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Abstract


In this study, the heterogeneous photosensitized oxidation treatment of winery effluents was optimized using chitosan carriers immobilized with Zn(II) Phthalocyanine tetrasulfonic acid. The influence of main operating parameters such as initial pH, aeration flow rate, photocatalyst load, and concentration of the photosensitizer used in the photocatalysts’ preparation was investigated. Results for chemical oxygen demand (COD) and phenolic content (TPh) removals are presented for each of the tests performed. Best reductions were obtained after 30 min of treatment in natural sunlight at an initial pH of 4.0 and an aeration flow of 2.8 L/min since it allowed reductions of 45% for COD and 73% for phenolic content (TPh). In addition, the possibility of reusing the photocatalysts during several cycles was also assessed, where an acidic initial pH allowed their reuse, being the only pH value studied where the leaching of the photosensitizer was not observed. In these conditions, the same photocatalysts were reused for six reaction cycles, and efficiency started to decrease after the third use. Thus, a greater mass and concentration of photosensitizer contributed to a superior reduction in organic matter. The results show that heterogeneous photosensitized oxidation using sunlight radiation as an energy source is an interesting approach for obtaining reusable water from winery effluents.
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1. Introduction


Water is an essential asset to life and the environment. Given its versatility, water has been excessively used, which results in a gradual decrease in the availability of good-quality water [1]. Among all the activities, the agriculture sector is the one that contributes the most to water consumption since it is responsible for 70% of all consumption [2]. The winery industry, included in this sector, is one major water consumer since the water needed per liter of wine produced can vary between 0.5 and 14 L. In addition, it is also important to consider the environmental impacts of this industry since it is estimated that the production of waste varies between 1.3 kg and 1.5 kg per liter of wine produced, of which 75% represents wastewater. The volume and composition of this wastewater are essentially associated with cleaning operations [3], and it also depends on the production season, be it the harvest or the bottling season [4]. The composition of winery wastewater consists of ethanol, sugars, esters, organic acids, and phenolic compounds [5]. The phenolic compounds mainly present in winery wastewater include flavanols (quercetin, kaempferol, and myricetin), catechins, benzoic acids (gallic, protocatechuic, 4-hydroxybenzoic, syringic, and gentisic), and cinnamic acids (p-coumaric) [6]. Its presence in the winery wastewater may hamper the biological treatment since these compounds are classified as biorefractory, i.e., are not completely degraded by the biological treatments. Thus, if the aim is to reach reusable water from this effluent, it is necessary to develop an alternative treatment capable of removing these compounds efficiently, complementing the conventional activated sludges. The aim is to reduce the potential impacts related to this effluent, such as human health problems, like necrosis, and fauna and flora problems, such as pollution of water courses, soil and vegetation degradation, bad odor release, and plant growing inhibition [7]. Considering the aforementioned aspects and taking into account the high volume of wastewater produced by this industry [3], it would be interesting if the treatment applied could enable the reuse of this wastewater, allowing the diminishing of the environmental impacts and the water footprint of the winery industry [8].



Advanced Oxidation Processes (AOPs) have been shown to be efficient in organic matter removal [9]. These techniques are characterized by the generation of free radicals in situ, like the hydroxyl radical (HO•), known for its high oxidant power, which oxidizes organic matter until complete mineralization into carbon dioxide and water [10]. Examples of AOPs are the Fenton process, ozonation, and photocatalysis. The Fenton process uses the Fe2+ ion as a catalyst and hydrogen peroxide (H2O2) as an oxidant to form the HO• radical, which will successively oxidize and degrade organic matter [11]. Ozonation uses ozone (O3) as an oxidant, which could react directly with organic matter (direct oxidation) or can be decomposed in HO•, which is responsible for the oxidation of pollutants (indirect oxidation) [12]. Photocatalysis uses heterogeneous photocatalysts that increase the reaction velocity [13] to remove organic and inorganic matter through the HO• radical [14]. A review of these processes was carried out by Ma et al. [12], where they investigated their efficiency on different types of effluents. All the processes studied in this work showed good COD removal for different effluents. However, it is stated that the application of this type of process at an industrial level can cause some drawbacks, as it can increase operational costs. In the work reported by Gmurek et al. [15], the authors presented the photosensitized oxidation treatment as an alternative to the AOPs as a way to reduce associated costs.



Photosensitized oxidation is a promising photochemical method for the removal of compounds that are difficult to degrade. Its application only requires three components: a radiation source, air or oxygen, and a photosensitizer (PS) [16]. Photosensitizers are chemical agents that are easily excited by the action of visible light and, when reacting with molecular oxygen, form singlets of oxygen (1O2), a strongly reactive species with the ability to oxidize resistant compounds [17]. The ideal photosensitizer must present high adsorption capacity in the region of the applied light spectrum, a long lifespan in the triplet state, and high photostability [18].



