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Abstract

:

The removal of three acid pharmaceuticals—clofibric acid (CLA), diclofenac (DCL), and indomethacin (IND)—by a biological-photocatalytic sequential system was studied. These pharmaceutical active compounds (PhACs) are considered to persist in the environment and have been found in water and sewage, producing adverse effects on the aquatic environment. For the biological process, in batch experiments, a fixed bed bioreactor and activated sludge (hybrid bioreactor), under aerobic conditions, was used as pretreatment. The pretreated effluent was exposed to a photocatalytic process employing TiO2 nanotubular films (NTF-TiO2) with the following characteristics: an internal diameter of 112 nm, a wall thickness of 26 nm, nanotube length of 15 µm, a roughness factor of 1840 points, and an anatase-rutile crystalline structure. In the hybrid bioreactor, 39% IND and 50% ACL and DCL were removed. The biological-photocatalysis sequential system achieved the degradation of up to 90% of the initial concentrations of the three acid pharmaceuticals studied. This approach appears to be a viable alternative for the treatment of these non-biodegradable effluents.
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1. Introduction


Pharmaceutical active compounds (PhACs), many of which are pervasive, recalcitrant, and biologically active substances, have incited growing concern, mainly because no legislation has been established for their discharge into surface water bodies [1,2]. Vast quantities of PhACs are used all over the world and are able to reach the aquatic environment via urinary excretion and the unsuitable disposal of medication. Hence, these compounds have been found in wastewaters and in surface waters, as they are currently not completely eliminated in wastewater treatment plants (WWTPs) [3,4]. Numerous studies have shown that levels of PhACs are high in aquatic environments and that there is a risk of adverse effects on aquatic organisms. Pharmaceuticals have been found in freshwater environments at concentrations above the threshold for pharmacological effects on fish [5,6].



Among PhACs, a group that has recently received a lot of attention due to its persistent occurrence in different water sources is that of analgesic and non-steroidal anti-inflammatory drugs (NSAIDs). This group currently comprises more than one hundred compounds that are widely used around the world. Another important and regularly observed group of PhACs is lipid regulators. Lipid regulators are widely used and are one of the most common PhAC groups, according to consumption and prescriptions [7,8]. Among PhACs, clofibric acid (CLA), diclofenac (DCL), and indomethacin (IND) are commonly detected in aquatic environments due to their incomplete removal during wastewater treatment processes. As such, these compounds are receiving increasing attention as recalcitrant environmental contaminants [9,10,11,12]. For some PhACs, considerably higher removal rates have been achieved through the use of biofilm carriers compared to activated sludge [13,14], suggesting that the further optimization of the biological micropollutant removal processes is within the realm of possibility. Hybrid suspended/attached growth processes combine biofilm carriers and activated sludge into a single treatment procedure. The probability of achieving effective removal using an attached growth biomass is high, as it comprises a diverse bacterial community with aerobic, anoxic, and anaerobic actions [15].



In addition, advanced oxidation processes (AOPs) have been proposed as tertiary treatments for WWTP effluents due to their versatility and ability to increase the biodegradability and detoxification of effluent streams containing polar and hydrophilic chemicals [16]. The principle of AOPs is based on the in situ generation of highly reactive transitory species (i.e., H2O2, OH•, O2•−, and O3) for the mineralization of refractory organic compounds [17]. Within the most extensively used AOPs, heterogeneous photocatalysis (HP) occurs. The principle of HP is based on the excitation of a semiconductor (i.e., TiO2) by light (UV or visible) [18]. Titanium dioxide is a wide-band gap semiconductor that is frequently used in photocatalysis, as it is easily available, stable to photochemical corrosion, cheap, non-toxic, and has excellent photocatalytic activity [19,20,21,22].



