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Abstract

:

Most countries are facing problems of environmental pollution due to toxic organic pollutants being discharged into the environment from various man-made sources. Heterogeneous photocatalysis is a possible solution for the mentioned problem, and it has been widely applied for the removal of pollutants from aqueous solutions, thanks to its high removal efficiency and environmental friendliness. Among the commonly used metal oxides, ZnO has attracted researchers’ interests due to its ecofriendly and nontoxic nature. In this work, ZnO nanoparticles (ZnO-NPs) were prepared by the precipitation method from water (w) and ethanol solutions of the corresponding metal precursors (zinc–acetate dihydrate, A_ZnO, and zinc–nitrate hexahydrate, N_ZnO) followed by calcination at different temperatures. The structure and morphology of the prepared catalysts were characterized by different techniques (XRD, BET, and SEM). Based on the XRD results, it can be seen that the synthesized NPs possess high purity. Furthermore, at a higher calcination temperature, a higher crystal size was observed, which was more intense in the case of the ethanol solution of the precursors. The BET analysis showed macropores at the surface and also indicated that the increased temperature led to decreased surface area. Finally, SEM images showed that in the case of the water precursor solution, an irregular, rod-like shape of the NPs was observed. The photocatalytic properties of newly synthesized ZnO-NPs exposed to simulated sunlight were examined during the removal of pesticide clomazone (CLO) and the antidepressant drug amitriptyline (AMI). ZnO-NPs prepared by the precipitation method from the water solution of zinc–acetate dihydrate and calcined at 500 °C (A_ZnOw_500) showed the highest performance under simulated sunlight. Furthermore, the activity of A_ZnOw_500 and N_ZnOw_500 catalysts in the removal of three organic pollutants from water—two pesticides (sulcotrione (SUL) and CLO) and one pharmaceutical (AMI)—was also compared. Results showed that decreased photocatalytic activity was observed in the presence of N_ZnOw_500 NPs in all investigated systems. Finally, the effect of the initial pH was also examined. It was found that in the case of CLO and SUL, there was no influence of the initial pH, while in the case of AMI the kapp was slightly increased in the range from pH ~7 to pH ~10.
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1. Introduction


The release of pollutants, such as pesticides and pharmaceutically active compounds, in the environment is a global concern and has attracted much attention from the public and the scientific community, due to their adverse impact on human health, plants, soil, and aquatic systems. Many studies confirmed the toxicological effects of these pollutants, even at low concentrations, which becomes further complicated and outstanding if they are present as a mixture [1,2].



The presence of pesticides in water has received much attention from researchers because of their prolonged persistence in the aqueous environment and because of the threat they pose to human health. Namely, these pollutants enter the human body through food and drinking water [3]. In addition, the results of degradation processes (biotic and abiotic) show that pesticides can be transformed into several products that may have higher toxicity or persistence than their parent compounds [4,5,6,7,8,9].



Clomazone (CLO, 2-[(2-chlorophenyl)methyl]-4,4-dimethyl-1,2-oxazolidin-3-one), belongs to the class of oxazolidinones, and it is widely used in agriculture to control weeds for many crops, notably soybeans, cotton, and tobacco. This herbicide is highly effective and can cause contamination due to its high water solubility (1100 mg/L) and long half-life dissipation, averaging from 28 to 84 days. These properties indicate that CLO is primarily found in the water ecosystem phase [10,11,12].



Sulcotrione (SUL, 2-(2-chloro-4-(methylsulfonyl)benzoyl)cyclohexane-1,3-dione) is a foliar post-emergence herbicide, used to control barnyard grass and dicotyledonous weeds in maize fields [13]. Due to its high water solubility (165 mg/L) and mobility (organic carbon adsorption coefficient, Koc of 36 mL/g), SUL has great potential for leaching [14,15,16]. Furthermore, SUL was detected in water from the Klodnica River in Poland in a concentration of 57 µg/L, which is significantly above the maximum allowed value for pesticide in drinking water (0.1 µg/L) [17].



Pharmaceuticals are designed to elicit a precise biological response, and their presence in water, even at low concentrations, may pose a threat to human health and ecosystems [18,19,20]. A commonly prescribed group of pharmaceuticals is psychiatric drugs, which include anxiolytics, antidepressants, selective serotonin re-uptake inhibitors, tricyclic antidepressants, hypnotics, sedatives, and others [21]. These kinds of pharmaceuticals can affect the central nervous system and disrupt neuro-endocrine signaling [22].



