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Abstract

:

Antidepressants are one of the main pollutants in the aquatic environment. They are being widely studied due to their widespread use, possible health effects, and partial removal from wastewater treatment plants by conventional methods. Photocatalysis is an effective and ecologically beneficial method in wastewater treatment. In the present study, the photocatalytic degradation of sertraline hydrochloride (SERT) in water using nano-sized zinc oxide (ZnO-NPs) was investigated. The ZnO-NPs were synthesized from zinc gluconate as a precursor by the sol–gel method. The crystal structure, morphology, surface charge, and textural properties were characterized by X-ray diffraction, scanning electron microscopy, energy-dispersive X-ray analyses, transmission electron microscopy, Fourier-transform infrared spectroscopy, zeta potential, and N2 adsorption–desorption measurements. The removal of SERT in water was explored by different processes: H2O2/UV, ZnO-NPs/H2O2/UV, and ZnO-NPs/UV. Our results indicate that the combination of both UV illumination and the ZnO-NP as a catalyst was necessary for the efficient degradation of the drug. Nearly complete removal of SERT (98.7%) was achieved in 30 min with the ZnO-NPs/UV process at room temperature. The photodegradation of SERT follows first-order kinetics with a rate constant of 0.0678 min−1. The results reveal that SERT degradation with ZnO-NPs/UV is pH-dependent, as the maximum drug removal was achieved at pH 11. Initial drug concentration, catalyst dose, and hydrogen peroxide concentration were also crucial in the removal of SERT. Our findings indicate that the high specific surface area and porous structure of ZnO-NP enhance its photocatalytic performance toward photodegradation of SERT, i.e., ZnO-NP is an efficient nanophotocatalyst for the degradation of SERT under UV irradiation.
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1. Introduction


Environmental pollution resulting from pharmaceuticals is a global problem that has received considerable attention recently due to their possible health effects, widespread nature, and difficult degradation through conventional techniques [1]. These pollutants are transferred mainly to the aquatic environment through effluents from wastewater plants and hospitals [2]. The presence of antidepressant pharmaceuticals in wastewater has received particular attention among the various classes of emerging contaminants due to their widespread use, heavy consumption, and toxicological effects [3,4]. These compounds can help relieve symptoms of depression, anxiety disorders, seasonal affective disorder, and dysthymia.



Over the last decades, the concentration and effects of pharmaceutical compounds, including psychiatric drugs, in the aquatic environment have been assessed [5]. Sertraline hydrochloride (SERT), one of the pharmaceutical compounds, is primarily used to treat clinical depression in adult outpatients as well as obsessive–compulsive, panic, and social anxiety disorders in both adults and children [6]. As a result, SERT has become one of the most commonly detected pharmaceuticals in surface water and wastewater treatment plant effluents [7]. Because of the low removal rates of SERT from wastewater, it is necessary to search for alternative and more effective treatment methods.



Advanced oxidation processes are effective and ecologically beneficial approaches employed in wastewater treatment. Among these methods is photocatalysis, characterized by a simple instrumental procedure, an easily controlled process, non-selective oxidation, being cost-effective, and bringing about a complete degradation of pharmaceutical pollutants [8]. The decomposition of pollutants by photocatalysts occurs by the electron–hole pairs generated via either visible or UV irradiation according to the band energy gap of photocatalysts [9,10]. The most commonly used and effective photocatalysts in wastewater treatment include TiO2, ZnO, and CdS [10,11]. Among these photocatalysts, ZnO is mostly used in wastewater treatment due to its wide energy band gap of 3.37 eV and its high excitation binding energy of 60 meV (at an ambient temperature of 300 K) [8,12].