TiO2 powders have been used for many years in the area of photocatalysis and their benefits have accelerated progress in the field. Nevertheless, this material has several shortcomings: it is difficult to disperse and to reuse, it is easily agglomerative, it has low light response properties, and, finally, it causes environmental contamination when used inadequately. The introduction of TiO2 nanotube arrays (NT-TiO2), a novel form of TiO2, has resolved these problems. The structural parameters of NT-TiO2, such as its specific surface area, wall thickness, tube length, and crystalline phase, have important effects on the photocatalytic activity of nanotube arrays [23,24]. NT-TiO2 have been extensively applied for the degradation of various organic microcontaminants, such as azo dyes, phenols, and PhACs, among others [25,26,27,28,29].



The coupling of a biological process to an AOP is applied to treat wastewater containing refractory compounds and to limit the high treatment costs associated with chemical oxidation. In these coupled processes, chemical oxidation can be used as a pre-treatment to decrease toxicity or as a post-treatment for the final cleansing of the wastewater [30]. The measurements of the efficiency of the combined process depend on the purpose of the treatment; however, it is usually necessary to independently optimize each of the two stages, i.e., biological and chemical [31]. To augment the elimination of pharmaceutical products, conventional and alternative wastewater treatment processes and their combinations have been researched [32,33,34]. Nonetheless, the literature on the elimination of CLA, DCL, and IND using coupled biological–AOP systems is scarce.



Some research has been carried out to study the removal of various pharmaceutical products using biological methods combined with POA. Wilt et al. (2020) [35] used a combined process, i.e., photocatalysis UV/TiO2–biological, to efficiently remove eight out of nine studied compounds (atenolol, atorvastatin, caffeine, carbamazepine, diclofenac, gemfibrozil, fluoxetine, ibuprofen, and naproxen). They determined that the degree of biodegradation following photocatalysis was improved for some drugs (caffeine, diclofenac, gemfibrozil, and ibuprofen) while for others, such as carbamazepine, the approach was ineffective. In 2019, Wang et al. [36] investigated the mineralization of amoxicillin via an intimately coupled photocatalysis (Ag-doped TiO2) and biodegradation (biofilm) process. The results they obtained using the combined process showed removal rates 40% greater than when using photocatalysis alone, and 65% higher than when using biodegradation alone. The degree of mineralization was around 35% with the combined process, while in the separate processes, it was minimal. Zupanc et al. (2013) [37] studied the removal efficiencies for clofibric acid, ibuprofen, naproxen, ketoprofen, carbamazepine, and diclofenac by two treatment processes: a suspended, activated sludge and moving bed biofilm process (MBBR) and hydrodynamic cavitation (HC) with the addition of H2O2 and UV irradiation. The highest average removals of all the investigated compounds were achieved when the biological treatment (MBBR), HC/H2O2 process, and UV treatment were applied consecutively.



The main objective of this study was to assess the feasibility of a hybrid biological process (i.e., a fixed bed bioreactor and activated sludge) sequenced to a photocatalysis process employing TiO2 nanotubular films (NTF-TiO2) for the removal of three acidic PhACs (clofibric acid, diclofenac, and indomethacin).




2. Results and Discussion


2.1. Biological Process


The hybrid bioreactor (HBR) was operated as a hybrid reactor using two processes: activated sludge and adhered biomass supported in biomedia. The HBR bioreactor operated for 86 days (28 cycles). During this period, the dissolved oxygen (DO) level varied in the range of <1 and 5 mg L−1, with a pH of 7.5 ± 0.2 and a temperature inside the reactor of 22 °C ± 2 °C.



