oxidant to kill off the remaining low levels of bacteria.



It is noteworthy that despite the lower quantity of total and antibiotic resistant P. aeruginosa after Ce-ZnO photocatalytic treatment compared to that using TiO2, OFL resistant P. aeruginosa increased in prevalence between 360 min and 450 min (Figure 9b). This was not observed with TiO2 possibly due to the fact that at the same conditions titania was slower at inactivating bacteria and did not reach the low bacterial loads reached with Ce-ZnO. In the experiments conducted with TiO2 and Ce-ZnO as catalysts, and using the same wastewater to compare the efficiency of these catalysts, Ce-ZnO gave lower ranges of prevalence of resistance for E. coli and other coliforms after 90 min (Table 2). As for titania, the changes are less drastic after 90 min of photocatalytic treatment.





3. Materials and Methods


3.1. Wastewater Samples


Wastewater was collected from the secondary clarifier of an UWTP in Northern Portugal. Two wastewater samples were taken and identified as WW1 having a dissolved organic carbon (DOC) of 20.6 mg/L and WW2 with a DOC of 34.6 mg/L. Wastewater UV-VIS absorption spectra are reported as Figure S1 in Supplementary Information (SI), while other monthly parameters as provided by the UWTP manager, are shown in Table 3.




3.2. Photocatalyst Synthesis, Immobilisation and Characterisation


Circular discs made of 304 grade stainless steel were mechanically treated with aluminium oxide sand paper of girt P60 to increase the surface roughness, followed by sonication in acetone for 15 min to remove any surface lubricants from the cutting process. After cleaning and drying, the discs were heated at 400 °C for 1 h to induce a slight surface oxidation.



Following mechanical treatment, a silica interlayer was deposited on the discs. A two-step procedure proposed by Schaefer and Keefer [53] was used. Tetraethyl orthosilicate (TEOS), propan-2-ol and water were mixed together in a 1:3:1 mole ratio and heated to 60 °C. A volume corresponding to 0.7 millimoles of hydrochloric acid (HCl) was added per mole of water and the mixture left stirring for 1.5 h at 60 °C. After 1.5 hrs of stirring, 11 mole parts of water and 0.0043 mole parts of HCl, giving a pH of 2–3, were added and left stirring overnight. The mixture was then sprayed directly on a warmed disc multiple times, with intervals to allow evaporation of the mixture. After drying, the discs were calcined at 400 °C for 1 h with a ramp of 2 °C/min and passive cooling.



Ce-ZnO at 0.04:1 Ce:Zn atom-to atom ratio was prepared via the hydroxide induced hydrolysis method, as previously published [26]. Briefly, 16.8 millimoles of zinc nitrate (Sigma Aldrich, St. Louis MI, USA, >99% purum) and 0.67 millimoles of cerium (III) nitrate (Alfa Aesar, Haverhill, MA, USA, 99.5%) were dissolved in 75 mL of water under stirring. Separately, 55 millimoles of sodium hydroxide (JMGS LDA) were dissolved in 25 mL of water. Under vigorous stirring, the basic solution was added dropwise to the aqueous mixture of Ce(III) and Zn(II) salts. The hydroxide precipitate was centrifuged at 5000× g for 5 min and washed twice with 100 mL of water. Coating was carried out by re-suspending the hydroxide precipitate that was formed under sonication for 5 min, and aerosol sprayed directly on a warmed disc previously coated with the silica interlayer and then calcined at 300 °C for 1 h with a ramp of 2 °C/min and passive cooling, giving a white coat of cerium-doped ZnO.



For comparison, discs were also coated with undoped ZnO and TiO2-P25, the latter being the standard photocatalyst in the literature. The pre-treatment and interlayer coating were identical to the coating procedure used for Ce-ZnO. The only difference was that no cerium salt was added prior to hydroxide precipitation when preparing undoped ZnO. In the case of TiO2-P25, it was sprayed directly onto the disc from a 1% TiO2-P25 aqueous suspension, followed by the same thermal treatment.



The silica interlayer as well as the Ce-ZnO coatings were characterised directly on stainless steel, by X-ray diffraction (XRD) analysis carried out on Brucker D8 diffractometer, with a scan rate equal to 0.05 °/s.