Photosensitized oxidation initiates by the absorption of radiation by the photosensitizer, allowing a photon transition from its ground state (PS0) to the singlet excited state (1PS*). The transition from the latter to the triplet excited state (3PS*) happens due to a phenomenon of intersystem crossing (ISC), which represents the transition between two distinct electronic states without the presence of radiation [15].



Photosensitized oxidation involves two reactional mechanisms: type I and type II. In the type I mechanism, or radical photooxidation, radical ions are formed, which allow the oxidation of the substrate. The type II mechanism, or photooxidation by the oxygen singlet, comprises the transfer of energy from 3PS* to molecular oxygen, forming the oxygen singlet, which will act as an oxidizing agent responsible for substrate degradation [19]. This treatment can be applied in a homogeneous medium if the photosensitizer is dissolved directly in the effluent, or in a heterogeneous medium if the photosensitizer is immobilized in specific carriers [20]. While most works found in the literature involve the use of homogeneous photosensitizers, this still presents a crucial drawback that is related to the impossibility of recovering and reusing the catalyst [21]. The use of photocatalysts in the heterogenous system allows its easy separation from the reaction medium, enabling its future reuse [22] while improving the sustainability of the process [21]. It also reduces the photosensitizer photobleaching, which can happen after successive cycles of energy absorption and emission, where the photosensitizer no longer absorbs energy, consequently stopping the production of oxygen singlets and the oxidation of organic matter [23].



This work aims to develop and optimize the heterogeneous photosensitized oxidation process to further eliminate organic matter and phenolic compounds still existing in wastewater from the winery industry after secondary treatment. Therefore, it is necessary to use a suitable photosensitizer as well as a carrier for photosensitizer immobilization.



Based on our previous studies [23], the Zn(II) Phthalocyanine tetrasulfonic acid (ZnPcS4) has been selected as the most suitable photosensitizer when compared with other photosensitizers like Rose Bengal (RB), Al(III) phthalocyanine chloride tetrasulfonic acid (AlPcS4), and tetraphenylporphyrin (TPP), since it allowed greater reductions in COD and TPh, in addition to presenting greater photostability. The structural formula of ZnPcS4 is presented in Figure 1. The degradation of a phenolic compound, such as 4-chlorophenol, was studied by Ozoemena et al. [24] using metallic phthalocyanines as photosensitizers such as AlPcS4, ZnPcS4, the respective mixture (AlPcSmix and ZnPcSmix), and octacarboxylated phthalocyanines (AlOCOc and ZnOCPc) with pH variation. The mixture of phthalocyanines showed the best removal of pollutants for a pH of 10, while aluminum phthalocyanines showed higher stability when exposed to visible light. Thus, Gryglik et al. [25] studied the degradation of 2,4-dichlorophenol using homogeneous photosensitizers such as RB, AlPcS4, ZnPcS4, and meso-tetraphenylporphyrin-4,4′ (TPPS4) with pH and O2 concentration variation. All of the studied photosensitizers presented a removal efficiency of 100%, except for ZnPcS4, which only removed 50% of this pollutant. Overall, the best results were obtained in an alkaline medium, using a higher O2 concentration in the reaction mixture and sunlight.



The immobilization of the chosen photosensitizer (ZnPcS4) in chitosan carriers exhibited superior photocatalytic activity in our previous studies, the results of which have not yet been published. Chitosan is a natural biopolymer derived from chitin, consisting of hydroxyl (R-OH) and amine (R-NH2) functional groups. It is a natural polysaccharide extracted from crustaceans such as shrimp or from the exoskeleton of arthropods and from the cell walls of yeast and fungi [26]. It is a low-cost, biodegradable, renewable, non-toxic, biocompatible, and chemically stable material, making it a viable option for complying with sustainable practices. These characteristics have contributed to the use of chitosan as a carrier in photosensitized oxidation reactions, allowing its reuse and reducing the photosensitizer leaching [27].



The efficiency of photosensitizers in a heterogeneous medium was investigated by Gmurek et al. [28], where two photosensitizers (AlPcS4 and ZnPcS4) were immobilized in chitosan carriers. The effectiveness of these photocatalysts was evaluated by the degradation of two pollutants, such as 2,4-dichlorophenol and benzylparaben. The results showed that these photocatalysts are able to remove 100% and 70% of the pollutants studied, respectively, while using AlPcS4 and ZnPcS4 as photosensitizers, respectively. The authors also concluded that a greater amount of photosensitizer contributes to the greater removal of pollutants. This study emphasizes the importance of multiple uses of photocatalysts, as it is important for the development of this technology, as well as for economic reasons. The removal of the same pollutants while using the same photosensitizers immobilized in chitosan carriers was also studied by Olak-Kucharczyk et al. [29], where they achieved 100% removal for both cases. In this study, the effect of temperature on pollutant removal was also evaluated, where they concluded that the photosensitized oxidation process can occur both in summer and in winter.