2.1.1. Biomass Acclimatization


The duration of the HBR acclimatization phase was 46 days (cycle 1 to 7). The acclimation began with a concentration of 2 mg L−1 of the PhACs dissolved in methanol (MeOH). During this phase, the removal efficiencies fluctuated between 3% and 17% for the CLA, 8% and 18% for the DCL, and 5 and 15% for the IND. The reaction time was 192 h to 72 h; this could have been the consequence of a non-acclimated biomass and an immature biofilm since biofilms need a long maturation time [38]. Regarding the total organic carbon (TOC) concentration, the removal of TOC was observed to be unstable, as it fluctuated between 20% and 50%. The low removal of TOC during the first days is a normal process in the start-up phase, because the biomass is not acclimated to the removal of PhACs. To consider an acclimatized biomass, 80% PhAC removal was set; however, due to drug recalcitrance, which involves complex structures that bacteria find difficult to degrade, fixed removal efficiencies were not achieved, so it was considered to take as an adaptation criterion the removal of 80% of the TOC. This adaptation was reached in cycle 7. According to the stoichiometric reaction, it was observed that the greatest contribution of carbon was due to MeOH, which acted as a co-substrate, providing an easily degradable carbon source for the bacteria. Table 1 summarizes the HBR’s operating parameters during the acclimatization phase.




2.1.2. Behavior of Biomass and Total Suspended Solids


The biomass was determined as volatile suspended solids in the mixed liquor (MLVSS). Figure 1 shows the evolution of the biomass that oscillated between 1800 and 1300 mg L−1. During the first 40 days of the reactor’s operation, a decrease in biomass was observed, causing a loss in bacterial activity, which was a product of the process of the biomass’ adaptation to the degradation of the PhACs. To strengthen the biomass, for 12 days (cycle 8 to 11), only MeOH (0.02%) was added as an easily degradable substrate. At 58 days, the amount of biomass gradually increased until reaching 1800 mg L−1. The results showed that there was a sufficient degree of biomass recovery in order to synthesize new cells.



The total suspended solids (TSS) in the HBR effluent decreased from 216 mg L−1 to 25 ± 3 mg L−1 (Figure 1) as a result of the reactor’s stabilization. Some authors [39,40,41,42] have reported poor sludge settleability and high solids in the effluent when operating at low DO concentrations. In this work, no negative impacts on the sludge’s settleability were observed when the reactor operated at DO concentrations < 1 mg/L. The operating conditions of the reactor favored the growth of bacteria capable of forming favorable flocs for a good settleability and development of biomass.




2.1.3. Total Organic Carbon


After the acclimatization phase, a decrease in TOC removal was observed due to biomass inhibition. As a strategy to strengthen the biomass, the addition of the PhACs was suspended (cycle 8 to 11), adding only MeOH (0.02%) to the HBR. At this phase, the average TOC removal was 79% with reaction times of 72 h. After this recovery phase, the PhACs were again added to the HBR. From this phase (cycle 12 to 28), the removal efficiencies gradually increased up to 90% ± 5%. The reaction time was optimized from 192 h to 24 h. Figure 2 presents the total organic carbon (TOC) concentration in the influent and effluent and the removal efficiency during all the operation periods of the HBR.




2.1.4. PhACs Biodegradation


After the biomass recovery phase, removal efficiencies of 39% were obtained for the IND and 50% for the ACL and DCL. The evolution of the removal efficiencies and reaction times during the operation of the reactor are presented in Figure 3a–c. The removal of the PhACs investigated in the present study fell into the range reported in [43,44,45].



Some authors attribute high PhAC removal to the substrate and redox gradients within the biofilm, which may induce vastly stratified microbial communities, with microorganisms adapted to easily degradable organic substrates in the outer part of the biofilm and microorganisms adapted to the remaining and hardly degradable organic substrates in the inner part of the biofilm [14,38].



On the other hand, the addition of MeOH as a source of external carbon can lead to the development of a diverse microbial community that favors the growth of nitrifying bacteria associated with the biodegradation and biotransformation of PhACs [15,38,46,47,48].





2.2. Biological-Photocatalytic Sequential System


Since the fixed efficiencies criterion (80% PhACs removal) was not achieved and, consequently, there were still remnants of the PhACs not removed in the HBR bioreactor, coupling to photocatalysis was performed. To determine the operating conditions of the photocatalysis process, the effluent of the HBR bioreactor was used. The parameters evaluated to determine the optimal operating conditions in the photocatalytic process were the area of the NTF-TiO2 catalyst, the wavelength of UV radiation (UV-A and UV-C), and pH.