One-dimensional nanorods, in comparison with nanoparticles, have a high specific surface area, a high capability for charge transfer, and carrier mobility throughout the photocatalyst [13,14,15]. Furthermore, the nanorod-like structure provides a high light absorption capacity, large charge separation, and high adsorption of pollutants [15]. Consequently, the ZnO nanorods structure can be more beneficial to the light-assisted photocatalytic degradation of different water pollutants, such as dyes and pharmaceuticals. Compared to nanorods and nanoparticles, two-dimensional nanomaterials provide enhanced physical and chemical functionality owing to their unique structure properties, high surface-to-volume ratios, and surface charges. Two-dimensional nanomaterials were recently used in the development of many water treatment systems with remarkable adsorptive and photocatalytic degradation [16]. Two-dimensional nanomaterials includes a broad spectrum of nanomaterials, including polymer-based materials, metal nanosheets, graphene-based materials, transition metal oxides/dichalcogenides, etc.



The aim of the present work is to synthesize ZnO-NPs using the sol–gel chemical method and to investigate the efficiency of the synthesized nanoparticles for degrading SERT from the aquatic environment under different processes: H2O2/UV, ZnO-NPs/H2O2/UV, and ZnO-NPs/UV. Moreover, the optimalconditions for the photocatalytic degradation of SERT in the presence of ZnO-NPs were identified. These include the effect of pH, initial drug concentration, amount of catalyst, and hydrogen peroxide concentration. The kinetics of the photocatalytic degradation process were investigated using the zero-order, first-order, and second-order kinetic models. Furthermore, monitoring of the percentage of chemical oxygen demand (COD) during the photocatalytic degradation process was imperative to this study as it was an essential indicator for SERT mineralization, affirming the effectiveness of the water treatment process. We show here that ZnO-NPs could be used effectively as a photocatalyst for the degradation and mineralization of SERT in water.




2. Materials and Methods


2.1. Chemicals


SERT((1S)-cis-4-(3,4-dichlorophenyl)-1,2,3,4-tetrahydro-N-methyl-1-naphthalenamine) was purchased from El-Nasr Pharmaceutical Company, Cairo, Egypt, while zinc gluconate was obtained from EPICO Pharmaceutical Company, Karmouz, Egypt, and zinc oxide bulk was purchased from Sigma-Aldrich (St. Louis, MO, USA) (purity 99.9%, surface area: 4.83 m2 g−1, and average pore size < 5 micron). Figure 1 represents the chemical structure of SERT. Hydrogen peroxide (30% w/w), sodium hydroxide, ammonia solution, ferrous ammonium sulfate, ferroin indicator, mercury (II) sulfate, and potassium dichromate were purchased from BDH Company. All other reagents were analytical-grade and used as received. All solutions were prepared with deionized (DI) water.




2.2. Synthesis and Characterization of Nano-Sized Zinc Oxide


2.2.1. Synthesis


ZnO-NPs were synthesized via the sol–gel method by dissolving 2 g of zinc gluconate in 100 mL deionized water. The solution was sonicated for 10 min to completely dissolve the zinc gluconate. Ammonia solution was slowly dropped into zinc gluconate solution with continuous stirring, then the resultant precipitate was collected by filtration under vacuum and rinsed four times with deionized water and ethanol. The precipitate was dried at 90 °C, then calcinated at 600 °C for 3 h in the muffle furnace to give ZnO-NPs as shown in the following Equations:


  Zn      C 6   H  11    O 7     2       aq     + 2      NH   4    OH     aq     → Zn     OH    2      s    ↓ + 2  C 6   H  11    O 7    NH  4       aq      



(1)






  Zn     OH     2   aq     ↓ + 2   OH  −  →   ZnO  2  − 2     + 2  H 2  O  



(2)






    ZnO  2     − 2   +  H 2  O →    ZnO  ↓ + 2   OH  −   



(3)








2.2.2. ZnO-NPs Characterization


FTIR spectroscopy of zinc gluconate, ZnO-NPs, and bulk ZnO was conducted in the 400–4000 cm−1 region using a Perkin Elmer spectrometer (FTIR, Perkin Elmer, Hamburg, Germany). The FTIR spectra were processed by Prestige software (IR solution, version 1.50). A cylindrical holder was used to press sample powders (200 mg, 1 wt.% in KBr) until a disk (13 mm diameter, 2 mm thickness) was obtained.



