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Abstract

:

The presence of pharmaceutically active compounds (PhACs) in the wastewater effluents has confirmed that conventional wastewater treatment technologies are not sufficiently effective in the pharmaceuticals’ removal. The objective of the present study was to evaluate and compare the photocatalytic degradation of PhACs using TiO2-P25, graphitic carbon nitride (g-C3N4, CN) and a heterojunction of perovskite strodium titanate and graphitic carbon nitride SrTiO3/g-C3N4 (20% g-C3N4, 20CNSTO) photocatalytic materials, in hospital wastewater effluents, by simulated solar irradiation. The experiments were performed by using real wastewater samples collected from the university hospital wastewater treatment plant (WWTP) effluent of Ioannina city (Northwestern Greece) and inherent pharmaceutical concentration levels. The analysis of the samples was accomplished by solid phase extraction followed by liquid chromatography-Orbitrap high-resolution mass spectrometry. In the cases of TiO2 and CN, more than 70% of the initial concentration (e.g., venlafaxine) was degraded after 90 min, while 20CNSTO presented lower photocatalytic performance. Furthermore, some compounds were sporadically detected (e.g., fluoxetine) or their concentrations remained stable during the photocatalytic treatment time period (e.g., trimethoprim). In total 11 transformation products (TPs) were formed along the degradation processes and were identified by using liquid chromatography high resolution mass spectrometry.
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1. Introduction


Hospital wastewaters (HWW) are known as one of the main sources of pharmaceutical active compounds (PhACs) in the environment [1,2]. In fact, HWW is a complex water matrix, burdened with high concentrations of pharmaceuticals and metabolites, disinfectants, heavy metals, reagents, microorganisms, etc. [2,3]. Some countries consider hospital effluent as industrial wastewater and because of its characteristics, it undergoes pre-treatment before being discharged into the urban sewage system [4]. However, conventional wastewater treatment plants (WWTPs) are not manufactured to treat water containing pharmaceuticals at trace levels and consequently, the applied treatments have been found to be ineffective to remove them [1,5].



Although pharmaceuticals in hospital effluents exist in low concentrations (may vary from ng L−1 to mg L−1), they might pose a potential threat to the ecology of the receiving environment, such as feminization of organisms, microbiological resistance or the accumulation of these compounds in soil, plants and animals [3,6,7]. The presence of pharmaceuticals in the environment does not need to be persistent in order to cause negative effects, since the high degree of transformation or removal that they are able to incur can be overlapped by their continuous release into the environment [4]. Therefore, it is of crucial importance to treat the hospital effluents in order to avoid problems, such as the contamination and inhibition of biomass growth in conventional WWTPs [8].



Simple advanced technologies have been used in order to treat wastewater effluents, such as membrane filtration or activated carbon adsorption [5,7]. Nevertheless, such technologies do not destroy micropollutants. Therefore, advanced oxidation processes (AOPs) have been suggested as tertiary treatments in effluent wastewaters due to their versatility and ability to minimize undesirable effects into the environment [7]. In AOPs, highly reactive chemical species are formed, mostly hydroxyl radicals (●OH), which are able to degrade organic molecules into biodegradable compounds and finally, mineralize them into carbon dioxide and inorganic ions [9]. Heterogeneous semiconductor photocatalysis (PC) has become a widespread AOP method for the remediation of contamination due to its high efficiency, low price, non-toxic properties and photostability of the catalysts used [5]. AOPs have often been combined with solar irradiation since their main drawback is their high operating costs which are needed to meet the high electricity demand of the UV lamps [7,10]. Furthermore, the possible formation of oxidation intermediates which might be more toxic than the parent compound is another important drawback of AOPs, since this highlights the necessity of process optimization and performing toxicity analyses during their application [7].



Except for the most commonly used photocatalyst TiO2-P25, other semiconductors, such as graphitic carbon nitride (g-C3N4) or titanate perovskites ATiO3 (A = Ca, Sr, Ba, etc.), have been proven to induce the efficient elimination of organic pollutants [11,12,13,14,15,16,17,18]. TiO2-P25 is a photocatalyst that has been widely used in many photocatalytic applications [19,20,21,22,23,24,25,26,27,28,29]. Furthermore, several studies have been published concerning the photocatalytic treatment of wastewaters with the use of g-C3N4 [30,31]. Fe-doped g-C3N4 and P-doped g-C3N4 for wastewater treatment have been synthesized [32,33]. In addition, various works concerning the photocatalytic treatment of real effluents with the use of TiO2, g-C3N4, Ag/g-C3N4, TiO2/Ag and g-C3N4/TiO2/Fe3O4@SiO2 have been conducted in recent years [34,35,36,37]. For instance, studies using heterojunctions of g-C3N4 like TiO2/g-C3N4 for Cr(VI) removal [38] and Ag/Ag3VO4/g-C3N4 for the degradation of tetracycline in wastewaters have been published [39]. However, most studies deal with unreal high concentrations of pharmaceuticals resulting from spiking of wastewaters with the compound under study and the monitoring of degradation kinetics of individual compounds.