3.3. Photocatalytic Experiments


The photocatalytic degradation of SMX and TMP in pure water was studied using three immobilised catalysts (i.e., Ce-ZnO, undoped ZnO and TiO2-P25). For antibiotic removal, each catalyst was immobilised on 11.5 cm diameter (area = 104 cm2) discs. Both antibiotics were at >98% purity and purchased from Sigma-Aldrich. A stock solution at 0.25 mM of each antibiotic in methanol was prepared and stored at 4 °C protected from light. Prior to each experiment, the stock solution was warmed to room temperature and homogenised. A volume of 1 mL of stock solution was accurately pipetted to a 1 L volumetric flask. Methanol was removed with a gentle flow of dry nitrogen gas until all of the liquid evaporated. Then, the volumetric flask was filled up with 1 L of Milli-Q water and sonicated to re-dissolve the antibiotics. The final concentration of each antibiotic was 0.25 µM (SMX = 6.332 µg/L and TMP = 7.258 µg/L). The pH values of SMX and TMP aqueous solutions were 6.28 and 6.19, respectively; the pH of the mixture (TMP + SMX) being 6.22. The aqueous solution of antibiotics was then placed in a round borosilicate glass container with a diameter of 18 cm and a water height of 4 cm, which was magnetically stirred and surrounded by an external water jacket to maintain the reaction temperature at about 25 °C. Each experimental test involved a 60 min dark phase for adsorption equilibrium to be reached. Following this, UVA irradiation was supplied from a distance of 10 cm from the base by two Osram Dulux® L BL UVA 18W/78 (spectrum in Figure S2) with an Osram Quicktronic Professional® Optimal QTP-OPTIMAL 2X18-40 ballast. A low UVA intensity was used to allow for a more gradual decay of analytes which makes it easier to elucidate differences between the tested catalysts.



The coating efficacy and stability of the Ce-ZnO disc was also tested by reusing the same Ce-ZnO disc for five times without chemical regeneration. The disc was only dried at 80 °C for about 0.5 h between each reuse cycle.



Separately, the applicability of the immobilised Ce-ZnO catalyst in the photocatalytic inactivation of Escherichia coli (DH5-Alpha kindly supplied by C. Merlin LCPM/Université de Lorraine CNRS) in isotonic sodium chloride solution was also investigated. The light source was identical but a larger 22 cm diameter (area = 380 cm2) 304 stainless steel disc, coated as previously detailed, was used for inactivation experiments, using 1 L of 0.85% NaCl in a 260 mm diameter container with overhead stirring and external circulating water bath for thermoregulation.



Fresh LB agar cultures of E. coli were suspended in saline solution to reach an optical density of 1.0 at 610 nm. A total of three inactivation experiments were carried out, two with an initial cell density of 105 CFU/mL (spiking 0.1 mL of 1.0 OD610 stock) and another with an initial density of 106 CFU/mL (spiking 1.0 mL of 1.0 OD610 stock).



Disinfection photocatalytic tests with secondary treated wastewater were performed through previously unused stainless-steel discs with immobilised Ce-ZnO and TiO2-P25. Due to the high UVA absorption of the wastewaters to be disinfected (Figure S1), a lower water volume (750 mL) was used in these disinfection experiments, to reduce the water depth and hence the absorption of UVA by the column of wastewater between the light source and the immobilised catalyst.




3.4. Bacterial Count


For experimental assays with spiked E. coli, colonies were enumerated on plate count agar (PCA, Merck, Darmstadt, Germany) incubated for 24 h at 37 °C. For experiments with real wastewater, autochthonous bacteria were also enumerated to putatively assess the prevalence of AR, as previously described in the scientific literature [54,55,56,57,58]. Two selective media were used, the Chromogenic Coliform Agar (referred to as CCA) for quantification of E. coli and other coliforms; and 0.3% Cetrimide Agar (referred to as CET) with 15 µg/mL of nalidixic acid for quantification of Pseudomonas aeruginosa [59]. For CCA, plates with two antibiotics, ofloxacin (8 µg/mL) or azithromycin (32 µg/mL) were used. For CET again two antibiotics were used, ofloxacin (8 µg/mL) or ciprofloxacin (1 µg/mL). The concentrations of antibiotics for CCA were as per CLSI guidelines for Enterobacteriaceae [60]. For CET, antibiotic concentrations of ofloxacin were again as per CLSI guidelines for Pseudomonas aeruginosa while for ciprofloxacin a more environmentally relevant cut-off concentration (1 µg/mL) for resistance, which also has been previously reported, was chosen instead [61,62]. Resistance was estimated based on the ratio of the number of colonies enumerated in the presence of an antibiotic to the enumeration in its absence, using the equation below:


resistance fraction of bacterial population=colonies on antibiotic spiked agarcolonies on agar without antibiotic



(1)







Enumeration of the bacteria in wastewater was performed by the membrane filtration method, using 0.45 µm membranes and incubating at 37 °C for 24 h. E. coli and other coliforms were differentiated by the colour of the colonies (blue for E. coli and pink for other coliforms) grown on CCA as per manufacturer’s instructions.