X-ray diffraction (XRD) was used to investigate the structural and crystalline properties of the synthesized ZnO-NPs particles in the2θ range of 10–60° by using a Bruker AXS -D8 advanced diffractometer system (Bruker Co., Berlin, Germany), using the manual DIFFRC Plus EVA 2001 method at 25 °C. Based on the width of the XRD peaks, the Scherrer formula was used to determine the ctystalline domain size with the assumption that they are free from non-uniform strains; the formula:


D = 0.94λ/βCosθ



(4)




where D is the average crystallite domain size perpendicular to the reflecting planes, λ is the X-ray wavelength, β is the full width at half maximum (FWHM), and θ is the diffraction angle.



A scanning electron microscope (SEM), model Quanta 250 FEG (Field Emission Gun) with an EDX unit (energy dispersive X-ray analyses), at an accelerating voltage of 30 KV, was used to observe the morphology and the elemental analysis of the ZnO-NPs. The prepared sample was kept on a SEM stub using double-sided adhesive tape at 50 mA for 6 min through a sputter. Afterwards, the stub containing the sample was placed in the SEM chamber. At an acceleration voltage of 20 kV, the photomicrograph was taken.



Moreover, a transmission electron microscope (TEM), model JEM-2100 Plus, was used to conduct characterization of ZnO-NPs. The TEM samples were prepared by sonicating the produced powder after mixing it with ethanol. Thereafter, a small drop of the sample was applied to the staining mat. The sample was coated with a copper grid, then removed and air-dried. Then, the sample was analyzed at an accelerating voltage of 80 kV.



Surface charge of ZnO-NPs was measured by determining zeta potential using the Malvern zeta-sizer nanoseries (UK). Furthermore, the surface area and porosity of ZnO-NPs was calculated by nitrogen adsorption–desorption analysis at 77 K using a Micromeritics ASAP 2010 instrument. The specific surface area of the sample was determined by the BET method and the pore size and pore volume distribution was assessed by the Barrett–Joyner–Halenda (BJH) method.





2.3. Photoreactor and Actinometry


Photoreactions were carried out in an ACE glass photoreactor comprised of a quartz tube surrounded with a water-cooling jacket and immersed in a Pyrex cylinder as a solution container. The container had inlets for feeding reactants and ports for measuring temperature and withdrawing samples. The UV irradiation source was a 20 W low-pressure mercury vapor lamp (maximum emission at 254 nm). The incident photonic flux was measured by the photolysis of ferrioxalate (Io = 1.46 ×10−6 Ein./L min).




2.4. Photocatalytic Degradation Procedure


The photoreactor was operated with an initial working volume of 100 mL. Solutions were prepared by dissolving the necessary quantity of the drug and H2O2 in distilled water and fed into the photoreactor. The aqueous solutions were magnetically stirred, and the temperature was maintained at 25 ± 2 °C by water circulation through an internal cooling tube. The pH of the solution was measured by a HANA pH-Meter and adjusted by using Britton–Robinson (BR) buffer solutions. The lamp initiated the reaction after 5 min of premixing and samples were taken at regular intervals.



Additionally, 0.02 g of the synthesized photocatalyst zinc oxide was added to 100 mL of 0.1 mM SERT aqueous solution at 25 °C with natural pH (pH 7.3). Before UV illumination, the suspension was magnetically stirred in the dark for 10 min to disperse the catalyst. The reactor was then irradiated with UV light emitted by 20 W UV light lamp (λ = 254 nm). At defined intervals, analytical samples were taken from the reaction suspensions during the reaction and then were centrifuged to remove the suspended particulates. The concentration of the SERT solution was determined by measuring the absorbance with bromophenol blue (BPB) using a UV-Vis spectrophotometer double-beam Perkin Elmer (UV-Vis 170) [17].




2.5. Analytical Procedures


Solutions withdrawn from the photoreactor were used to analyze the degradation % and chemical oxygen demand (COD). The concentration of the SERT solution was determined by measuring the absorbance with bromophenol blue (BPB) using a Schimadzu UV–160A spectrophotometer [17]. Chemical oxygen demand (COD) was determined using the closed reflux method to oxidize samples with a known excess of K2Cr2O7 in 50% H2SO4 solution [18]. A standard ferrous ammonium sulfate solution was used to titrate excess K2Cr2O7. The removal % of SERT was calculated according to Equation (5):


   Drug   %   Removal  =    C o  −  C t     C o    × 100  



(5)




where Co is the initial SERT drug concentration and Ct is the drug concentration at time t.