In view of the above, this study focuses on the application of photocatalysis for PhACs removal in real unspiked HWW effluents by combining simulated solar light and different photocatalytic semiconductors. To the best of the authors knowledge, a few studies dealing with the removal of inherent micropollutant concentration levels in effluent wastewaters by AOPs have been published [3,5,40]. Thus, the aims of the present work are: (i) To identify the PhACs present in real HWW effluents by solid phase extraction tandem liquid chromatography coupled to high-resolution mass spectrometry (SPE/LC-HRMS) analytical methodology; (ii) to evaluate and compare the photocatalytic degradation of PhACs under different semiconductors; TiO2-P25, graphitic carbon nitride (g-C3N4, CN) and a heterojunction of perovskite and graphitic carbon nitride, SrTiO3/g-C3N4 (20% g-C3N4, 20CNSTO) in HWW effluents using simulated solar irradiation; (iii) to identify the transformation products (TPs) formed in the different photocatalytic processes by means of LC-HRMS.




2. Materials and Methods


2.1. Reagents and Chemicals


The reference standards of pharmaceuticals were of high purity grade (>98%). Venlafaxine hydrochloride, fluoxetine hydrochloride, paroxetine, amisulpride and amitriptyline were purchased from TCI (Zwijndrecht, Belgium). Bupropion hydrochloride and mirtazapine were obtained from LGC (Wesel, Germany). O-desmethyl venlafaxine, sertraline hydrochloride, fluvoxamine, carbamazepine, fenofibrate, citalopram, haloperidol, clozapine, trimethoprim, sulfamethoxazole, salicylic acid and diclofenac, were purchased from Sigma-Aldrich (Darmstadt, Germany). Methanol LC-MS and LC-MS grade water were purchased from Fisher Scientific (Leicestershire, UK). Formic acid (purity, 98–100%) was received from Merck KGaA (Darmstadt, Germany) and Na2EDTA was purchased from Fisher Scientific (Leicestershire, UK). Oasis HLB (200 mg, 6 cm3) cartridges used for solid phase extraction were purchased from Waters Corporation (Milford, MA, USA).




2.2. Hospital Wastewater Sampling


The secondary wastewater effluent samples were taken from the university hospital WWTP of Ioannina city (Epirus region, Greece). The hospital has a capacity of 800 beds and it is an academic medical center which interrelates with Ioannina’s University’s School of Medicine and School of Nursing. Almost 45,000 people are treated in the hospitals’ care clinics while almost 130,000 people use the hospitals’ casualty department every year. The HWWTP consists of a pretreatment step (grit-removal), flow equilibration tank, and a biological secondary treatment, with the final step being the disinfection with the addition of NaClO (15% solution). The hydraulic retention time (HRT) of the WWTP is 6 h, while the solid retention time (SRT) is 1.5 day. This plant discharges its effluent wastewater into the urban network which results into the municipal WWTP, therefore the assessment of its efficiency has substantial interest [41]. The samples were collected in three sampling periods, in February, March and May 2019. Amber glass bottles were used for the collection of the samples and the bottles were immediately transported to the laboratory. The samples were filtered (0.45 μm) and preserved at 4 °C until the treatments’ application within 24 h.




2.3. Photocatalytic Materials


Three different semiconductor materials were used. The first includes the aeroxide TiO2-P25 supplied from the Evonik-Degussa Corporation (BET specific surface area (SSA) 50 ± 15 m2g−1, 80% anatase, 20% rutile, average primary particle size 21 nm). The other two catalysts were the graphitic carbon nitride (g-C3N4, CN) (BET SSA 35 m2g−1, particle size of 25 nm, Eg = 2.82 eV) and the heterojunction g-C3N4/SrTiO3 with g-C3N4 to SrTiO3 ratio of 20% (20CNSTO) (BET SSA 32 m2g−1, particle size 27.6 nm, Eg values 2.80 and 3.28 in respect to g-C3N4 and SrTiO3, respectively). The synthesis and characterization of these two materials is described elsewhere [42].




2.4. Photocatalytic Degradation Experiments


All photocatalytic degradation experiments were conducted with a Suntest XLS+ instrument (Atlas, Linsengericht, Germany) under UV-Vis irradiation (simulated solar light, λ > 290 nm). The instrument was equipped with a xenon lamp (2.2 kW), jacked with a special 290 nm cut-off glass filter and the irradiation intensity maintained at 500 Wm−2. In the wastewater photocatalytic treatment process, the photocatalysts (100 mgL−1) were suspended in an appropriate Pyrex glass reactor (250 mL) and magnetically stirred for 30 min in the dark in order to achieve adsorption/desorption equilibrium and along the irradiation period. During the photocatalytic process, the temperature was kept at 23 °C by water circulation in the jacket of the reactor and air-circulation. In all photocatalytic experiments, the wastewater samples were irradiated for 180 min. Periodically, the samples were withdrawn and centrifuged (Thermo Scientific, HERAUS Megafuge 8, Shanghai, China; 4400 rpm) for 20 min for the separation of the catalyst particles. Then, the centrifuged wastewater samples were filtered by 0.45 μm filters.