Amitriptyline hydrochloride (AMI, 3-(10,11-dihydro-5H-dibenzo[a,d][7]annulen-5-ylidene)-N,N-dimethylpropan-1-amine hydrochloride) is a tricyclic antidepressant from the class of dibenzocycloheptadien, which is most commonly used in the treatment of depression, including clinical/endogenous depression, as well as in the treatment of insomnia, migraine, etc. [23]. AMI is found in wastewaters [24,25] and surface waters [26,27], as well as in drinking water [28]. Since AMI occurs in the environment, it is necessary to thoroughly examine its stability in the aquatic environment and the possibility of its elimination.



In recent years, heterogeneous photocatalysis using nano-sized semiconductors has been considered a promising and innovative solution for water purification due to its unique chemical, optical, electrical, and non-toxic properties [29,30,31,32,33].



The photocatalytic degradation of CLO was investigated in aqueous TiO2 Degussa P25 suspension using UV, visible, or natural sunlight. The results of our study clearly indicated that UV/TiO2 treatment can efficiently eliminate CLO from water [34]. In our previous study, the obtained results showed that the photocatalytic treatment with TiO2 and UVA irradiation can efficiently eliminate SUL alone and in its commercial formulation Tangenta® from water [35]. A comprehensive study of the removal of pharmaceutical (AMI) and pesticides (SUL, and CLO) from double distilled (DDW) and environmental waters was conducted using bare TiO2 nanoparticles and TiO2/polyaniline (TP-50, TP-100, and TP-150) nanocomposite powders. The results indicated that the efficiency of the photocatalytic degradation of AMI was higher in environmental waters—rivers and lakes—in comparison to DDW. On the contrary, the degradation efficacies of SUL and CLO were lower in environmental waters [36].



Among the commonly used metal oxides, ZnO has attracted researchers’ interests due to its eco-friendly and non-toxic nature [37]. Moreover, ZnO has emerged as a competent photocatalyst because it is able to generate H2O2 more efficiently compared to other metal oxide nanostructures [38]. Compared to commercially available TiO2, ZnO has shown higher photocatalytic performance, due to its significant light absorption efficacy along with its many active sites and high surface reactivity. The structure, particle size, particle size distribution, and morphology influence the properties of ZnO. In general, the specific surface area and surface defects in metal-oxide-based photocatalysts play a vital role during degradation reactions [39,40]. These parameters strongly depend on the preparation method and experimental conditions. The effect of typical parameters (type of metal precursor, solution concentration, temperature, agitation time, etc.) on the physicochemical properties of the synthesized ZnO nanoparticles has been examined, excluding the influence of the solvent type (mediating solvent), which has not been investigated in detail. To synthesize ZnO semiconductor, various methods have been used, including the solid-state method [41], the chemical precipitation method [42,43], the sol-gel technique [44], the ultrasonication method [45], the direct heating of the salt precursor [46], and the organometallic synthesis route [47]. Depending on the applied technique, the physicochemical properties of the nanoparticles can be tailored, leading to the desired sizes, morphologies, texture, surface properties and crystalline structure of the nanoparticles. Besides being controllable in terms of the preferred characteristics of the particles, a certain synthesis method can be favored in relation to the others if it can be portrayed by reproducibility, cost effectiveness, scalability, simple operation, and mild operational conditions. The precipitation technique is a chemical synthesis method widely used due to its many advantages, i.e., it is a low-cost, controllable, reproducible, and simple technique to produce various types of ZnO nanoparticles [42,43].



In this paper, the efficiency of newly synthesized ZnO nanoparticles exposed to simulated sunlight (SS) was examined in the removal of three rarely studied organic pollutants from water—two pesticides (CLO and SUL) and one pharmaceutical (AMI). In order to study the kinetics of the photocatalytic reaction, liquid chromatography was used. Newly synthesized photocatalysts were prepared by the precipitation method from water and ethanol solutions of the corresponding metal precursors (acetate and nitrate) followed by calcination at different temperatures. The structure and morphology of the synthesized catalysts were characterized by different techniques and correlated with their performance in the photocatalytic processes. Therefore, this paper can significantly contribute to better understanding the relationship between the applied synthesis conditions and the obtained morphological, structural and textural properties of ZnO nanoparticles in order to tailor these properties by the appropriate selection of the synthesis parameters.