2.6. Kinetic Analysis


The kinetics for the whole process of SERT photocatalytic degradation by ZnO-NPs was described by using three kinetic models, as shown in Equations (6)–(8) for the zero-order, first-order, and second order, respectively.


   C o  −  C t  =    kt  ,  



(6)






  ln      C t     C o      = −  kt     



(7)






     1   C t    −  1   C o      = kt  



(8)




where Co is the initial drug concentration, Ct is the drug concentration at any time (t), and k is the rate constant of the photocatalytic degradation process.





3. Results and Discussion


3.1. Characterization of ZnO-NPs


The FTIR spectra of zinc gluconate, pure bulk ZnO, and prepared ZnO-NPs are shown in Figure 2a. The FTIR spectrum of zinc gluconate displays a broad band at 3400 cm−1, which could be assigned to a hydroxyl group (O-H) stretching of gluconate anions [19]. However, for the Bulk ZnO and ZnO-NPs, the peak at 3400 cm−1 could be attributed to the water of hydration present in the solution during the synthesis process. Furthermore, all characteristic bands of the gluconate skeleton appeared in the finger print region from 1200 cm−1 to 400 cm−1, together with the C=O stretching of carboxylate group appearing at 1750 cm−1 [20]. All bands of the gluconate anion disappeared in the case of bulk ZnO and ZnO-NPs. Indeed, a new significant band appearing at 440 cm−1 and 450 cm−1 for the pure bulk and nanoparticles of ZnO, respectively, which could be associated with the Zn–O stretching mode of the ZnO [21,22]. The band at 450 cm−1 recorded for the ZnO-NPs exhibits a red shift compared to pure bulk ZnO. This behavior is due to the small particle size and morphology of prepared ZnO-NPs, which may affect the FTIR spectrum [23,24].



The XRD analysis was used to identify the sample’s shape and crystalline size. Figure 2b indicates the XRD pattern of the synthesized ZnO-NPs calcined at 600 °C. As shown from the spectra, there are characteristic peaks at 2Ɵ values of 31.7°, 34.3°, 36.2°, 47.6°, and 56.6° for reflections at the 100, 002, 101, 102, and 110 planes, respectively. All peaks could be indexed as the zinc oxide wurtzite structure (JCPDS Data Card No: 36-1451). These peaks can be indexed to ZnO’s hexagonal zincite-type crystallite [25]. Moreover, the Scherrer equation was used to determine the crystalline size of the ZnO-NPs of 53.88 nm.



Figure 2c shows the EDX spectrum of the ZnO-NPs, which confirms the presence of zinc and oxygen signals in the synthesized nanomaterial. The elemental analysis of the synthesized ZnO-NP yielded 82.49% of zinc, 11.65% of oxygen, and 5.84% of carbon. Our results agree with the data published in the literature [26].



Figure 3 indicates the typical scanning electron microscope (SEM) image of the synthesized ZnO-NPs. It is evident from the image that the morphology of ZnO is a nearly spherical shape. The SEM image of ZnO-NPs demonstrates the spherical shape and highly porous structure of ZnO-NPs. The presence of aggregates in the SEM image is due to the accumulation of ZnO-NP crystals with a dense structure during the calcination process [27].



TEM was used to observe further the ZnO-NPs’ morphology (see Figure 4). There is a tendency for the ZnO particles to form subtle clusters of different shapes, including tetrahedral, rod-shaped, and cube-shaped particles, as well as a certain percentage of spherically shaped particles. Particle sizes ranged from 22 to 76 nm, with an average crystal size of 33.6 nm. Moreover, the structure of ZnO-NPs depicts a nanorod-like structure (~200 nm), along with nanosized particles that can be obtained at high temperature (≥500 °C) [28].