Two groups of experiments were conducted. The first includes photocatalytic experiments by using TiO2 as semiconductor in HWW effluent samples of February, March and May, while the second includes photocatalytic experiments by using TiO2, CN and 20CNSTO as semiconductors in HWW effluent samples of May.




2.5. Analytical Procedures


2.5.1. Physicochemical Properties Analysis


The chemical oxygen demand (COD), nitrate concentration (NO3−) and phosphate concentration (PO43−) in the effluent were determined by means of a WTW Thermoreactor 3200 and a WTW pHotoFlex portable photometer, by following the corresponding set test for each application (WTW, Weilheim, Germany). The pH was directly measured using a Consort C932 analyzer (Constort NT, Turnhout, Belgium) with a HI-1230 pH electrode (Hanna Instruments, Woonsocket, RI, USA). Five-day biochemical oxygen demand (BOD5) was determined by means of a WTW OxiTop OC 110 system and a WTW TS 606-G/2-i thermostat cabinet (WTW, Weilheim, Germany). Turbidity was measured by means of a Lovibond, Pc Checkit, turbidity meter (Lovibond, Dortmund, Germany). The temperature, salinity, conductivity and total dissolved solids (TDS) were determined by a WTW LF 3215 conductivity meter with TetraCon 325 Probe (WTW, Weilheim, Germany). The physicochemical properties of the collected samples are given in Table 1.




2.5.2. SPE Extraction and UHPLC–LTQ/Orbitrap MS Analysis


The analysis of the WWTP effluent samples and the degradation experiments were conducted with a SPE-UHPLC–LTQ/Orbitrap HRMS method. The Oasis HLB (200 mg, 6 cm3) cartridges were selected for the determination of the target analytes. Before the extraction, an appropriate volume of 5% Na2EDTA solution was added, in order to achieve a final concentration of 0.1% in the sample. The addition of EDTA in water before analysis has been proven with complex metals or residual metal ions, that are soluble in water, and have a high tendency to complex with the antibiotics, resulting in lower extraction efficiencies [43,44]. The preconditioning of the cartridges was performed with 5 mL of methanol and 5 mL of LC-MS grade water and then the samples (50 mL effluent at pH ≈ 7) were loaded into the cartridges and percolated with a flow rate of 10 mL/min. After the extraction, the cartridges were washed with 5 mL of LC-MS grade water and dried for 15 min under vacuum. Following this, the elution of the analytes was performed twice with 5 mL of LC-MS grade methanol at 1 mL/min and the combined extracts were evaporated to dryness under a gentle stream of nitrogen at 40 °C by means of Techne Dri-Block heater Model DB-3D. Finally, reconstitution was done with 250 μL of methanol: water 20:80 (v/v) with 0.1% formic acid and the samples were stored at −20 °C until analysis.



Analysis of the samples was perfomed by a UHPLC Accela LC system, connected with a hybrid LTQ-FT Orbitrap XL 2.5.5 SP1 mass spectrometer which was equipped with electrospray ionization source (ESI) (Thermo Fisher Scientific, Inc., GmbH, Bremen, Germany). The full scan in positive (PI) and negative (NI) ionization mode was acquired, for identification and quantification purposes. The data-dependent acquisition (full MS/dd-MS2) based on collision induced dissociation (CID) was performed and the mass tolerance window was set to 5 ppm. Thermo Xcalibur 2.1 software (Thermo Electron, San Jose, CA, USA) was used for the processing of the data. A reversed phase SpeedCore C18 analytical column with 50 mm × 2.1 mm, 2.6 μm particle size (Fortis Technologies, Cheshire, UK) was used for the chromatographic separation. In PI, the samples were separated at 27 °C, with 0.1% formic acid in LC-MS grade water (mobile phase A) and 0.1% formic acid in LC-MS grade methanol (mobile phase B). The elution gradient in PI started with 95% A (initial conditions), kept at 95% for 1 min, progressed to 30% in 3 min, then progressed to 0% in 6 min, and returned to the initial conditions after 3 with 1 min re-equilibration of the column. The total run time was 10 min. In NI, the samples were separated at 27 °C, with LC-MS grade water (mobile phase A) and LC-MS grade methanol (mobile phase B). The elution gradient in NI started with 90% A (initial conditions), kept at 90% for 0.5 min, progressed to 30% in 2 min, reaching 10% in 3 min, decreased in 5% at 3.9 min, decreased in 0% at 4.5 min, remained 0% for 0.5 min, and returned to the initial conditions after 1 min with 2 min re-equilibration of the column. The total run time was 8 min. The flow rate in PI and NI was 0.4 mL/min with an injection volume of 5 and 20 μL, respectively.



Concerning validation of the method, the limits of detection (LODs) and quantification (LOQs) of the target compounds were determined as the minimum detectable amount of the analyte, which provided signal to noise ratio 3:1 and 10:1, respectively. The LODs ranged between 0.5 and 9.0 ng/L while the LOQs ranged between 1.1 and 26.7 ng/L, for carbamazepine and salicylic acid, respectively. In order to identify the presence of possible transformation products (TPS), concerning the PhACs which presented degradation profile, an in-house database was created, containing theoretical exact masses of metabolite/TPs determined in previous works [22,45,46,47,48,49,50,51,52]. The target compounds included in the database were detected in the samples based on criteria such as the retention time, mass error of the suspected analyte within ±5 ppm, isotopic profile matching for each molecular formula and MS2 fragmentation pattern [6].