2. Materials and Methods


2.1. Synthesis of ZnO Nanoparticles (ZnO-NPs)


The ZnO photocatalysts were synthesized by the precipitation method from water (ZnOw) and ethanol (ZnOe) solutions of the corresponding two most common metal precursors, zinc–acetate dihydrate (ACS reagent, ≥98%, Sigma-Aldrich, USA) and zinc–nitrate hexahydrate (reagent grade, 98%, Sigma-Aldrich, USA). Detailed information on the synthesis can be found in the Supplementary Material. The obtained samples of ZnO-NPs were labeled as X_ZnOw/e_Y, where X and Y designate the type of metal precursor (A for acetate and N for nitrate) and the applied calcination temperature, respectively. Due to comparison, the as-synthesized ZnO-NPs, prepared without the calcination step (A_ZnOw and A_ZnOe), were characterized, and their photocatalytic performance was tested as well.




2.2. Materials Characterization


The textural characterization, structure and surface morphology of ZnO-NPs were characterized by different techniques: X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET) surface area analysis [48] and scanning electron microscopy (SEM). Detailed information on the characterization can be found in the Supplementary Material.




2.3. Measurements of Photocatalytic Activity


The photocatalytic efficiencies of the newly synthesized ZnO nanoparticles were evaluated in the removal of two herbicides, CLO (98.8%, Sigma-Aldrich, USA) and SUL (≥98%, Sigma-Aldrich, USA), and an antidepressant, AMI (≥98%, Sigma-Aldrich, USA), from their aqueous solutions. The removal experiments were performed as previously described by our group [34], and detailed information can be found in the Supplementary Material.




2.4. Analytical Methods


The experimental conditions for ultrafast liquid chromatography with diode array detector (UFLC−DAD), UV energy fluxes, and pH measurements can be found in the Supplementary Material.



Apparent rate constants were calculated with linear and non-linear (exponential) fitting. Non-linear fit gave a better coefficient of determination compared to linear fit, where, in some cases, significant deviations from the straight line were observed. Therefore, further calculations were performed with apparent rate constants obtained by exponential fitting [49]. All experiments were performed in triplicate.





3. Results and Discussion


3.1. Characterization of ZnO Nanoparticles (ZnO-NPs)


The obtained XRD patterns (Figure 1) for all ZnO samples show the same characteristic XRD peaks, indicating the same type of crystal structure.



The sharp intense peaks in all samples can be associated with the hexagonal wurtzite ZnO structure, with the most intense signals at 2θ values of 31.7° (100), 34.4° (002) and 36.2° (101) (COD database code: 9008877, Reference code 96-900-8878). Since no additional reflections were detected, the synthesized photocatalysts can be characterized by high purity. The average crystallite size of the ZnO samples was calculated by the Scherrer equation based on the reflection from 101 plane (Table 1). As the calcination temperature increases, the crystallite size of the ZnO nanoparticles has an increasing trend also, revealing the significant aggregation of the particles imposed by the high-temperature treatment. The influence of the synthesis medium type is more prominent in the case of uncalcined samples compared to their calcined counterparts. The uncalcined ZnOe can be characterized by the smallest crystallites among all synthesized samples. Moreover, the difference in the ZnO particle size prepared at two adjacent calcination temperatures is higher for the samples prepared in ethanol solution compared to the water-originating ones. Such an observation indicates that ethanol, in the role of a catalyst synthesis medium, promotes an increase in the average crystallite size during calcination. The type of ZnO salt used as a precursor (acetate vs. nitrate) has no influence on the crystallographic parameters of the obtained photocatalysts.



N2 isotherms and BJH pore-size distributions of the tested photocatalysts are illustrated in Figure 2, while their textural properties are summarized in Table 2.