Zeta potential was used to measure the surface charges of ZnO-NPs. Zeta potential is a physical characteristic of particles in suspension, representing electrostatic repulsion or attraction between ZnO-NPs and SERT. The electrostatic attraction may play a role in the removal of SERT based on the pH of the aqueous solution, as will be discussed later. Figure 2d showed that ZnO-NPs have a positive surface charge of +13.0 mV.



The specific surface area, pore volume, and average pore diameter of ZnO-NPs were determined by the N2 adsorption method. Figure 5 displays an N2 adsorption–desorption isotherm which could be classified as a Type-II isotherm. The isotherm reveals that the graph may reach a limiting value if large pores are present in high porous materials, which absorb more N2 at low pressures. The specific surface area (SBET) of ZnO-NPs is calculated to be 140.85 m2 g−1 using the BET method. Furthermore, the total pore volume was 0.040 cm3 g−1, and the average pore diameter was 10.96 nm. These results confirmed the XRD and SEM findings (Figure 2b and Figure 3). The textural properties of ZnO-NPs are listed in Table 1. Therefore, the high specific surface area and porous structure of ZnO-NP could possibly enhance its photocatalytic performance toward SERT pollutant (see below in the next sections).




3.2. Removal of SERT by H2O2/UV, ZnO-NPs/H2O2/UV, and ZnO-NPs/UV Processes


The removal of SERT in water was performed by ZnO-NPs/UV, ZnO-NPs/H2O2/UV, and H2O2/UV processes to establish the most efficient removal process. For comparison purposes, blank experiments—UV alone, ZnO-NPs/dark, and H2O2/dark—were first carried out to determine the drug removal percentage by these processes. For the blank experiment conducted in the dark, in the presence of ZnO-NP only, there was 12% removal of SERT, as shown in Figure 6. Direct photolysis of SERT (UV alone) without ZnO-NP photocatalyst resulted in 7% removal of SERT concentration (see Figure 6).



Combining ZnO-NPs and UV at the natural pH (pH 7.3) brought about significant removal of SERT in water, to 85% after 40 min of the experiment, as shown in Figure 6. This result indicated that the UV light had an evident contribution to the degradation of SERT. The photocatalytic degradation of SERT by the ZnO-NPs/UV system can be attributed to the reaction of adsorbed SERT molecules with an excited electron–hole (e−/h+) pair, superoxide radicals, and hydroxyl radicals and finally mineralization to CO2 and H2O (see below in Section 3.4), as shown in the following Equations (9)–(15) [29].


  ZnO +  h υ       λ    ≤ 380    nm      →      ZnO       e  CB  −  +  h  VB  +       



(9)






    ZnO      e  CB  −  +  h  VB  +      →    Energy   



(10)






   O 2  +      e    CB  −    →      O   2  • −    



(11)






   H 2   O    +      h    VB  +    →      OH   •  +      H    • +    



(12)






   O 2  • −   +      h    VB  +    →      OH   •   



(13)






     •  OH + Drug   pollutants   →    O 2  +  CO 2    +    H 2  O  



(14)






    O 2  • −      + Drug   pollutants   →    CO 2    +     H 2  O   



(15)







Using H2O2 alone (H2O2/dark) was found to have no measurable effect on drug removal (see Figure 6). However, upon UV illumination of H2O2, the removal of SERT shot up to 72% after 50 min, but was still less than that recorded for the ZnO-NPs/UV process, as depicted in Figure 6. The removal of SERT by the H2O2/UV process could be attributed to the generation of non-selective and powerful oxidant •OH radicals [30] by direct photolysis of hydrogen peroxide according to Equations (16)–(18). Hence, the efficiency of the degradation process depends mainly on the formation of hydroxyl radicals generated from the photolysis of H2O2. These results are in agreement with our previous work [30]. Indeed, the removal of SERT by the ZnO-NPs/H2O2/UV process was 75% after 40 min, which is slightly higher than that recorded for H2O2/UV process, by 3%, but less than that recorded for the ZnO-NPs/UV process, as shown in Figure 6. This result occurred because hydrogen peroxide can act as a scavenger for holes or •OH radicals, and, consequently, there was no enhancement in the removal of SERT by the ZnO-NPs/H2O2/UV process [31].