3. Results and Discussion


3.1. Degradation of Pharmaceuticals in the Hospital WWTP Effluent


The Orbitrap HRMS analysis revealed the presence of 19 target pharmaceuticals in the hospital effluent belonging to various therapeutic categories, which were identified and quantified in all cases. The concentrations of the above compounds in the effluents are given in Table 2. The residual concentration of pharmaceuticals in the secondary effluent depends on the biodegradability of the chemicals and treatment capacity of the secondary biological treatment processes. In particular, depending on their input concentration level and removal efficiencies, they can be discriminated in two groups. The first group includes compounds that presented frequent detection in the secondary effluents and therefore their photocatalytic degradation kinetic was systematically assessed. These compounds were the antidepressant venlafaxine (VNX) and its metabolite O-desmethyl venlafaxine (ODV), the antipsychotic amisulpride (AMS), the antibiotic sulfamethoxazole (SMX) and the antiepileptic carbamazepine (CBZ). Their degradation followed pseudo-first order kinetics. The rate constant k was calculated from the equation:


     C t  =  C  0      e  − k t    



(1)




where Ct is the concentration at time t and C0 the initial concentration. At the time, that concentration reduces to 50% of its initial amount and the half-life is calculated by t1/2 = ln2/k [53,54,55]. Table 3 shows the photocatalytic degradation rate constants of the above compounds, half-lives and correlation coefficients, while Figure 1 presents their degradation rate constants in relation with COD, TDS and conductivity in aqueous TiO2 suspensions in the three sampling months.



All compounds presented higher degradation rates in May (k ranged between 0.0128 min-1 for SMX and 0.0177 min−1 for ODV) and lower in March (k = 0.0022 min−1 for SMX). Only AMS degraded at a lower rate in February (k = 0.0046 min−1). Furthermore, in May, after 120 min, an average degradation of more than 80% was observed for VNX, ODV, AMS, SMX and CBZ. In March, more than 65% of VNX, ODV and AMS were degraded after 120 min, while SMX and CBZ were degraded at much smaller rates. Similar results were shown in February where VNX and ODV presented degradation > 75% after 120 min, while AMS and CBZ presented 42% and 57% elimination, respectively.



The second group consists of sporadically detected compounds in the effluents, which can further be sub-classed into: (a) Those compounds which their degradation was accomplished within 45 min (e.g., haloperidole, paroxetine, clozapine, amitriptyline, sertraline, diclofenac, fluoxetine and mirtazapine) and (b) those compounds whose initial concentration (traces in most cases) remained nearly stable during the photocatalytic process (e.g., trimethoprim, citalopram, fluvoxamine, bupropion, fenofibrate and salicylic acid). According to Czech et al. [56], high initial concentrations of PhACs might favor their removal as their initial photocatalytic oxidation rate is increased. The same authors reported also that a higher wavelength of irradiation and lower concentrations of micropollutants are not beneficial in wastewater photocatalytic treatment. Furthermore, the presence of other molecules in the effluents may hinder the total photocatalytic degradation of micropollutants which are present in trace levels, since this treatment includes various reactions occurring on and close to the catalysts surface [56]. For instance, Choin et al. [57] reported the possibility that inorganic ions present in the effluents (such as NH4+, NO3− and HCO3−) alter the surface charge of TiO2 and hence, its adsorption preference towards micropollutants. In addition, the effluent organic interferences, such as humic components, might hinder the photocatalytic efficiency of micropollutants: (i) By disposing a significant amount of organic moieties to scavenge photogenerated •OH and (ii) by absorbing onto TiO2, thereby reducing the available active sites of the surface, and inducing oxidation with surface-bound∙•OH [57].



In this context, in Figure 1, it is shown that higher degradation rates are accomplished for lower initial concentrations of COD (Figure 1a) and TDS (Figure 1b). Similar results were reported by Choin et al. [57] where pharmaceuticals’ degradation using TiO2-based catalysts decreased when the concentration of dissolved organic carbon was increased. This was attributed to the competition between the target compound and the organic matter which existed in the effluent, for the active sites of the surface and the photogenerated •OH. As for the initial conductivity of the effluent samples concerns, it was shown that it did not notably affect the degradation efficiency of the target pharmaceuticals (Figure 1b).



It is worth noticing that although salicylic (SA) acid was detected at concentrations of 236.4 ng/L in February and 239.9 ng/L in March, no degradation during the photocatalytic treatment was observed. SA is the major metabolite of acetylsalicylic acid (aspirin) which is a common non-steroidal anti-inflammatory drug. In addition, there are several other sources of SA since it is also used as an additive in some skin-care products, in toothpastes and as a food preservative [6]. In a previous study using TiO2, the highest degradation of SA was found at high initial concentrations. In particular, its photocatalytic degradation was faster with an initial concentration of 50 mg/L than 10 mg/L [58]. Furthermore, in another work accomplished by Vilhunen et al. [59], the effect of the initial concentration of SA on its degradation rate was also studied by using TiO2 T300 as a catalyst. Similarly, the higher degradation rates have been recorded in a higher initial concentration of SA. These results might be explained by the fact that at higher concentrations, more SA molecules are nearby or sorbed onto the catalyst’s surface and ready to react with∙•OH [59]. Taking the above into consideration, in the present work, SA persistence could be explained by assuming competitive adsorption of other constituents or pharmaceuticals contained in wastewaters onto the catalysts’ surface as well as the higher reactivity of the other constituents towards photogenerated hydroxyl radicals and/or positive holes.