N2 adsorption–desorption isotherms, shown in the Figure 2, disclose the same type of hysteresis loop for all the examined photocatalyst samples. All isotherms represent the H3 type, the feature of textural structure with plate-like particles and slit-shaped pores. The observed hysteresis loop for all photocatalyst samples approaches P/P0 = 1, denoting the presence of macropores (>50 nm). Regardless of the catalyst synthesis medium (water or ethanol), as the calcination temperature is increased from 300 °C to 700 °C, the BET surface area shows a decreasing trend as a result of the aggregation of the ZnO particles. The pronounced impact of the synthesis medium type on the pore size distribution can be observed. Namely, the water-originating samples show almost mono-modal pore size distributions, with the majority of pores located in the higher meso- and lower macro-range. Two peaks around 3 nm and 10 nm can be considered insignificant due to their low intensity. The sintering phenomenon, as a result of the increasing calcination temperature, is also reflected in the decrease in the average pore diameter and total pore volume for the ZnO-NPs prepared from as water solution. Additionally, the substitution of the acetate precursor with nitrate does not contribute to the significant changes in textural characteristics. By examining the textural features of the ethanol-originating photocatalysts, it can be observed that these samples also undergo surface area and porosity decrease due to the calcination temperature impact, with the exception of the A_ZnOe_300 sample. This sample has a significantly higher portion of larger pores—narrower pore size distribution and higher values of porosity parameters—compared to its counterparts from both catalyst synthesis media. Figure 3 shows the SEM images of all ZnO-NPs prepared from water and ethanol solutions.



The morphology of the prepared ZnO photocatalysts varies in relation to the applied calcination temperature, as well as the synthesis medium type (water vs. ethanol). Uncalcined, the A_ZnOw sample is composed of inhomogeneously defined nanoparticles, with most of them being irregularly shaped and overlapped. A certain amount of rod- shaped particles can also be observed in this sample. A similar morphology is maintained after calcination at 300 °C and 400 °C. The formation of regular, polyhedral nanoparticles with smooth edges can be associated with the higher calcination temperature, and the sintering phenomenon is especially pronounced upon calcination at 700 °C. The replacement of the acetate precursor with the nitrate one has no impact on the morphology of the final samples after their thermal treatment at the same temperature. Uncalcined, A_ZnOe is characterized by a different morphology compared to its water-originating counterpart. Namely, the observed particles are spherical and mutually connected in such a way as to form grape-like agglomerates. As the calcination temperature is increased, the overall morphology is mainly preserved, but due to the sintering phenomenon, the presence of individual, larger particles, still in the form of aggregates, is clearly visible.




3.2. Removal Efficiency


The efficacy of newly synthesized ZnO nanoparticles was investigated in the removal of the following pollutants: CLO, SUL, and AMI. The major cost associated with this process of using an expensive UV lamp was avoided using SS for solution irradiation. In order to examine the influence of the solvent type on the ZnO-NP photocatalytic performance, the ZnO photocatalysts were synthesized using water and ethanol solutions of two different metal precursors, followed by calcination at different temperatures. In order to compare the photocatalytic performance of ZnO-NPs, non-calcined ZnO-NPs were tested as well.



The removal kinetics of CLO and AMI under SS in the presence of the investigated ZnO-NPs are presented in Figure 4. In our previous investigations, we studied the photocatalytic degradation process of clomazone in the presence of TiO2 powders [34,36]. However, in this study, we had the intention to analyze the influence of the ZnO-NP synthesis type on the photocatalytic activity in the degradation process of the mentioned pollutant. By comparing the kinetic curves in Figure 4a, it may be seen that by using A_ZnOw_300, A_ZnOw_400, A_ZnOw_500, and A_ZnOw_700, the efficiency of CLO removal was 41.6%, 52.8%, 50.2%, and 46.2%, respectively. On the other hand, without the calcination step, the efficiency of CLO removal was 27.4%. Under the same experimental conditions, practically no degradation of CLO was observed under SS in the absence of photocatalyst. Figure 4a shows the occurrence of the adsorption of CLO after 30 min of sonication in the dark, whereby the capacity of adsorption depends on the photocatalyst type. The highest adsorption (~31%) was found in the presence of A_ZnOw_400 (Figure 4a). However, in the case of A_ZnOw, A_ZnOw_300, A_ZnOw_500, and A_ZnOw_700 nanoparticles, lower adsorption was detected, namely 20.6%, 11.4%, 8.3%, and 3.5%, respectively. Based on the obtained data in Figure 4b, it can be seen that A_ZnOw_500 and A_ZnOw_700 nanoparticles showed similar behavior, and the highest efficiency of AMI removal was observed in their presence. The percentage of adsorption using A_ZnOw_700 was 29.5% after 30 min of sonication in the dark. On the other hand, catalysts A_ZnOw_500 and A_ZnOw_400 did not have an effect on the adsorption of AMI (Figure 4b). Based on the obtained data, it can be seen that among newly synthesized nanoparticles, A_ZnOw_500 had the highest efficiency for AMI removal, where after 60 min, 65% of the substrate was eliminated. On the other hand, based on our previous results of direct photolysis, after 60 min of degradation using SS, about 25% of the initial compound was removed [50].