2.2.1. NTF-TiO2 Catalyst


Some factors that influence the efficiency of photocatalysis using NTF-TiO2 are the morphology and structure (including the thickness of the tube wall), diameter, and length of the nanotubes [27]. In our study, NTF-TiO2 with a wall thickness of 26 nm, a length of 65 μm, and a diameter of 112 nm were used. In comparison with other reported works, they are four times larger with respect to length and up to 12 times larger with respect to diameter [49]. Smith et al. 2009 [50] observed that as the diameter, length, and thickness of the NTF-TiO2 increase, higher photocatalytic activity is observed. Figure 4 shows some Field Emission Scanning Electron Microscopy (FE-SEM) images of the morphological characteristics. Figure 4a shows the open top view, whereas Figure 4b,c show the cross section of the nanofilm.



With respect to the crystalline structure, Figure 5 presents the X-ray Diffraction (XRD) spectrum of the NTF-TiO2. The XRD spectrum shows the main presence of anatase (JCPDS Card # 21-1272) in coexistence with rutile phases (JCPDS card # 21-1276), observing a very intensive peak of anatase together with two other medium intensive anatase peaks. From the XRD spectrum, it can be observed that the major peak corresponds to the anatase phase. As reported, the crystalline structure plays an important role in the photoactivity of the NTF-TiO2; for instance, with the crystalline structure anatase as the major phase in combination with rutile, the best photocatalytic performance was determined, followed by the rutile phase and amorphous structures [51]. In this study, the presence of the anatase phase in a greater proportion was a factor that favored the degradation of the PhACs, which has been reported in studies on the influence of crystal structure on the removal of diverse molecules such as PhACs [52,53], phenols [27], and dyes [25].




2.2.2. pH Effect


In the photocatalytic process, the generation of hydroxyl radicals is a function of pH. Thus, pH is an important parameter in photocatalytic reactions [54]. In this study, we investigated the effect of pH on photocatalytic performance. The experiments were carried out employing a 4 cm2 area of NTF-TiO2 and UV-A radiation. The studied pH levels were 3.5 ± 0.2 and 7.3 ± 0.2. After 48 h of reaction, the best performance was evidenced at pH 3.5 with removal efficiencies of 97% for the CLA and 100% for the IND and DCL. In the case of pH 7.3, after 72 h of reaction, the removals were 38%, 61%, and 82% for the CLA, DCL, and IND respectively. This influence of pH on the photodegradation of PhACs, using TiO2 catalyst, is consistent with that reported by Molinari et al. in 2006 [55]. The previous results may be due to the fact that when working at pH 3.5 and 7.2, on the one hand, the ionization of PhACs is favored, since their pKa are 3.18, 4.10, and 4.50 for CLA, DCL, and IND, respectively, while on the other hand, the isoelectric point (PZC) reported for TiO2 [17] is in the pH range of 4.5 and 7.0; thus, at pH lower than PZC, the catalyst acquires a positive charge and gradually exerts a electrostatic attraction force towards the ionized species of the PhACs favoring adsorption on the TiO2 surface for subsequent photocatalytic reactions.



Several authors [50,56,57] have already reported the influence of pH on TiO2 through the photocatalytic degradation of PhACs and found minimal influence in the near neutral pH range. In our study, as shown in Table 2, the best removal efficiencies were achieved at pH 3.5; however, the average pH of the biological treatment effluents was 7.3 ± 0.2, so the high removal efficiencies achieved at pH 7.3 are an important finding, since the biological treatment effluent can be treated directly without treatment prior to photocatalysis. On the other hand, there is an advantage of showing that the removal efficiency through a sequenced biological process to photocatalysis in acidic and near neutral pH conditions can be an alternative treatment for wastewaters with different pH conditions. Nevertheless, it is better to evaluate the effect of pH on photodegradation in a way that considers the contaminant properties, the type of photocatalyst, and the effluent to treat.