The next step was to evaluate and compare the photocatalytic degradation of PhACs under TiO2, CN and 20CNSTO processes, in hospital wastewater effluents by simulated solar irradiation (Table 4). Preliminary experiments concerning photolysis and adsorption (in TiO2, CN and 20CNSTO materials) were conducted. Photodegradation experiments (Figure 2) showed that VNX and SMX concentrations remained stable during the process, while for ODV, AMS and CBZ, the results showed that 8%, 11% and 12% of the initial concentration was degraded after 180 min of irradiation, indicating no significant contribution to their degradation. Furthermore, the experiments under dark conditions which were performed in order to establish the adsorption-desorption equilibrium of the target compounds showed limited adsorption of the target compounds on the catalyst’s surface i.e., less than 9%, at equilibrium (30 min). These very low adsorption phenomena are due to the catalysts small specific surface areas, since they display 50, 35 and 32 m2g−1 for TiO2, CN and 20CNSTO, respectively [42].



In most of the cases, the photocatalytic degradation of the studied compounds presented to be higher in CN and TiO2, while 20CNSTO presented lower photocatalytic performances (see Figure 2). In particular, concerning the antidepressant VNX, after 90 min of irradiation with CN, 96% of the initial concentration was degraded, presenting a rate constant of k = 0.0327 min−1 and a half-life of t1/2 = 21.2 min. The lower degradation performances of 78% and 31% were recorded in this case for TiO2 and 20CNSTO, respectively. The ODV degradation was slightly higher with TiO2 (k = 0.0177 min−1) than with CN (k = 0.0148 min−1), presenting after a 90 min removal performance of 76% and 75%, respectively.



The photocatalytic efficiency of AMS and CBZ was significantly enhanced in the presence of CN, showing a degradation of 98% (t1/2 = 22.5 min) and 86% (t1/2=29.9 min), respectively after 90 min of irradiation. Their degradation constant rates followed the order: CN> TiO2> 20CNSTO. The antibiotic SMX, in the presence of TiO2 and CN followed pseudo-first order kinetics, while low degradation was recorded in the presence of 20CNSTO. More specifically, after 90 min of irradiation, 71% of the initial compound was degraded with TiO2 and 62% with CN. As for the activity of 20CNSTO concerns, the concentration of SMX remained nearly stable during the 180 min of irradiation.



In addition, the physical-chemical parameters of the hospital wastewater before and after the photocatalytic treatment with the three catalysts are given in Table 5. After photocatalysis, COD decreased moderately due to degradation of PhACs and wastewater organic compounds [10]. This moderate decrease denotes that the decomposition products of PhACs and organic matter substances still contribute in the COD pool. In addition, the evolution of inorganic ions released into the solutions after 180 min of irradiation showed an increment of nitrates (NO3−) in all cases following the order CN > TiO2 > 20CNSTO. Phosphate ions (PO43−) were found in relatively lower concentrations in the treated effluents with all catalysts indicating that they might be absorbed on the photocatalysts’ surface [60]. As for conductivity concerns, its enhancement can be attributed to the increment of mineralization during the photocatalytic process.




3.2. Transformation Products/Metabolites Identification


The identification of TPs/metabolites is of crucial importance since it provides information concerning not only the risk assessment on the drug residues in the environment, but also the design of new treatment-technologies [22]. In order to identify the possible metabolites/TPs present in the samples, each one was analyzed by the UHPLC-Orbitrap MS as previously described in Section 2.5.2. A purpose-built database for the five pharmaceuticals that presented high concentrations and frequent detection in the secondary effluents was elaborated. These were VNX, ODV, AMS, CBZ and SMX. A number of metabolites/TPs in the studied samples were identified, despite of the fact that there was no the availability of the reference standards [61]. Table 6 summarizes the relevant analytical information concerning the metabolites/TPs identified in the three studied catalysts. Most of the compounds were present in the different treatment procedures, showing that similar reaction mechanisms occurred and in all cases low mass errors were observed (<5 ppm) [4].



According to Table 6, various TPs/metabolites were identified for the studied compounds. VNX is mainly metabolized in humans in ODV. According to previous studies, N-desmethyl venlafaxine (NDV) is also produced during metabolism but to a less extent since it has been proved that O-demehtylation accounts for 90%, while N-demethylation for 10% of oxidative metabolism [22]. Both ODV and NDV have an m/z 264.1958 and elemental composition C16H26NO2+. Lambropoulou et al. [22] confirmed the identities of the two compounds and ODV was assigned as the first eluted compound while the second-one was assigned to NDV. In our study, in all cases, only ODV was identified and quantified, also due to the availability of a reference standard. Additionally, MS2 product ion with m/z 246.1852 (C16H24NO+), corresponded to H2O loss which further supported the identification.