The previously described characterization results of ZnO-NPs prepared in water medium indicate that the obtained values of textural and XRD parameters coincide with the applied calcination temperature. On the other hand, by comparison with the morphology of ZnO-NPs, it can be suggested that these parameters cannot be considered significant regarding photocatalytic activity, nor adsorption capacity in the dark, in the case of both CLO and AMI. Thus, a straightforward correlation between these properties and photocatalytic performance cannot be established. In the case of CLO removal from the water solution, the A_ZnOw_400 sample exhibits almost three-fold higher adsorption capacity during sonication in the dark compared to its counterpart previously calcined at 300 °C, while its photocatalytic activity is quite similar and moderately low. In contrast, after the thermal treatment of A_ZnOw at 500 °C and 700 °C, its adsorption capability in the absence of SS is negligible, whereas it further shows similar photocatalytic activity in the degradation of CLO, which is relatively higher compared to the A_ZnOw_300 and A_ZnOw_400 samples. These results suggest that the photoactivity, as well as the adsorption potential, can be closely related to the size and morphology of appropriate ZnO nanoparticles. Namely, as it can be seen from the SEM images, the calcination temperature of 500 °C can be designated as critical, signifying the complete change of particle morphology from rod-like shape particles to regular, polyhedral nanoparticles with smooth edges. Thus, the rod-like shape morphology of ZnO-NPs in the case of CLO removal can be considered inadequate in terms of both adsorption and photocatalytic performance, while the regular, polyhedral nanoparticles with smooth edges are more active in photocatalysis, revealing, on the other hand, a low adsorption capacity. Furthermore, the A_ZnOw_700 sample consists of larger particles (mostly in the form of aggregates) compared to A_ZnOw_500, resulting in different degradation kinetics for CLO, especially at the beginning of SS irradiation. The smaller particles in the A_ZnOw_500 sample favor faster photocatalytic performance during the first 10 min of the irradiation process. In the case of AMI removal, a similar trend for A_ZnOw_300 as for CLO was obtained, while the sample previously calcined at 400 °C exhibited rather low photoactivity, but almost no adsorption potential. The A_ZnOw_500 sample can also be distinguished as the best performing one for AMI removal. Additionally, contrasting the A_ZnOw_700 sample used for CLO degradation, the AMI molecules showed relatively high adsorption tendency in the dark toward these ZnO nanoparticles, while their photodegradation extent was lower. Based on previous observations, it can be suggested that in the case of water utilization as the catalyst synthesis medium, the formation of regular, polyhedral ZnO nanoparticles with smooth edges by applying the calcination temperature of 500 °C can be considered a prerequisite for minimizing the adsorption capacity in the dark for both CLO and AMI and favoring the photodegradation performance.



The results presented in Figure 5 show the percentage of adsorption and degradation of CLO and AMI in the presence of ZnOe photocatalysts. In the presence of newly synthesized ZnOe nanoparticles calcined at four different temperatures, the efficiency of CLO degradation was higher compared to uncalcined photocatalyst (Figure 5a). The catalytic activity of A_ZnOe_300 was the same as A_ZnOe_400 and higher than the other two calcined photocatalysts (A_ZnOe_500 and A_ZnOe_700); after 60 min of irradiation, about 55% of CLO was degraded. In contrast, the degradation efficiency of CLO differed to a lesser extent in the presence of A_ZnOe_500 and A_ZnOe_700, whereby the system with A_ZnOe_700 proved to be more efficient. Namely, in the presence of A_ZnOe_500 and A_ZnOe_700, 40.8% and 48.4% of CLO were respectively removed after 90 min of processing. Additionally, adsorption was also monitored on the investigated photocatalysts, and the following percentages were obtained: 14.15%, 31.31%, 34.72%, 30.1%, and 11.83%, in the case of A_ZnOe, A_ZnOe_300, A_ZnOe_400, A_ZnOe_500 and A_ZnOe_700, respectively (Figure 5a). The total removal efficacy of AMI in the presence of ZnOe photocatalysts was also examined, including both the adsorption and photodegradation process (Figure 5b). The percentages of adsorption and degradation in the presence of A_ZnOe, A_ZnOe_300, A_ZnOe_400, A_ZnOe_500, and A_ZnOe_700 were 56.27%, 49.39%, 48.70%, 53.22%, and 55.07% after 60 min of irradiation, respectively.