2.2.3. Effect of the NTF-TiO2 Area and UV Radiation


Experiments were carried out using a film of NTF-TiO2 (area 2 cm2) and with two films of NTF-TiO2 (area 4 cm2), UV-A radiation, and pH 7.5. The results of the biological-photocatalytic sequential system under different operating conditions are presented in Table 2. In the experiments using an area of 2 cm2, the degree of photodegradation was 26% for the ACL, 62% for the DCL, and 84% for the IND after 72 h of reaction (Table 2). Whereas when the catalyst area was increased to 4 cm2, no changes in photodegradation were observed. The removals were 38%, 61%, and 82% for CLA, DCL, and IND, respectively. Subsequently, experiments with 4 and 8 cm2 of NTF-TiO2 area, applying UV-C radiation, and at pH 7.4 were carried out. When UV-C radiation and the 4 cm2 area of NT-TiO2 were used, an increase in the removal was observed for the three PhACs. The removals were 100%, 77%, and 64% for the CLA, DCL, and IND, respectively. The reaction time was 5 h. When increasing the area of the NTF-TiO2 to 8 cm2 under the same conditions of pH and UV radiation, a further removal was favored, reaching 100% degradation for the DCL and IND. The photodegradation times were 5 h for IND and 2 h for DCL. The CLA was photodegraded up to 90% over a reaction time of 3 h (Table 2).



The experiments carried out without the nanotubes (control photolytic experiments) were performed only at a pH of 7.3, since it is the average pH of the biological treatment effluent. The removal efficiencies were 3%, 5%, and 25% for CLA, DCL, and IND, respectively, after 4 h of reaction and UV-C radiation (254 nm), so the effect of photolysis alone is not sufficient to achieve the total removal of the PhACs.





2.3. Kinetic Study


The reaction kinetics of the photocatalytic process were determined. The concentration was determined by UV–Vis spectroscopy and HPLC. The reaction kinetics of the PhAC mixture were determined by applying UV-A and UV-C radiation, pH 7.4, and areas of 4 cm2 and 8 cm2. The NTF-TiO2 films were first immersed in the PhACs mixture (effluent of HBR bioreactor) in the dark for 30 min to reach the adsorption equilibrium. Then, the light was turned on (t = 0 min) and photocatalytic degradation occurred. Figure 6a shows the absorption spectrum of the CLA, DCL, and IND mixtures obtained from the monitoring of the reaction kinetics using UV–Vis, an area of 8 cm2 of NTF-TiO2, UV-C radiation, and pH 7.4. Figure 6b shows the absorption spectra of CLA, DCL, and IND.



Figure 7 shows the results of the photocatalytic degradation of the CLA, DCL, and IND mixtures, which follow a first order reaction model. Figure 7a shows the degradation kinetics using UV-A radiation and a 4 cm2 area of the NTF-TiO2, Figure 7b shows the degradation kinetics using UV-C radiation and a 4 cm2 area of the NTF-TiO2, and Figure 7c shows the degradation kinetics using UV-C radiation and an area of 8 cm2 of NTF-TiO2. The results in Figure 7 confirm the data presented in Table 2.



The concentrations of the PhACs mixture, the results of the kinetic constants, the correlation coefficient, and the percentage removal (%) of the kinetic study of the biological-photocatalysis sequential system are summarized in Table 3. Based on the results, it can be observed that the photoactivity was the lowest—with rate constants of 0.0042, 0.0091, and 0.0121 for the CLA, DCL, and IND, respectively, and with removals of 33.27, 76.07, and 83.97% after 72 h—when UV-A radiation was used. By increasing the area of NTF-TiO2 and applying UV-C radiation, the photoactivity increased significantly, showing better results when using an area of 8 cm2 with the rate constants of 0.1304, 0.4855, and 0.1871 for CLA, DCL, and IND, respectively, and removals of 89.95% for CLA and 100% for the DCL and IND after 5 h, 2 h, and 4 h, respectively. Figure 8 shows the comparison of the achieved rate constants (Figure 8a) and removals (Figure 8b).