To our knowledge, this is the first paper to deal with the application of heterogenous photosensitized oxidation for effluent purification. Up to now, this process has been employed mainly for the model aqueous environment [16,25]. However, there is a lack of information about its applicability in a highly polluted environment. Therefore, the main aim was the optimization of key parameters such as initial pH, aeration rate, the concentration of the photosensitizer solution, and photocatalyst load in the photosensitized decontamination of winery effluents. The possibility of reusing the photocatalyst during several cycles was also assessed. Treated wastewater characterization over time was performed through Chemical Oxygen Demand (COD) and Total Phenolic Content (TPh) values to evaluate the feasibility of this technique in the treatment of winery wastewater. In addition, were also determined other parameters, like Biochemical Oxygen Demand (BOD), total suspended solids (TSS) content, and toxicity level, to evaluate the treatment’s capacity to reach the limits imposed in the legislation for water reuse [30].




2. Materials and Methods


2.1. Materials


The effluent used in the present work was collected at the exit of the Wastewater Treatment Plant (WWTP) of a Portuguese wine cellar located in the Douro region, from now on called E1. This sample was stored in the dark at 4 °C. The physicochemical characterization of this effluent is shown in Table 1.



Zn(II) Phthalocyanine tetrasulfonic acid (ZnPcS4), used as a photosensitizer, was purchased from Frontier Scientific. Chitosan from shrimp cells (degree deacetylation ≥ 75%) used as a photosensitizer carrier was purchased from Sigma-Aldrich.




2.2. Methods


Photocatalyst preparation was divided into two procedures: chitosan carrier preparation and photosensitizer immobilization. Chitosan carriers were produced by the phase inversion method described elsewhere [31], where an aqueous solution of chitosan in acetic acid was prepared. Firstly, two solutions of 100 mL each were prepared: one of chitosan at 6% (w/w) and the other of acetic acid at 8% (v/v). The second solution is then slowly added to the first one, with stirring. Then, the resulting mixture is left in the dark for 24 h to undergo the degassing process. After this process, the chitosan solution was dropped by a syringe into a solution of NaOH at 10% (w/w), with constant magnetic stirring, to obtain the chitosan particles. These particles were kept in the solution for 1 h so that they settled at the bottom of the beaker, suggesting that reticulation was accomplished and that the carriers were viable. Before the immobilization step, these carriers were washed in sequential deionized water baths until the pH of the washing water equaled the pH of the water before washing, allowing them to be stored at a neutral pH and at a temperature between 3 °C and 4 °C. Photosensitizer immobilization was carried out by an adsorption process, where a standard photosensitizer aqueous solution with a known concentration (90 ppm, 130 ppm, or 180 ppm, depending on the tests performed) was mixed with the chitosan carriers in a 1:1 relation, i.e., for every 1 g of carriers, 1 mL of photosensitizer solution is required. The immobilization process was completed after 24 h in the dark, and then the photocatalysts were submitted to sequential baths in deionized water to remove the portion of photosensitizer that was not immobilized. Samples from these baths were collected to evaluate the immobilization efficiency by measuring their absorbance in the Lan Techniques spectrophotometer (SP-2100UV). All prepared photocatalysts showed a photosensitizer adsorption efficiency greater than 97%. After these two steps, the photocatalysts were prepared and ready to use.



The photosensitized oxidation process was carried out in a glass graduated cylinder with a volume of 250 mL, from now on called reactor. Firstly, the effluent pH was adjusted with sulfuric acid (H2SO4) to decrease its initial value until it reached the desired value, between 4.0 and 8.7, depending on the experiments performed. A volume of 150 mL of the effluent was added into the reactor, followed by the photocatalysts, previously weighted according to the intended load. Then, the reaction mixture was aerated by an air pump and was submitted to natural sunlight, which was the source of radiation used to excite the photosensitizer. The reaction took place during 30 min of solar exposure, and samples were collected periodically. After the reaction, the photocatalysts were collected by filtration from the reaction mixture.