According to our results, a total of three TPs were found for VNX, which can also be designated as intermediates originating from its metabolite ODV. The first with m/z 262.1802 and elemental composition C16H24NO2+ could be generated from further oxidation of ODV with m/z 264.1958 and an elemental composition of, C16H26NO2+. The mass loss of approximately 2 Da could be explained either by the formation of a double bond or by an oxidative ring closing reaction [22]. The second TP identified with m/z 280.1903 and elemental composition C16H26NO3+ was generated from the hydroxylation of TP 264 (ODV). The MS2 fragmentation of the above TPs with m/z 262.1802 and m/z 280.1903 exhibited ions at m/z 244.165 (C16H22NO+) and m/z 262.1802 (C16H24NO2+), respectively, derived both from the loss of H2O. Two isomers were detected for the third TP. This is a di-desmethyl VNX product with m/z 250.1802 and an elemental composition of C15H24NO2+. Garcia-Galan et al. [45] also reported the finding of these two isomers in UV/H2O2 oxidation of VNX and ODV. The above TPs were previously identified by Lambropoulou et al. [22] as intermediate products after photocatalytic degradation of VNX using TiO2/UV process. Finally, the hydroxylated moiety of ODV was detected with m/z 278.1751 and an elemental composition of C16H24NO3+ [45].



Regarding AMS, only one TP was observed. This TP exhibited an m/z of 386.1744 corresponding to the elemental composition C17H28N3O5S+ by the addition of an oxygen atom. This TP has been previously reported by Skibinski et al. [46] as a TP formed after a photodegradation study of AMS.



Concerning CBZ, the analysis allowed the identification of five metabolites under the different photocatalytic treatments. The principal metabolite of carbamazepine is carbamazepine-10,11-epoxide (CBZ-EP) which is further metabolized into 10,11-dihydro-10,11-trans-dihydroxycarbamazepine (Trans-CBZ). The keto analogue of CBZ, known as Oxcarbazepine (OxCBZ), generates common TPs with those of CBZ, such as Trans-CBZ and 10-hydroxy-10,11-dihydrocarbamazepine (licarbazepine, LIC). Various TPs of carbamazepine have been identified in surface and ground waters, such as 2- hydroxycarbamazepine (2OH-CBZ), 3-hydroxycarbamazepine (3OH-CBZ), CBZ-EP, 9,10-dihydro- 9-oxoacridine (acridone) and acridine [50].



In our study, four peaks were found with the m/z 253.0972 corresponding to an elemental composition of C15H15N2O2+. The above m/z accounts either for CBZ-EP or OxCBZ or 2OH-CBZ or 3OH-CBZ [50]. Since in the present study real effluent wastewater samples were studied, the metabolites of the parent compounds existed in traces, therefore due to the lack of MS2-MS3 mass spectra it was not possible to clearly identify which peak corresponded to the respective metabolites. In this case, further studies by applying commercially available standards are needed. The fifth metabolite with m/z 271.1077 and an elemental composition of C15H15N3O2+ is the Trans-CBZ-diol, generated from the addition of two hydroxyl groups in the parent CBZ [48].



As for SMX concerns, none of the TPs recorded from the literature were identified in the analyzed samples. It is possible that some other TPs could have been produced during the photocatalytic processes in all catalysts examined. However, their low formation during the process did not make it possible for their identification. Furthermore, it is worth noticing that in the studies where transformation products are suggested, usually only one drug is studied at high initial concentrations (normally in order of tens of mgL−1) [4]. In contrast, in the present study, real effluent samples were studied, therefore, the identification of TPs at very low concentrations was a challenge. The metabolites/TPs evolution as a function of irradiation time was also determined by UHPLC-Orbitrap MS and their evolution profiles found under TiO2 and CN photocatalytic treatment in May are depicted in Figure 3. All TPs were completely or nearly degraded within 180 min.





4. Conclusions


This study focused on the impact of different catalysts, TiO2-P25, CN and 20CNSTO on the heterogeneous photocatalytic treatment of pharmaceutical micropollutants in real hospital effluent wastewater samples. An analysis of the samples was accomplished by SPE followed by UHPLC–LTQ/Orbitrap HRMS where 19 target pharmaceuticals were detected in the effluent. Depending on their initial concentrations and removal efficiencies, the above compounds were discriminated: (a) Those that presented frequent detection and their photocatalytic degradation was assessed (VNX, ODV, AMS, SMX, CBZ) and (b) to those that were sporadically detected (e.g., fluoxetine and bupropion). Therefore, it was not feasible to monitor their photocatalytic degradation since in some cases, the presence of other molecules in the effluents may hinder their total photocatalytic efficiency.