The results presented in Figure 8 correspond to the performance of NTF-TiO2 as a catalyst when irradiated with UV radiation (being initially in their basal state), wherein they absorb the energy of the light and thereby form an excited state that can lead to photochemical reactions, such as the breaking of bonds [58]. The energy at a wavelength of 254 nm (UV-C) is greater that at a UV-A wavelength, which favors photodegradation. In addition, the absorption spectrum of the PhACs (Figure 6b) shows maximum absorption in the UV-C region. These results are consistent with previous studies, where the photodegradation of organic molecules (PhACs and azo-type dyes) was investigated using UV irradiation at various wavelengths [58,59,60,61,62]. With respect to the area of NTF-TiO2, the results showed that increasing the area of the nanofilms increased removal due to a larger quantity of nanotubes; therefore, the ability to adsorb light and generate photo-induced electron-hole pairs inactive sites was greater, which led to an increase in photodegradation efficiency.





3. Materials and Methods


3.1. Reagents


PhACs of standard grade ≥ 98% purity, namely, clofibric acid (CLA), diclofenac (DCL), and indomethacin (IND); substances of nutrient mineral medium [63]; ethylene glycol; and NH4F were acquired from Sigma Aldrich. Figure 9 shows the chemical structures of the utilized pharmaceuticals.




3.2. Hybrid Biological Process


For the inoculation of the HBR, the activated sludge was obtained from the wastewater treatment plant ECCACIV, located in Jiutepec-Morelos, México.



3.2.1. Biomass Acclimatization and Operation Strategy


The biomass was acclimatized to the pharmaceuticals by feeding nutrient mineral medium (Table 4) and CLA, DCL, and IND dissolved in MeOH. Inlet concentrations of PhACs were about 2 mg L−1. The adaptation of microorganisms for treating wastewater was carried out with variable reaction cycles to reach the acclimatization of biomass for degradation of PhACs using the criteria-fixed efficiencies [64], which consisted of allowing biomass to adapt to degradation of 80% of PhACs. The experiments were performed in batches. These batch experiments were carried out in 4 stages: filling, reaction, sedimentation, and emptying.




3.2.2. Experimental System (HBR Bioreactor)


The experimental set up consisted of an acrylic reactor with a total volume of 6.5 L and a useful volume of 4 L. For the control of loading, recirculating, and discharge, two peristaltic pumps were used (Master Flex, Cole Palmer, Vernon Hills, Chicago, IL, USA). The air inside the reactor was distributed from the bottom of the reactor through a porous diffuser with an air pump. For HBR configurations, 50% of the useful volume of reactor was filled with high-density polypropylene plastic carriers (biomedia AMB, DYNAMIC AQUA SCIENCE, Kirkland, AZ, USA).



The control parameters of the HBR were the concentrations of biomass measured as MLVSS, TSS, TOC and PhACs, DO, pH, and temperature.





3.3. Photocatalytic System


The effect of pH, area of NTF-TiO2, and UV radiation, on the photocatalytic performance of NTF-TiO2 were investigated.



3.3.1. TiO2 Nanostructures Films


NTF-TiO2 were synthesized by the electrochemical anodization technique. Electrochemical anodization experiments were performed in a nonaqueous electrolytic solution of ethylene glycol (3 vol% H2O) + 0.25 wt% NH4F. The anodization process lasted 11.5 h, maintaining a constant voltage of 60 V at room temperature. After anodization, the samples were rinsed with deionized water and dried in a N2 stream. The total area anodized was 2 cm2. The morphological and structural characterization of NTF-TiO2 was carried out by means of FE-SEM and an XRD.




3.3.2. Biological-Photocatalytic Sequential System


Photocatalysis experiments were performed in a glass cell with a water recirculation jacket to control the temperature, using 60 mL of the effluent from the HBR, which contained CLA, DCL, and IND not removed by the biological system. The sample for photocatalysis was taken immediately after finishing the cycle of the biological process.