3.5. Analytical Measurements


Antibiotic degradation was analysed in triplicate using an ultra-high performance liquid chromatography with tandem Mass Spectrometry (UHPLC-MS/MS), using a Shimadzu Corporation apparatus (Kyoto, Japan) consisting of a Nexera UHPLC equipment coupled to a triple quadrupole mass spectrometer (Ultra Fast Mass Spectrometry series LCMS-8040), with an ESI source operating in both positive and negative ionisation modes. A Kinetex™ 1.7 µm XB-C18 100 Å column (100 × 2.1 mm i.d.) (Phenomenex, Inc., Torrance, CA, USA) was employed for chromatographic separation under isocratic mode, using a mixture (1:4, v/v) of an aqueous solution of 0.1% formic acid (Fisher Scientific, Loughborough, UK) and a solution of methanol and acetonitrile (1:1, v/v) (both MS grade VWR International Fontenay-sous-Bois, France), at a flow rate of 0.20 mL/min.



Column oven and autosampler temperatures were set at 35 °C and 4 °C, respectively. The injection volume was 10 µL. Selected reaction monitoring (SRM) was performed for analysis, evaluating the two SRM transitions between the precursor ion and the two most abundant fragment ions for each compound, with a scan time of 100 ms per transition, being the SRM between the precursor ion and the most abundant fragment ion used for quantification and the second most abundant for confirmation purposes (Table S1). The collision induced dissociation gas (CID) was argon at 230 kPa. The drying gas and nebulizing gas flows, capillary voltage, desolvation and source temperatures were respectively: 15 L/min, 3.0 L/min; 4.5 kV, 400 °C and 250 °C. Removal values were expressed as ratios of the area after 60 min of dark phase over area at time of sampling.



DOC measurements were conducted using a Shimadzu TOC-L analyser, after filtering the samples.





4. Conclusions


A simple and low-cost method was used to synthesise cerium-doped zinc oxide (Ce-ZnO) and immobilise it on ordinary 304 stainless steel discs by aerosol spraying of the hydroxide precursor suspension on the pre-treated metal. The comparison of Ce-ZnO, undoped ZnO and the benchmarking standard TiO2-P25 photocatalyst for the degradation of two selected antibiotics (SMX and TMP) showed that the slowest removal rate is obtained with TiO2-P25, while Ce-ZnO was the most active at removing SMX and undoped ZnO more active at removing TMP. The immobilised catalyst was easy to reuse and a Ce-ZnO coated disc was used in five consecutive runs. The system was also tested against spiked E. coli in isotonic saline solution where it was also active, differently coated discs revealing consistent inactivation kinetics, reinforcing the robustness of the facile coating procedure. Dark controls gave only negligible inactivation. Finally, the immobilised Ce-ZnO catalyst was used for the disinfection of real secondary treated wastewater, including the inactivation of antibiotic-resistant bacteria, and a direct comparison with immobilised TiO2-P25 was also performed. Ce-ZnO was around two-orders of magnitude faster than TiO2-P25 in the inactivation of indigenous bacteria. With short reaction times, no evidence for enrichment of resistance was observed. However, with extended reaction times, low levels of bacterial loads were not further inactivated, suggesting that a higher UV intensity or an additional oxidant is required to reach even lower levels of bacterial density.
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Figure 1. (A) Disc after silica interlayer coating and (B) after Ce-ZnO coating—both with optical microscopy images inset. 
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Figure 2. XRD patterns of SiO2 disc, 304SS (bare metal disc), Ce-ZnO disc and Ce-ZnO powder. 
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Figure 3. Pseudo first-order plots for the degradation of SMX and TMP with immobilised catalysts. 
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Figure 4. Reusability tests: pseudo first-order reaction rate constants for SMX experiments (i.e., the same coated disc was reused with 1 L of spiked water and 36 W UVA). 
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Figure 5. Reusability tests: pseudo first-order reaction rate constants for TMP experiments (i.e., the same coated disc was reused with 1 L of spiked water and 36 W UVA). 
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Figure 6. Inactivation of E. coli starting from 106 CFU/mL (A) and 105 CFU/mL (B1 and B2) as well as dark control; all in 1 L and 380 cm2 Ce-ZnO-coated discs with 38 W UVA. 
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Figure 7. Inactivation of E. coli and other coliforms Conditions: 750 mL of WW and 380 cm2 photocatalyst coated discs with 36 W UVA. 
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Figure 8. Inactivation of P. aeruginosa. Conditions: 750 mL of WW and 380 cm2 photocatalyst coated discs with 36 W UVA. 
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Figure 9. The inactivation of bacteria and their resistant fractions. Inactivation by Ce-ZnO on the sum of E. coli and other coliforms in WW1 (9a) and WW2 (9c) and on P. aeruginosa in WW1 (9b) and WW2 (9d). The effect of TiO2-P25 on the sum of E. coli and coliforms in WW2 (9e) and on P. aeruginosa in WW2 (9f). Conditions: 750 mL of WW and 380 cm2 photocatalyst coated discs with 36 W UVA. 
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Table 1. Linear regression equations of Figure 3.
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SMX