The reaction evolution was evaluated by determining COD and TPh. Chemical oxygen demand was determined by the dichromate method, which is based on the method approved by USEPA 410.4 for COD quantification of superficial and residual waters [32] using a Hanna Instruments COD reactor (HI-839800) and a Wastewater Treatment Photometer (HI-83224). Total phenolic content was evaluated using the Folin–Ciocalteu reagent, according to the procedure described elsewhere [33], using the Lan Techniques spectrophotometer (SP-2100UV) to measure the absorbance of each sample. Biochemical Oxygen Demand was quantified by measuring dissolved oxygen before and after five days of incubation of a culture of microorganisms at 22 °C, using the Hanna Instruments dissolved oxygen meter (HI-98198), as described in Section 5210 of Standard Methods for the Examination of Water and Wastewater, published by the American Public Health Association (APHA) [34]. The solid content was analyzed by the procedure described in Section 2540 of Standard Methods for the Examination of Water and Wastewater, published by the American Public Health Association (APHA) [35], where the total solids present in the effluent are determined. These represent the organic and inorganic matter that remains in the sample after evaporation at 105 °C, using a stove (BINDER E 28), and 550 °C, using a muffle (P-SELECTA SELECT-HORN), respectively. Toxicity was evaluated by the growth inhibition of Nasturtium officinalis roots, following the procedure described elsewhere [36].



In addition, an adsorption test was performed to evaluate the efficiency of the photosensitized oxidation process. This test was carried out since the chitosan carriers have high porosity, which can lead to the adsorption of contaminants on their surface without being oxidized and consequently to the fouling of the catalyst, leading to its deactivation and shortening its lifetime [37]. The adsorption test was performed like the photosensitized oxidation process, but requires a dark environment to avoid photolysis and/or photocatalysis.





3. Results and Discussion


3.1. Adsorption Test


The influence of adsorption on the photosensitized oxidation process was evaluated at the initial pH of E1. It was found that there is no significant adsorption of contaminants on the immobilized carrier, as it only decreased 6% of COD and nothing of TPh. This may be associated with the fact that the catalysts’ active sites were occupied by the photosensitizer; therefore, there were no sites available to adsorb the contaminants present in winery wastewater. This agrees with the study of Chang et al. [38], where the active sites of the catalyst were occupied with H2O, which led to a decrease in efficiency, since the pollutant was not absorbed as the H2O blocked the active sites.




3.2. Influence of pH


One of the most essential parameters in water treatment when using photosensitized oxidation is the pH value [28]. Therefore, to evaluate the influence of pH in the photosensitized oxidation process, experiments were carried out at different pH values that vary between 4.0 and 8.7. Each assay performed under given conditions was duplicated. Table 2 presents the working conditions during those assays regarding the initial wastewater pH, photocatalyst load, concentration of the photosensitizer solution used in the immobilization process, aeration flow, and the average solar radiation.



Figure 2 shows that an acidic medium (pH 4.0) favors the removal of COD and TPh since it enables a reduction of 45% and 73%, respectively, after only 30 min of treatment. These reductions were higher than the ones verified in the adsorption process, suggesting that both COD and TPh parameters are being oxidized by the photosensitized oxidation process. It should be noted that the use of an acidic medium in this treatment, which aims to reuse water, needs to have a neutral pH to comply with Portuguese legislation for water reuse for irrigation (pH between 6.0 and 9.0) [30]. Thus, after treatment, it may be necessary to adjust the pH, which can increase operating costs. In the work reported by Gmurek et al. [28], it is stated that an alkaline pH increases the degradation of one phenolic compound, reaching its complete removal. Agreeing with Olak-Kucharczyk et al. [29], they achieved complete removal of the same phenolic compound for a pH value of 9.0. Although the conclusions drawn from the literature are not consistent with those obtained in this work, it is important to consider that there was a high leaching of photosensitizer from chitosan supports when tests were carried out at pH values above 6.0 (data not shown). As reported by Cuthbert et al. [39], the lack of covalent bonds can result in the leaching of the photosensitizer, leading to a decrease in reaction performance, which may explain the low oxidation efficiency observed for initial pH equal to or greater than 6.0.



Other physicochemical parameters were also determined, such as BOD5, TSS, and toxicity, to assess the differences between the initial and final effluent (Table 3). Despite the interesting reduction obtained for COD and TPh, these results show a slight increase in suspended solid content at pH 4.0, which can be explained by the partial disintegration of chitosan carriers observed at this pH. Regarding BOD5, the photosensitized oxidation treatment allowed a reduction in this parameter for both pH 8.7 and 6.0 while allowing for compliance with Portuguese legislation for this parameter of water reuse for irrigation (10 mgO2/L) [30] to a pH of 6.0. On the other hand, results for toxicity levels show an improvement in these levels for experiments carried out at pH 8.7 and 4.0 when compared with the initial effluent, agreeing with the study by Foszpańczyk et al. [40], where toxicity levels decreased after 180 min of photosensitized oxidation treatment. In another work, Foszpańczyk et al. [16] studied the removal and toxicity levels of 10 aqueous contaminants, including phenolic compounds and parabens. Using chitosan carriers and sunlight, they removed over 50% of all pollutants and lowered the toxicity levels of 7 of those 10, as they presented lower toxicity than their parent compounds.