A_ZnO nanoparticles synthesized in ethanol medium are characterized by similar textural and XRD parameters to their water-originating counterpart, but they possess a different morphology in terms of both shape and size. They are more spherical and smaller with an enlargement trend following the increase in calcination temperature. A significant change of particle morphology was not observed by varying the calcination temperature, but A_ZnOe nanoparticles calcined at 700 °C have similar textural characteristics and average crystallite size to the ones produced by calcination at 500 °C. However, their performance in the process of CLO removal is different, and consequently can be related to the size of the particles. Larger particles (mostly in the form of grape-like aggregates) present in the A_ZnOe_700 sample can be regarded as the best candidate for achieving low adsorption potential in the dark and good photoactivity for CLO degradation. Other samples prepared at 300 °C, 400 °C, and 500 °C can be designated as inadequate for the overall performance in the mentioned process. In the case of AMI removal, smaller nanoparticles produced by calcination at 300 °C are favorable in terms of low adsorption capability in the absence of SS irradiation, while the application of other calcined A_ZnOe samples result in similar adsorption and photodegradation activity.



Additionally, the photocatalytic degradation efficiency of three different organic pollutants was compared due to the possibility that it is significantly affected by the molecular structure. Namely, A_ZnOw_500 was used in further experiments with SUL, due to its high efficiency in photodegradation processes and low adsorption capacities toward CLO and AMI. In addition, the photocatalytic activity of newly synthesized ZnO nanoparticles based on zinc–nitrate hexahydrate calcined at 500 °C (N_ZnOw_500) was investigated for CLO, AMI, and SUL removal in the presence of SS. Finally, the obtained results were compared with the system with A_ZnOw_500 (Figure 6). It can be concluded that the highest efficiency of elimination of CLO, AMI, and SUL was achieved in the systems with ZnO nanoparticles previously obtained from zinc–acetate hexahydrate as a precursor. In addition, the obtained results showed that the adsorption affinity of the substrates toward A_ZnOw_500 was lower compared to N_ZnOw_500.



The results of the physicochemical characterization of A_ ZnOw_500 and N_ ZnOw_500 revealed that there is no significant difference between their appropriate parameters indicating that the utilization of these two salts of Zn as precursors had almost no effect on the morphology, and textural and XRD parameters of the synthesized ZnO nanoparticles. On the other hand, they exhibited completely different performance in the examined processes of CLO, AMI and SUL removal, both in terms of adsorption potential in the dark and photoactivity under SS irradiation.



Moreover, the influence of the initial pH value of the suspension of CLO, AMI, and SUL in the photocatalytic process was also studied. Namely, experiments were carried out in the presence of A_ZnOw_500, and the pH value was set at ~10. Apparent rate constants, kapp, with coefficient of determination, R2, were calculated for pH ~7 and pH ~10. These results are given in Table 3. Based on the results, it was found that kapp was slightly increased in the range from pH ~7 to pH ~10 for the AMI removal. However, the pH value had no effect on the kapp value for the CLO and SUL removal. Our previous results obtained in the aqueous suspension of ZnO showed that at lower pH values ranging from 3 to 5, the photocatalytic degradation rate was the slowest as a consequence of ZnO dissolving in acidic media [51,52].





4. Conclusions


In this research, firstly, the possible preparation of ZnO nanoparticles by the precipitation method was examined, as well as determining the structural and morphological properties of these powders using XRD, BET, and SEM techniques. In addition, the photocatalytic activity of the newly synthesized ZnO-NPs was also examined in the removal of selected organic pollutants, namely CLO, SUL, and AMI.