	
TMP




	

	
Ce400 ZnO

	
ZnO Undoped

	
TiO2 P25

	
UVA Control

	
Ce400 ZnO

	
ZnO Undoped

	
TiO2P25

	
UVA Control






	
Std. Error

	
2.63 × 10−4

	
8.80 × 10−5

	
9.90 × 10−5

	
1.52 × 10−4

	
1.44 × 10−4

	
1.79 × 10−4

	
5.50 × 10−5

	
3.32 × 10−4




	
R2

	
0.943

	
0.993

	
0.988

	
0.083

	
0.956

	
0.941

	
0.983

	
−0.248




	
k (min−1)

	
1.09 × 10−2

	
8.95 × 10−3

	
8.21 × 10−3

	
3.28 × 10−4

	
6.07 × 10−3

	
6.71 × 10−3

	
3.90 × 10−3

	
9.45 × 10−5




	
t1/2 (min)

	
63.6

	
77.4

	
84.4

	
2113.3

	
114.2

	
103.3

	
177.7

	
7334.9
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Table 2. Resistant fractions ± SD after 90 min of treatment with Ce-ZnO and TiO2.
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Initial (t = −60)

	
After 90 min Treatment




	
Exp

	
OFL Resistant %

	
AZT Resistant %

	
CIP Resistant %

	
OFL Resistant %

	
AZT Resistant %

	
CIP Resistant %






	
Ce ZnO

	
E. coli

	
7.0–11.5

	
56.0–67.1

	
N/A

	
2.1–2.8

	
2.9–8.0

	
N/A




	
Other Coliforms

	
3.6–4.6

	
53.4–56.7

	
N/A

	
1.5–2.2

	
9.8–10.9

	
N/A




	
P. aeruginosa

	
7.2–14.6

	
N/A

	
32.7-67.9

	
7.9–15.9

	
N/A

	
52.8–55.4




	
TiO2

	
E. coli

	
8.7-8.8

	
55.7–74.2

	
N/A

	
8.6–9.7

	
5.6–15.7

	
N/A




	
Other Coliforms

	
1.6–4.0

	
75.0–78.0

	
N/A

	
4.0–9.1

	
43.7–53.1

	
N/A




	
P. aeruginosa

	
8.5–8.6

	
N/A

	
62.8–99.5

	
8.0–9.6

	
N/A

	
56.3–99.5
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Table 3. Monthly averaged and range of physicochemical parameters.
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Monthly

	
Secondary Clarifier




	
pH

	
Conductivity

	
BOD5

	
COD

	
TSS

	
VSS




	
(µS/Cm)

	
(mg/L)

	
(mg/L)

	
(mg/L)

	
(mg/L)






	
Average

	
7.2

	
707

	
31.3

	
90.3

	
33.5

	
31.4




	
Min

	
7.0

	
590

	
15.6

	
16.0

	
23.0

	
22.0




	
Max

	
7.5

	
859

	
95.3

	
204.0

	
76.0

	
76.0








BOD5 = five-day biochemical oxygen demand; COD = chemical oxygen demand; TSS = total suspended solids; VSS = volatile suspended solids.
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