Suzuki et al. [41] investigated the use of three oxidants (O3, UV radiation, and a photocatalyst) for phenol degradation. These technologies were implemented separately and combined to minimize the associated costs. The results show that all oxidants are effective in removing 100% of the phenol content, except ozone alone. However, this type of technology is usually associated with higher costs, which represents a disadvantage when implemented on a larger scale. Martins and Ferreira [42] investigated the Fenton process and ozonation as a post-treatment to complement the activated sludge process used in phenolic effluents. The authors found that Fenton was a viable option as it allowed the removal of all phenolic content. That said, it is possible to conclude that other types of AOPs are also feasible options to remove all phenolic content. However, it is important to consider the high costs associated with them in the case of future applications.




3.3. Influence of Aeration Flow


The amount of oxygen present in the air represents one of the main components of the photosensitized oxidation process application, as it is directly related to the production of singlet oxygen [28]. Therefore, it is relevant to evaluate the influence of the aeration flow parameter in organic matter removal. As the results obtained here may be of some interest for a future industrial application, only the atmospheric air was evaluated as a source of oxygen, since the use of oxygen in other concentrations, like pure oxygen, would entail higher costs [43]. In addition to the oxygen concentration, different flow rates can also promote agitation of the reaction mixture [44]. Therefore, the efficiency of the process for two different aeration flow rates using atmospheric air was compared, resulting in measurements of 2.8 L/min and 4.8 L/min. Each experiment performed under given conditions was duplicated, and its working conditions are presented in Table 4.



Figure 3 shows the effect of the aeration flow on the degradation of COD and TPh. The results obtained show a slight increase in the reduction in COD and TPh with the rise of the aeration flow since a flow of 4.8 L/min removed 46% of COD and 75% of TPh, while a flow of 2.8 L/min removed 45% of COD and 73% of TPh. Although a higher aeration flow contributes to a slightly superior removal of organic matter, the reduction is not significant to justify the use of a bigger aeration flow, which would translate into higher investment and operational costs [43]. Gmurek et al. [28] studied the influence of oxygen content using argon, air, pure oxygen, and an O2/N2 mixture. Argon did not promote any contaminant removal, while air removed about 50% of them. Regarding pure oxygen and the O2/N2 mixture, removals above 70% were obtained for both situations. The authors also state that above a certain concentration of oxygen, there is no influence on the reaction rate, as saturation of the reaction mixture is observed. That being said, the most viable option in the forthcoming stages will be the aeration flow of 2.8 L/min since, in addition to allowing good reductions, it also allows a reduction in the costs associated with photosensitized oxidation treatment.



Another physicochemical parameter, such as BOD5, was also determined. However, this value was only determined for the assay performed with an aeration flow of 4.8 L/min, where a value of 4 mgO2/L was obtained. However, as the reductions obtained for both aeration flows are similar, this BOD5 value could be compared to those presented in Table 3, which corresponds to the values obtained with an aeration flow of 2.8 L/min. This BOD5 value of 4 mgO2/L (that was obtained with an initial pH of 4.0) suggests that there is a decrease in the BOD5 value as the pH becomes more acidic, fulfilling the Portuguese legislation for water reuse for irrigation (10 mgO2/L) [30].




3.4. Photocatalyst Reuse


The photosensitized oxidation treatment in a heterogeneous medium is based on the use of catalysts in an insoluble form, easily separated from the treated effluents. In these cases, it is relevant to understand its activity and lifetime since stability is a key factor when selecting a heterogeneous catalyst [28]. Since a pH of 4.0 was the only situation where no photosensitizer leaching was observed (data not shown), it was considered that these photocatalysts could be reused for this pH value. Therefore, the possibility of reuse was evaluated by performing successive tests with the same particles and under the same operational conditions (presented in Table 5). Each experimental test performed was named a “cycle” for clarity purposes. After each cycle, the photocatalysts were collected by filtration from the reaction mixture. The recovered photocatalysts were added to a new reaction mixture to start the next cycle under the same operating conditions.