The photocatalytic pattern of the compounds belonging to the first group followed the pseudo-first order kinetics. TiO2 and CN presented higher photocatalytic performance than 20CNSTO in all cases with CN presenting similar or better degradation rates that TiO2, depending on the pharmaceutical compound. The physical-chemical measurements of the parameters before and after the photocatalytic treatment with the three catalysts revealed degradation-mineralization of the micropollutants present in the effluent wastewater. In order to detect the occurrence of possible metabolites/TPs formed, a purpose-built database for the five pharmaceuticals that presented high concentrations and frequent detection in the secondary effluents, was elaborated for analysis of the samples by UHPLC-Orbitrap MS. This allowed the identification of 11 TPs generated during the photocatalytic processes using accurate mass values and fragmentation patterns.
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Figure 1. Degradation rate constants of pharmaceutically active compounds (PhACs) in relation with (a) chemical oxygen demand (COD) and (b) total dissolved solids (TDS) and conductivity, in TiO2 suspensions in the three sampling months. 
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Figure 2. Photolytic and photocatalytic degradation of PhACs versus irradiation time in hospital wastewater effluent using TiO2, CN and 20CNSTO. 
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Figure 3. Evolution of identified metabolites/TPs in (a) TiO2 and (b) CN photocatalytic treatment based on UHPLC-Orbitrap MS. 
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Table 1. Water quality data of the university hospital wastewater effluent of Ioannina city.
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	Parameter
	February
	March
	May





	Conductivity (μS/cm)
	289
	373
	344



	TDS (mg/L)
	417
	398
	357



	Temperature °C
	12.2
	20.8
	21.9



	Turbidity NTU
	9.4
	11.5
	6.8



	pH
	6.8
	6.5
	6.7



	COD (mg/L)
	15
	16
	13



	BOD5 (mg/L)
	9.6
	9.6
	7.9



	PO43− (mg/L)
	10.7
	10.7
	5.06



	NO3− (mg/L)
	134.1
	120.3
	80.4
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Table 2. Concentration levels (ng/L) of pharmaceutically active compounds (PhACs) identified in real hospital wastewater treatment plants (WWTP) effluent in the three sampling campaigns by UHPLC–LTQ/Orbitrap MS.
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Pharmaceuticals

	
Ionization

	
Concentration (ng/L)




	

	
Mode

	
February

	
March

	
May






	
Analgesic/Anti-inflammatory

	

	

	

	




	
Salicylic acid

	
−

	
236.4

	
239.9

	
<LOQ




	
Diclofenac

	
−

	
181.1

	
181.0

	
79.2




	
Lipid regulator

	

	

	

	




	
Fenofibrate

	
+

	
n.d.

	
n.d.

	
128.9




	
Antibiotic

	

	

	

	




	
Trimethoprim

	
+

	
n.d.

	
97.0

	
21.5




	
Sulfamethoxazole

	
+

	
n.d.

	
157.9

	
349.8




	
Antidepressant

	

	

	

	




	
Venlafaxine

	
+

	
434.2

	
412.5

	
391.2




	
O-desmethyl venlafaxine

	
+

	
691.4

	
1871.0

	
748.5




	
Mirtazapine

	
+

	
n.d.

	
n.d.

	
43.2




	
Bupropion

	
+

	
n.d.

	
n.d.

	
15.8




	
Paroxetine

	
+

	
32.4

	
n.d.

	
n.d.




	
Fluoxetine

	
+

	
n.d.

	
36.7

	
n.d.




	
Sertraline

	
+

	
n.d.

	
68.4

	
n.d.




	
Citalopram

	
+

	
102.4

	
55.9

	
39.4




	
Amitryptiline

	
+

	
23.0

	
n.d.

	
n.d.




	
Fluvoxamine

	
+

	
n.d.

	
n.d.

	
8.5




	
Antiepiliptic

	

	

	

	




	
Carbamazepine

	
+

	
388.2

	
266.7

	
242.0




	
Antipsychotic

	

	

	

	




	
Haloperidol

	
+

	
42.0

	
n.d.

	
n.d.




	
Clozapine

	
+

	
67.8

	
n.d.

	
n.d.




	
Amisulpride

	
+

	
102.0

	
929.4

	
505.5
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Table 3. Kinetic parameters of PhACs photocatalytic degradation in TiO2 suspensions in the three sampling months in hospital wastewater effluent.
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Compound

	
February

	
March

	
May




	

	
k

(min−1)

	
t1/2

(min)

	
R2

	
k

(min−1)

	
t1/2

(min)

	
R2

	
k

(min−1)

	
t1/2

(min)

	
R2






	
VNX

	
0.0124

	
55.90

	
0.9971

	
0.0104

	
66.50

	
0.9918

	
0.0176

	
39.38

	
0.9956




	
ODV

	
0.0131

	
52.91

	
0.9971

	
0.0097

	
71.46

	
0.9902

	
0.0177

	
39.16

	
0.9900




	
AMS

	
0.0046

	
150.68

	
0.9922

	
0.0108

	
64.80

	
0.9915

	
0.0155

	
44.52

	
0.9900




	
SMX

	
-

	
-

	
-

	
0.0022

	
315.07

	
0.9914

	
0.0128

	
54.15

	
0.9937




	
CBZ

	
0.0071

	
97.63

	
0.9908

	
0.0054

	
128.36

	
0.9933

	
0.0161

	
43.05

	
0.9962
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Table 4. Kinetic parameters of PhACs photocatalytic degradation in hospital wastewater effluent using TiO2, CN and 20CNSTO.
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Compound