   H 2   O 2  + h υ →  2 •  OH  



(16)






    O 2  • −      +    H 2   O 2    →     •  OH + H  O  −  +  O 2    



(17)






    H 2   O 2  +  e  CB  −  →        •  OH + H  O  −    



(18)







Different parameters such as pH, initial drug concentration, catalyst dose, and hydrogen peroxide concentration that can influence the photocatalytic degradation of SERT using ZnO-NPs were explored to identify the optimum conditions. Based on the results in Figure 6, we can infer that the ZnO-NPs/UV process has the highest efficiency among it and the H2O2/UV, and ZnO-NPs/H2O2/UV counterparts. This behavior can be attributed to the increased surface area and available free active sites in the case of ZnO-NPs.



3.2.1. Effect of pH


Figure 7a shows the influence of pH on the photocatalytic degradation of SERT. The results indicate better SERT removal in the alkaline region (pH 9, pH 10, and pH 11) than in the acidic region (pH 3 and pH 5) and the natural pH of SERT. Indeed, the photodegradation process of SERT in water is pH-dependent, as the highest removal was obtained at pH 11. Our findings agree with the previous studies elsewhere [32]. This behavior can be attributed to the fact that the available negative hydroxyl ions in alkaline solutions can react with a positive hole (h+) on the catalyst surface, producing additional hydroxyl radicals of high oxidation potential, hence enhancing the degradation process [33]. On the other hand, the decrease in the degradation of SERT as the pH values change from pH 11 to pH 3 could be attributed to the high concentration of hydrogen ions, which hinders hydroxyl radical production through the reaction between hydroxyl ions and catalyst holes (h+) [34]. Additionally, the decrease in the percentage of photodegradation with decreasing pH may be due to the dissolution of ZnO-NPs, as revealed in another study [35]. Furthermore, as the hydrogen ion concentration increases, the electrostatic repulsion between the photocatalyst ZnO-NPs surface and SERT molecules increases, decreasing the drug removal percentage [29].



Zeta potential was determined to examine the surface charges acquired by ZnO-NPs (Figure 2d) and showed that the surface is positive at the natural pH of 7.3, with a value of +13.0 mV. The pKa value of SERT is 9.45 [36]. SERT is primarily present in the cationic (SERT+) form at a natural pH of 7.3 (pH < pka). This resulted in repulsion between positively charged SERT and the positively charged ZnO-NPs. In contrast, as pH increased in an alkaline medium at pH 11, SERT presented in the non-ionized form (SERT), which decreased its repulsion with the surface of photocatalyst and consequently enhanced the photodegradation efficiency.




3.2.2. Effect of Initial Drug Concentration


The photodegradation of SERT at different initial drug concentrations (0.01, 0.05, 0.1, and 0.3 mM) in the presence of ZnO-NPs under UV illumination was investigated (at pH 11, catalyst dose = 0.2 g/L, and T 25 °C). The results given in Figure 7b reveal that the removal percentage of the drug obtained after 30 min was 98.7%, 84.5%, 76.5, and 30.1% at initial drug concentrations of 0.01, 0.05, 0.1, and 0.3 mM, respectively. These results reveal that the photodegradation of SERT decreases as the initial concentration of SERT increases. Similar results were also obtained in other studies [29,37]. This behavior could be attributed to the fact that increasing the initial drug concentration decreases the path length of the photon entering the solution, reducing the absorption [38]. As the initial drug concentration increases, the drug’s adsorption on the catalyst’s surface increases. This decreases the surface-active sites available for the production of hydroxyl radicals and, consequently, decreases the drug removal percentage [39]. Additionally, the increase in the initial drug concentration may decrease the absorption of UV light by the catalyst and reduce the formation of •OH radicals, which are essential in the photodegradation process, leading to a reduction of the removal percentage [40].