Figure 4 shows the results obtained in these experiments, where a downward trend in the reduction in COD and TPh over the cycles is observed. COD reduction is constantly maintained and over 40% until the third cycle, diminishing until it reaches a value of 12%. Although TPh reduction presents a downward trend, the TPh removal is always superior to 60%. Furthermore, in these tests, it was verified that the chitosan beads suffered some disintegration over time, which resulted in a slight leaching of the photosensitizer (represented by photosensitizer concentration along the time), which could have caused the decrease in COD and TPh reduction over the cycles, since the evolution of the reaction is directly related with the progressive loss of photosensitizer concentration [45]. Therefore, based on these results, one can conclude that the photocatalysts can be reused up to three times using these operational conditions without significantly affecting the reduction efficiency.



The viability study of photocatalysts through their reuse has been investigated in several studies as it is of interest from an environmental and economic point of view in case of future implementation in industrial applications [46]. The research presented by Gmurek et al. [28] demonstrated that the photocatalysts of chitosan can be reused up to 8 or 10 times, depending on the immobilized photosensitizer, AlPcS4 or ZnPcS4, respectively, as well as the pollutant, phenol or paraben, respectively. This agrees with Foszpańczyk et al. [16] study, where they demonstrated the viability of chitosan carriers as a reusable green catalyst for 12 successive cycles. The phenol degradation rate showed a decrease in the 5th and 12th cycles, which the authors claim may be associated with the accumulation of intermediates in the active sites of the catalyst. In the study developed by Hu et al. [47], they evaluated the possibility of the reuse of an anionic resin immobilized with AlPcS4 for the removal of a phenolic compound. The authors demonstrated that the reuse of this resin in five successive cycles is only feasible in the presence of hydrogen peroxide (H2O2) since this compound eliminates the intermediates formed during the reaction. Although several studies evaluate the reuse of photocatalysts, it is important to consider that the results obtained depend on the photosensitizer, the carrier, and of course, the contaminant that is being treated [28].




3.5. Influence of Photocatalyst Load


To evaluate the influence of photocatalyst load, several tests were carried out using 0.100 g/mL, 0.167 g/mL, and 0.267 g/mL of photocatalysts (15 g, 25 g, and 40 g, respectively, in 150 mL of effluent). Each experiment performed under a different photocatalyst load was duplicated, and its working conditions are presented in Table 6.



In these experiments, an increase in TPh reduction with the photocatalyst load increase was observed (as shown in Figure 5), where a reduction of 91%, 73%, and 61% for 0.267 g/mL, 0.167 g/mL, and 0.100 g/mL of photocatalysts was obtained, respectively. However, the same results were not reached for COD reduction since a smaller reduction was obtained for 0.167 g/mL of the photocatalyst.



Table 7 shows the effect of the photocatalyst load on parameters such as BOD5 and TSS. These results reveal that using 0.100 g/mL or 0.167 g/mL of photocatalysts does not contribute to a difference in BOD5 values (5 mgO2/L and 4 mgO2/L, respectively). Lastly, a slight increase was observed in suspended solid content only for 0.167 g/mL.



Overall, these results show a higher efficiency for the tests performed using 0.267 g/mL of the photocatalyst, agreeing with the study of Gmurek et al. [28], where an increase in catalyst load from 15.8 g to 70 g allowed a reduction improvement from 30% to 60%. However, for the COD parameter, a greater reduction for a higher mass was not achieved in tests performed with 0.167 g/mL of photocatalysts, which may be associated with experimental errors. That said, the results are not conclusive about the most effective photocatalyst load.




3.6. Influence of Photosensitizer Concentration


In this section, the influence of the concentration of the photosensitizer solution used for the immobilization process of the chitosan carriers was assessed. Thus, three different concentrations were studied: 90 ppm, 130 ppm, and 180 ppm. Each assay performed under given conditions was duplicated. Table 8 present the working conditions during those assays.



Figure 6 shows an increase in COD reduction for superior concentrations: 45%, 50%, and 51% for 90 ppm, 130 ppm, and 180 ppm, respectively. The same tendency was identified for TPh removal, except for 130 ppm (which may be associated with experimental errors), reaching a reduction of 73% and 83% for a concentration of 90 ppm and 180 ppm, respectively. The effect of the immobilized photosensitizer concentration was assessed by Hu et al. [47], who demonstrated an increase in the reaction rate with concentration until it reached 1.0 wt%. A further increase in concentration did not promote a higher reaction rate, suggesting that higher concentrations can lead to light shielding on the catalyst surface.



The results obtained for BOD5, TSS, and toxicity are shown in Table 9. With regard to the TSS content, an increase is observed only for a concentration of 90 ppm, which suggests a growth of this parameter with the reduction in the photosensitizer concentration. The results obtained for BOD5 reveal an increasing trend with photosensitizer concentration. Regarding toxicity results, it is possible to verify that a higher concentration reduces the toxicity of the effluent.