The glass cell was irradiated with UV-A (365 nm) or UV-C (254 nm) lamps and in dark conditions. For the optimization of the process, experiments were carried out with two different pH values: 7.3 ± 0.2 and 3.5 ± 0.2, employing 2, 4, and 8 cm2 areas of NTF-TiO2. Once the optimal conditions of operation were determined, reaction kinetics were performed. The scheme of biological-photocatalytic sequential system is shown in Figure 10.




3.3.3. Analytical Methods


PhACs concentrations were determined by high performance liquid chromatograph HPLC 1100 (Agilent, Mexico City, Mexico), which was equipped with Zorbax Eclipse XDB C-18 (250 mm × 4.6 mm × 5 μm) column (LEACSA SA de CV, Mexico City, Mexico) at 35 °C and a UV detector with a wavelength of 230 nm. The mobile phase, with a flow rate of 0.8 mL/min, was composed of acetonitrile:1% acetic acid water mixture with a volumetric ratio of 65:35. The volume of the injected sample was 10 µL. The samples to determine the concentration of the PhACs were previously centrifuged at 3000 rpm for 15 min and then filtered through a membrane of 45 μm. PhACs absorption spectra were determined by a spectrophotometer UV–VIS Lambda 25, Perkin Elmer (Perkin Elmer de México, Mexico City, Mexico). TOC of samples was analyzed using a TOC analyzer (Torch TELEDYNE Tekmar, MAC Analítica SA de CV, Estado de México, Mexico). Samples were centrifuged at 3000 rpm for 15 min, and then they were filtered through fiberglass paper. The control parameters—DO, temperature, and pH—were determined by APHA Methods 2005 [65].





3.4. Kinetic Study


Kinetic analysis was performed considering a first order reaction (Equation (1)) [66]. The rate constant (k) of the photocatalytic reaction for the PhACs degradation process was determined through Equation (1).


  ln  (  C /  C 0   )  = − k × t  



(1)




where C corresponds to PhACs concentration at time t, C0 represents the PhACs initial concentration of the sample, and t is the time at which the sample was taken.



The kinetic curves for PhACs degradation were obtained by a non-linear relationship (C/C0 vs. t) for each treatment [67].





4. Conclusions


In this study, a biological process utilizing a bioreactor (HBR) sequenced to perform photocatalysis using NTF-TiO2 for the degradation of CLA, DCL, and IND was optimized.



In the hybrid bioreactor (HBR), the overall removal for IND was 39%, whereas for CLA and DCL the overall removals were 50% over a reaction time of 24 h. The degradation of organic carbon measured as TOC was 92%.



In the biological-photocatalysis sequential system, the overall removal efficiency for the CLA was 90%, whereas for DCL and the IND it was 100% (below the LOD) after 29 h of treatment (24 h of biological process and 5 h of photocatalysis).



It was shown that the photocatalytic degradation reaction of PhACs follows a first-order kinetics pattern, which was dependent on the UV radiation and the area of NTF-TiO2. The optimal operating parameters were applying UV-C radiation and using 8 cm2 of NTF-TiO2.



The results indicated that the biological-photocatalysis sequential system is a promising method for treating water contaminated with CLA, DCL, and IND.
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Figure 1. Behavior of biomass (җ) and TSS (∆). 
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Figure 2. Behavior of influent and effluent TOC concentrations and TOC removal. 
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Figure 3. Evolution of the removal efficiencies and reaction times. (a) CLA; (b) DCL; (c) IND. 
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Figure 4. FE-SEM images of the NTF-TiO2. (a) Top view; (b) and (c) cross sectional views. 
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Figure 5. XRD spectrum of the NTF-TiO2. A (anatase phase); R (rutile phase). 
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Figure 6. (a) Monitoring of reaction kinetics of CLA, DCL, and IND mixture, using area of 8 cm2 of NTF-TiO2, UV-C radiation, and pH 7.4 (b) Absorption spectrum of CLA, DCL, and IND. 
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Figure 7. Photocatalytic degradations of CLA, DCL, and IND mixture. (a) UV-A radiation and 4 cm2 of NTF-TiO2; (b) UV-C radiation and 4 cm2 of NTF-TiO2; (c) UV-C radiation and 8 cm2 of NTF-TiO2. 
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Figure 8. Comparison of rate constants (a) and the achieved removals (b) from kinetic study of the biologica-photocatalysis sequential system. 
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Figure 9. Chemical structures: (a) clofibric acid, (b) diclofenac, and (c) indomethacin. 
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Figure 10. Biological-photocatalytic sequential system. 
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Table 1. Operating parameters of the HBR bioreactor during the acclimatization phase: cycle, reaction time, TOC concentration, and removal % of TOC, ACL, DCL, and IND.
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Cycle