According to the data obtained about the photocatalytic efficiency of the newly synthesized NPs, it can be concluded that in the case of A_ZnOw catalysts, the highest performance was achieved after calcination at 400 °C for CLO and at 500 °C for AMI, while the non-calcined catalysts had lower efficiency. On the other hand, in the systems with A_ZnOe NPs, the highest removal of CLO was found to be after calcination at 500 °C, while in the case of AMI the non-calcined A_ZnOe had higher activity. This behavior can be explained by the differences in the morphology of the different nanoparticles. Furthermore, our results also showed a moderate adsorption both in the presence of A_ZnOw and A_ZnOe. The activity of A_ZnOw_500 and N_ZnOw_500 catalysts in the removal of CLO, SUL, and AMI was also compared. Firstly, there were no differences found in the morphology. On the contrary, their activity was divergent in the removal of the selected pollutants. Namely, decreased photocatalytic activity was observed in the presence of N_ZnOw_500 NPs in all investigated systems. Finally, the effect of the initial pH was also examined. Based on our findings, it can be concluded that in the case of CLO and SUL, there was no influence of the initial pH found, while in the case of AMI the kapp was slightly increased in the range from pH ~7 to pH ~10.
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Figure 1. XRD patterns of ZnO-NPs prepared from (a) water and (b) ethanol solution. 
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Figure 2. N2 adsorption–desorption isotherms of ZnO-NPs prepared in (a) water and (c) ethanol solution and BJH pore size distribution of ZnO-NPs prepared in (b) water and (d) ethanol solution. 
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Figure 3. SEM images of ZnO-NPs prepared from water and ethanol solutions. 
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Figure 4. Kinetics of removal of (a) CLO and (b) AMI (0.03 mM) from water using A_ZnOw catalysts (1.0 mg/mL) under SS at pH ~7. 
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Figure 5. Kinetics of removal of (a) CLO and (b) AMI (0.03 mM) from water using A_ZnOe catalysts (1.0 mg/mL) under SS at pH ~7. 
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Figure 6. Efficiency of AMI, CLO, and SUL (0.03 mM) elimination from water using (a) A_ZnOw_500 and (b) N_ZnOw_500 catalysts (1.0 mg/mL) under SS. 






Figure 6. Efficiency of AMI, CLO, and SUL (0.03 mM) elimination from water using (a) A_ZnOw_500 and (b) N_ZnOw_500 catalysts (1.0 mg/mL) under SS.



[image: Separations 10 00258 g006]







[image: Table] 





Table 1. The average crystallite size of ZnO-NPs.
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	Photocatalyst Sample
	Average Crystallite Size (nm)





	A_ZnOw
	29.2



	A_ZnOw_300
	31.9



	A_ZnOw_400
	34.8



	A_ZnOw_500
	40.1



	N_ZnOw_500
	39.9



	A_ZnOw_700
	45.1



	A_ZnOe
	22.8



	A_ZnOe_300
	27.8



	A_ZnOe_400
	36.4



	A_ZnOe_500
	45.9



	A_ZnOe_700
	43.9
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Table 2. Textural properties of ZnO photocatalysts.
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	Sample
	Specific Surface Area (m2/g)
	Average Pore Diameter (nm)
	Total Pore Volume (cm3/g)





	A_ZnOw
	15.80
	21.0
	0.091



	A_ZnOw_300
	11.48
	15.1
	0.047



	A_ZnOw_400
	8.46
	14.1
	0.032



	A_ZnOw_500
	5.21
	10.3
	0.014



	N_ZnOw_500
	5.89
	11.6
	0.018



	A_ZnOw_700
	4.08
	13.7
	0.014



	A_ZnOe
	17.41
	19.1
	0.109



	A_ZnOe_300
	17.04
	34.8
	0.174



	A_ZnOe_400
	9.85
	17.0
	0.042



	A_ZnOe_500
	5.67
	14.7
	0.020



	A_ZnOe_700
	5.73
	17.7
	0.027
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Table 3. Apparent rate constants (kapp) determined for 60 min irradiation using A_ZnOw_500. Results are expressed as mean ± SD of three independent experiments.
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kapp (min−1)

	
R2

	
kapp (min−1)

	
R2




	
pH-Value






	
Pollutant

	
~7

	
~10




	
CLO

	
0.0104

	
0.997

	
0.0100

	
0.999




	
AMI

	
0.0311

	
0.993

	
0.0398

	
0.929




	
SUL

	
0.0124

	
0.987

	
0.0116

	
0.995
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