Overall, the results show a higher reduction in all parameters in the tests performed with an immobilization concentration of 180 ppm. However, the results obtained for a concentration of 130 ppm are very similar to those for 180 ppm, which could be related to the light shielding reported by Hu et al. [47], so a higher concentration does not seem to be of great interest from a techno-economic point of view. Although the values obtained for 180 ppm seem to be promising in what concerns COD and TPh reductions, which lead to a significant decrease in the toxicity level, the BOD5 parameter now presents a value above the limit imposed by Portuguese legislation (10 mgO2/L) [30]. In addition, keeping in mind that these results may have some associated experimental errors, further tests should be performed in the future to clarify the influence of photosensitizer concentration.





4. Conclusions


This study evaluated the application of photosensitized oxidation in the treatment of winery wastewater, assessing the influence of initial pH, aeration flow, photocatalyst reuse, photocatalyst load, and concentration of the photosensitizer solution.



An initial pH of 4.0 proved to be favorable for the removal of COD and TPh. The successive tests performed with the photocatalysts at this pH showed that they can be used up to three times without losing the reduction efficiency of the organic matter and phenolic compounds. An aeration flow of 2.8 L/min was more advantageous since it allowed a similar reduction to the one obtained for a higher rate. The increase in the photocatalyst load and the concentration of the photosensitizer solution promoted, in a general way, the reduction in COD and TPh. However, the photocatalyst load and the concentration of the PS solution used in the immobilization step must be further studied to prove the preliminary results obtained.



That being said, it was concluded that the most viable option for the application of photosensitized oxidation in the treatment of winery wastewater aiming for its reuse is the use of an initial pH of 4.0 and an aeration flow of 2.8 L/min, since it allowed an average reduction of 45% of COD and 73% of TPh after only 30 min of reaction.







Author Contributions


Conceptualization, M.S., I.O.-I., M.G. and A.N.; data curation, M.S.; funding acquisition, S.C.-S. and R.Q.-F.; investigation, M.S.; methodology, M.S., I.O.-I. and A.N.; project administration, A.N.; supervision, R.Q.-F. and S.C.-S.; writing—original draft, M.S.; writing—review and editing, M.S., R.C.M., M.G. and A.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the European Union through the European Fund for Regional Development (FEDER) within the framework COMPETE2020 by the financial support of the project POCI-01-0247-FEDER-039708 (SAFE-Water recovery in cellars using photosensitized oxidation).




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy restrictions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Our World in Data Water Use and Stress. Available online: https://ourworldindata.org/water-use-stress#how-much-renewable-freshwater-resources-do-we-have (accessed on 1 March 2022).

	



Worldometer Water Use Statistics. Available online: https://www.worldometers.info/water/ (accessed on 1 March 2022).

	



Ioannou, L.A.; Puma, G.L.; Fatta-Kassinos, D. Treatment of Winery Wastewater by Physicochemical, Biological and Advanced Processes: A Review. J. Hazard. Mater. 2015, 286, 343–368. [Google Scholar] [CrossRef] [Scilit]

	



Teixeira, M. Sustainability in Winery Industry: Water and Waste. Master’s Thesis, Polytechnic of Porto, Porto, Portugal, 2017. [Google Scholar]

	



Ippolito, N.M.; Zueva, S.B.; Ferella, F.; Corradini, V.; Baturina, E.V.; Vegliò, F. Treatment of Waste Water from a Winery with an Advanced Oxidation Process (AOP). In Proceedings of the IOP Conference Series: Earth and Environmental Science; IOP Publishing Ltd.: Bristol, UK, 2021; Volume 640. [Google Scholar]

	



Borja, R.; Martfla, A.; Maestro, R.; Luque, M.; Durfin, M.M. Enhancement of the Anaerobic Digestion of Wine Distillery Wastewater by the Removal of Phenolic Inhibitors. Bioresour. Technol. 1993, 45, 99–104. [Google Scholar] [CrossRef] [Scilit]

	



Brandão, Y.B.; de Oliveira, J.G.C.; Benachour, M. Phenolic Wastewaters: Definition, Sources and Treatment Processes. In Phenolic Compounds; Soto-Hernandez, M., Palma-Tenango, M., del Rosario Garcia-Mateos, M., Eds.; IntechOpen: Rijeka, Yugoslavia, 2017. [Google Scholar]

	



Mahajan, C.S.; Narkhede, S.D.; Khatik, V.A.; Jadhav, R.N.; Attarde, S.B. Wastewater Treatment at Winery Industry. Asian J. Environ. Sci. 2009, 4, 258–265. [Google Scholar]

	



Ghime, D.; Ghosh, P. Advanced Oxidation Processes: A Powerful Treatment Option for the Removal of Recalcitrant Organic Compounds. In Advanced Oxidation Processes; Bustillo-Lecompte, C., Ed.; IntechOpen: Rijeka, Yugoslavia, 2020. [Google Scholar]