3.2.3. Effect of ZnO-NP Dose


Experiments were performed at different catalyst doses and kept all other parameters constant (see Figure 7c). The results indicated that, after 30 min of reaction, the removal percentage of SERT in the presence of ZnO-NPs decreased from 98.7% for 0.2 g/L to 60.8% and 63.7% for 0.5 g/L and 0.7 g/L, respectively. This behavior could be attributed to the increase in solution turbidity as the photocatalyst dose increases, thus reducing the UV penetration [29]. Hence, the data obtained indicated that the optimum dose of ZnO-NPs was 0.2 g/L.




3.2.4. Effect of Hydrogen Peroxide


Photocatalytic degradation of SERT by ZnO-NPs in the presence of different hydrogen peroxide concentrations was investigated, and the results are shown in Figure 7d. The removal percentage of SERT was 63.8%, 98.7%, and 57.3% in the case of 0.5 mM, 1 mM, and 5 mM concentrations, respectively. The removal percentage of SERT increased as hydrogen peroxide concentration increased from 0.5 mM to 1 mM by about 35%. In contrast, a further increase in hydrogen peroxide concentration from 1 mM to 5 mM led to a decrease in the removal of the drug by about 41.5%. It is well known that, at H2O2 concentration greater than the critical concentration, it may act as a hole or •OH scavenger, consequently reducing the photocatalytic activity [31]. Hence, hydrogen peroxide (with optimum concentration) increases the photodegradation rate of organic substrates [41,42,43].



Based on our findings, the optimum conditions for the degradation of SERT in water by the ZnO-NPs/UV process are pH 11, initial drug concentration of 0.01 mM, catalyst dose of 0.2 g/L, and reaction temperature of 25 °C.




3.2.5. Comparison of the Catalytic Activity of ZnO-NPs and Bulk ZnO in Photodegradation of SERT


The efficiency of ZnO-NPs and bulk ZnO in the presence of UV light was 98.7% and 57%, respectively, as shown in Figure 8. The results affirm that ZnO-NPs are more efficient than bulk ZnO in the removal of SERT. This behavior can be attributed to the higher surface area and more free active sites of ZnO-NPs than those of the bulk ZnO counterpart. Comparing our results with other methods reported in the literature for the removal of SERT using TiO2/light or gamma radiation [44,45,46], we found the ZnO-NPs to be the most efficient photocatalyst for the removal of SERT in water within a short time.





3.3. Kinetics for the Removal of SERT Using ZnO-NPs/UV


The kinetics of the photodegradation of SERT by ZnO-NPs photocatalyst was studied using zero-order, first-order, and second-order models at the optimum conditions (initial SERT concentration = 0.1 mM, pH = 11, drug dose = 0.2 g/L, and T = 25 °C). The experimental results were fitted into the chosen kinetic models and are presented in Figure 9a–c). Moreover, the chemical kinetic model of drug photodegradation was constructed using the linear regression coefficient (R2) method, and the data are given in Table 2. As Figure 9a–c indicates, the linear regression coefficients (R2) obtained were 0.985, 0.995, and 0.960 for zero-order, first-order, and second-order kinetic models, respectively. These results indicate that the kinetic model of photocatalytic degradation of SERT can be represented by the first-order model with a rate constant of 0.068 min−1. These results agree well with another study [47].




3.4. Mineralization of SERT by ZnO-NPs/UV and Bulk ZnO/UV Processes


Chemical oxygen demand (COD) measures the amount of oxygen required for the oxidation of organic matter present in the sample to CO2 and water according to Equations (14) and (15). The extent of mineralization of SERT can be monitored by measuring the COD values at regular intervals [48]. A decrease in COD during photodegradation processes indicates the reduction in the carbon content in the sample, hence indicating the extent of mineralization [48]. The extent of mineralization of SERT was determined by measuring the decrease in COD values during the UV/ZnO-NPs and UV/Bulk ZnO processes (as shown in Figure 10). After 50 min of the reaction, the COD value was 74.0% for the bulk ZnO/UV process, but the highest mineralization percentage (91.1%) was achieved for the ZnO−NPs/UV process. These results reveal that the combination of UV and ZnO-NPs (UV/ZnO-NPs) proffers the most effective process for the mineralization of SERT. This behavior could be due to ZnO-NPs having a higher surface area and more active sites than bulk ZnO. Consequently, ZnO-NPs generating more holes and hydroxyl radicals, leading to more efficient photodegradation of the drug and increasing the drug mineralization [9,10,49].