	
TiO2

	
CN

	
20CNSTO




	

	
k

(min−1)

	
t1/2

(min)

	
R2

	
k

(min−1)

	
t1/2

(min)

	
R2

	
k

(min−1)

	
t1/2

(min)

	
R2






	
VNX

	
0.0176

	
39.38

	
0.9956

	
0.0327

	
21.2

	
0.9909

	
0.0038

	
182.41

	
0.9913




	
ODV

	
0.0177

	
39.16

	
0.9900

	
0.0148

	
46.83

	
0.9903

	
0.0040

	
173.29

	
0.9902




	
AMS

	
0.0155

	
44.52

	
0.9900

	
0.0308

	
22.50

	
0.9970

	
0.0153

	
45.30

	
0.9901




	
SMX

	
0.0128

	
54.15

	
0.9937

	
0.0103

	
67.30

	
0.9902

	
-

	
-

	
-




	
CBZ

	
0.0161

	
43.05

	
0.9962

	
0.0232

	
29.88

	
0.9905

	
0.0035

	
198.04

	
0.9901
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Table 5. Physicochemical characteristics of the hospital effluent wastewater before and after the photocatalytic degradation in May.
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	Parameter
	Hospital Wastewater before PC
	Hospital Wastewater after PC-TiO2-P25
	Hospital Wastewater after PC-CN
	Hospital Wastewater after PC-20CNSTO





	Conductivity (μS/cm)
	344
	403
	393
	407



	TDS (mg/L)
	357
	371
	372
	373



	pH
	6.7
	6.7
	7
	6.8



	COD (mg/L)
	13
	<10
	<10
	<10



	PO43− (mg/L)
	5.06
	3.38
	4.22
	3.8



	NO3− (mg/L)
	80.4
	158.7
	165.1
	120.4
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Table 6. Retention time (Rt), elemental formula, experimental and theoretical mass, mass error deviation and double bond and ring equivalent number (RDB) of metabolites/transformation products (TPs) identified during the three catalysts treatment by UHPLC-Orbitrap MS using the in-house database (molecular ions in bold).
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TPs/

Metabolites

	
Rt (min)

	
Elemental Formula [M + H]+

	
Accurate Mass

	
Error (ppm)

	
DBE

	
Catalyst Occurrence




	
Theor.

	
Exper.






	
VNX

	
3.14

	
C17H28NO2

	
278.2115

	
278.2126

	
3.934

	
4.5

	
TiO2, CN, 20CNSTO




	
VNX-TP1

	
3.02

	
C16H24NO2

	
262.1802

	
262.1805

	
1.238

	
5.5

	
TiO2, CN, 20CNSTO




	
VNX-TP2

	
2.15

	
C16H26NO3

	
280.1903

	
280.1912

	
1.784

	
4.5

	
TiO2, CN




	
VNX-TP3a

	
2.36

	
C15H24NO2

	
250.1802

	
250.1808

	
2.776

	
4.5

	
TiO2, CN, 20CNSTO




	
VNX-TP3b

	
2.88

	
C15H24NO2

	
250.1802

	
250.1811

	
3.575

	
4.5

	
TiO2, CN, 20CNSTO




	
ODV

	
2.72

	
C16H26NO2

	
264.1958

	
264.1967

	
3.575

	
4.5

	
TiO2, CN, 20CNSTO




	
ODV-ΤP1

	
2.17

	
C16H24NO

	
246.1852

	
246.1854

	
0.646

	
5.5

	
TiO2, CN, 20CNSTO




	
AMS

	
2.53

	
C17H28N3O4S

	
370.1795

	
370.1805

	
2.719

	
5.5

	
TiO2, CN, 20CNSTO




	
AMS-TP1

	
2.69

	
C17H28N3O5S

	
386.1744

	
386.1747

	
0.678

	
5.5

	
TiO2, CN, 20CNSTO




	
CBZ

	
3.60

	
C15H13N2O

	
237.1022

	
237.1028

	
2.279

	
10.5

	
TiO2, CN, 20CNSTO




	
CBZ-ΤP1

	
3.20

	
C15H13N2O2

	
253.0972

	
253.0976

	
1.682

	
10.5

	
TiO2, CN, 20CNSTO




	
CBZ-ΤP2

	
3.28

	
C15H13N2O2

	
253.0972

	
253.0976

	
1.682

	
10.5

	
TiO2, CN, 20CNSTO




	
CBZ-ΤP3

	
3.40

	
C15H13N2O2

	
253.0972

	
253.0974

	
0.971

	
10.5

	
TiO2, CN, 20CNSTO




	
CBZ-ΤP4

	
3.55

	
C15H13N2O2

	
253.0972

	
253.0982

	
4.211

	
10.5

	
TiO2, CN




	
CBZ-ΤP5

	
3.22

	
C15H15N2O3

	
271.1077

	
271.1083

	
2.955

	
9.5

	
TiO2, CN, 20CNSTO




	
SMX

	
2.77

	
C10H12N3O3S

	
254.0594

	
254.0600

	
0.612

	
6.5

	
TiO2, CN, 20CNSTO












© 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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