	
Reaction Time (h)

	
mg L−1 TOC

Influent

	
% Removal TOC

	
% Removal




	
ACL

	
DCL

	
IND






	
1

	
192

	
155.57

	
21.50

	
18.0

	
18.8

	
31.8




	
2

	
192

	
143.43

	
29.74

	
4.5

	
8.4

	
10.2




	
3

	
192

	
148.52

	
51.12

	
6.8

	
17.3

	
7.3




	
4

	
148

	
174.24

	
55.18

	
11.8

	
7.4

	
12.9




	
5

	
148

	
188.15

	
74.35

	
17.6

	
11.9

	
5.0




	
6

	
148

	
144.44

	
52.33

	
2.9

	
8.1

	
14.6




	
7

	
72

	
166.15

	
80.19

	
3.0

	
18.2

	
11.9
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Table 2. Results of the biological–photocatalytic sequential system under different operating conditions.
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Experiments

	
UV-365 nm (UV-A)

	
UV-254 nm (UV-C)




	
2 cm2 NTF-TiO2

	
4 cm2 NTF-TiO2

	
4 cm2 NTF-TiO2

	
8 cm2 NTF-TiO2




	
pH 7.5

	
pH 3.5

	
pH 7.3

	
pH 7.4




	
RT = 72 h

	
RT = 48 h

	
RT = 72 h

	
RT = 5 h

	
RT




	
PhACs

	
Removal Efficiencies (%)






	
CLA

	
26

	
97

	
38

	
100

	
90 (3 h)




	
DCL

	
62

	
100

	
61

	
77

	
100 (2 h)




	
IND

	
84

	
100

	
82

	
64

	
100 (5 h)








RT = reaction time.
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Table 3. Kinetic constants, correlation coefficients, and PhACs removal percentage (%) from kinetic study of the biological-photocatalysis sequential system.
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	PhACs
	mg L−1
	UV-A/4 cm2

K (h−1)
	Removal

(%)
	mg L−1
	UV-C/4 cm2

K (h−1)
	Removal

(%)
	mg L−1
	UV-C/8 cm2

K (h−1)
	Removal

(%)





	CLA
	1.93
	0.0042

(R2 = 0.9358)
	33.27
	1.75
	0.3255

(R2 = 0.8299)
	99.88
	2.40
	0.1304

(R2 = 0.5651)
	89.95



	DCL
	1.88
	0.0091

(R2 = 0.8444)
	76.07
	1.27
	0.1240

(R2 = 8698)
	76.80
	2.57
	0.4855

(R2 = 0.8588)
	100



	IND
	2.63
	0.0121

(R2 = 0.9156)
	83.97
	2.69
	0.1167

(R2 = 0.5311)
	64.10
	1.24
	0.1871

(R2 = 0.8413)
	100
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Table 4. Composition of nutrient mineral medium.
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	Substances
	mg L−1





	K2HPO4
	65.25



	Na2HPO4∙2H2O
	100.2



	KH2PO4
	25.5



	NH4Cl
	7.5



	MgSO4∙7H2O
	22.5



	CaCl2∙2H2O
	27.5



	FeCl3∙6H2O
	0.25



	H3BO3
	0.06



	MnSO4∙H2O
	0.04



	ZnSO4∙7H2O
	0.04



	(NH4)6∙Mo7O24
	0.03



	EDTA
	0.1
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