4. Conclusions


In the present contribution, we explored the photocatalytic degradation of SERT in water by different processes, namely, H2O2/UV, ZnO-NPs/H2O2/UV, and ZnO-NPs/UV. Our results indicate that SERT was successfully removed from aqueous solutions by the ZnO-NP/UV process. Nearly complete removal of SERT (98.7%) was achieved in 30 min with illuminated ZnO-NPs at room temperature. The photodegradation of SERT in water depends on the pH of the solution, initial drug concentrations, catalyst amounts, and hydrogen peroxide concentrations. Among the different processes contributing to the removal of SERT, the increasing order of the drug removal was: ZnO-NPs/UV > ZnO-NPs/H2O2/UV > H2O2/UV. Moreover, the extent of mineralization of SERT determined by measuring the COD values affirmed the ZnO-NPs/UV process to be highly efficient. The highest mineralization value was obtained for the ZnO-NPs/UV process. The results revealed that ZnO-NPs could be used effectively as a photocatalyst for the degradation and mineralization of SERT in water.
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Figure 1. Chemical structure of Sertraline hydrochloride (SERT). 
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Figure 2. (a) FTIR spectra obtained from zinc gluconate and the bulk ZnO and ZnO-NPs; (b) XRD pattern, (c) EDX, and (d) zeta potential of the synthesized ZnO-NPs. 
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Figure 3. Scanning electron microscopy images of the synthesized ZnO-NPs at scale (a) 4 μm and (b) 2 μm. 
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Figure 4. Transmission electron microscopy images of the synthesized ZnO-NPs at scale (a) 100 nm and (b) 200 nm. 
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Figure 5. (a) N2 adsorption–desorption isotherm and (b) pore size distribution of the synthesized ZnO-NPs. 
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Figure 6. Removal of SERT by different processes, namely, ZnO-NPs/Dark, H2O2/dark, UV alone, H2O2/UV, ZnO-NPs/H2O2/UV, and ZnO-NPs/UV under the following conditions: drug concentration = 0.1 mM, catalyst dose = 0.2 g/L, natural pH (pH 7.3), T = 25 °C, and hydrogen peroxide concentration = 1 mM. 
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Figure 7. Effect of (a) pH, (b) initial drug concentration, (c) ZnO-NPs dose, and (d) hydrogen peroxide concentration on the removal of SERT by the ZnO-NPs/UV process at room temperature. 
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Figure 8. Photocatalytic degradation of SERT by ZnO-NPs and bulk ZnO under the following conditions: initial SERT concentration = 0.1 mM, pH = 11, catalyst dose = 0.2 g/L, hydrogen peroxide concentration = 1 mM, and T = 25 °C. 
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Figure 9. Linear representation of (a) zero-order, (b) first-order, and (c) second-order kinetics for photocatalytic degradation of SERT. 
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Figure 10. Change in COD values with time during photocatalytic degradation of SERT in the presence of ZnO-NPs and bulk ZnO under the following conditions: amount of bulk ZnO and ZnO-NPs = 0.2 g/L, pH = 11, hydrogen peroxide concentration = 1 mM, and T = 25 °C. 
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Table 1. The textural properties of ZnO-NPs and Bulk ZnO.
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	Samples’ Surface Characteristics
	Specific Surface Area
	Average Pore Diameter
	Total Pore Volume





	ZnO-NP
	140.85 m2 g−1
	10.96 nm
	0.04 cm3 g−1



	ZnO-Bulk
	4.83 m2 g−1
	<5 micron
	----
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Table 2. Different kinetic models for the photocatalytic degradation of SERT by ZnO-NPs at initial SERT concentration = 0.1 mM, pH = 11, catalyst dose = 0.2 g/L, and T = 25 °C.
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	Kinetic Model
	Regression Coefficient (R2) Value
	Rate Constant (k)





	Zero-order
	0.985
	0.0001 min−1



	First-order
	0.995
	0.0678 min−1



	Second-order
	0.960
	43.058 min−1
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