	



Saharan, V.K.; Pinjari, D.V.; Gogate, P.R.; Pandit, A.B. Advanced Oxidation Technologies for Wastewater Treatment: An Overview. In Industrial Wastewater Treatment, Recycling and Reuse; Ranade, V.V., Bhandari, V.M., Eds.; Butterworth-Heinemann: Oxford, UK, 2014; pp. 141–191. ISBN 978-0-08-099968-5. [Google Scholar]

	



Zhang, M.; Dong, H.; Zhao, L.; Wang, D.; Meng, D. A Review on Fenton Process for Organic Wastewater Treatment Based on Optimization Perspective. Sci. Total Environ. 2019, 670, 110–121. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ma, D.; Yi, H.; Lai, C.; Liu, X.; Huo, X.; An, Z.; Li, L.; Fu, Y.; Li, B.; Zhang, M.; et al. Critical Review of Advanced Oxidation Processes in Organic Wastewater Treatment. Chemosphere 2021, 275, 130104. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Belver, C.; Bedia, J.; Gómez-Avilés, A.; Peñas-Garzón, M.; Rodriguez, J.J. Semiconductor Photocatalysis for Water Purification. In Nanoscale Materials in Water Purification; Thomas, S., Pasquini, D., Leu, S.-Y., Gopakumar, D.A., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 581–651. ISBN 978-0-12-813926-4. [Google Scholar]

	



Linden, K.; Mohseni, M. Advanced Oxidation Processes: Applications in Drinking Water Treatment. In Comprehensive Water Quality and Purification; Elsevier: Amsterdam, The Netherlands, 2014; Volume 2, pp. 148–172. ISBN 9780123821836. [Google Scholar]

	



Gmurek, M.; Olak-Kucharczyk, M.; Ledakowicz, S. Photochemical Decomposition of Endocrine Disrupting Compounds—A Review. Chem. Eng. J. 2017, 310, 437–456. [Google Scholar] [CrossRef] [Scilit]

	



Foszpańczyk, M.; Bilińska, L.; Gmurek, M.; Ledakowicz, S. Heterogeneous Oxidation of Phenolic Compounds with Photosensitizing Catalysts Incorporated into Chitosan. Catalysts 2019, 9, 891. [Google Scholar] [CrossRef] [Scilit]

	



Hayat, F.; Shabbir, J.; Sultan, Z.; Zafar, M.; Ghabbani, H.; Shahbazi, M.-A.; Sefat, F. Nanoparticles in Endodontics; Springer: Berlin/Heidelberg, Germany, 2022; pp. 195–209. ISBN 9780128217467. [Google Scholar]

	



DeRosa, M.C.; Crutchley, R.J. Photosensitized Singlet Oxygen and Its Applications. Coord. Chem. Rev. 2002, 233–234, 351–371. [Google Scholar] [CrossRef] [Scilit]

	



Foote, C.S. Mechanisms of Photosensitized Oxidation. Science 1968, 162, 963–970. [Google Scholar] [CrossRef] [Scilit]

	



Brkic’, D.; Forzatti, P.; Pasquon, I.; Trifiro’, F. Homogeneous and Heterogeneous Photo-Oxygenation of 2,3-Dimethyl-2-Butene. J. Mol. Catal. 1977, 3, 173–184. [Google Scholar] [CrossRef] [Scilit]

	



Zheng, M.; Ding, Y.; Cao, X.; Tian, T.; Lin, J. Homogeneous and Heterogeneous Photocatalytic Water Oxidation by Polyoxometalates Containing the Most Earth-Abundant Transition Metal, Iron. Appl. Catal. B 2018, 237, 1091–1100. [Google Scholar] [CrossRef] [Scilit]

	



Gomes, J.; Inocêncio, I.; Nogueira, A.; Castro-Silva, S.; Gmurek, M.; Quinta-Ferreira, R.; Martins, R. Studies on Homogeneous Photosensitized Oxidation Aiming Winery Wastewater Reuse. In Proceedings of the 8th International Conference on Energy and Environment Research, Online, 13–17 September 2021. [Google Scholar]

	



Santos, A.D.; Gonçalves, D.; Martins, R.C.; Gmurek, M.; Nogueira, A.; Castro-Silva, S.; Castro, L.M.; Quinta-Ferreira, R. Homogeneous Photosensitized Oxidation for Water Reuse in Cellars: A Study of Different Photosensitizers. Sustainability 2023, 15, 6861. [Google Scholar] [CrossRef] [Scilit]

	



Ozoemena, K.; Kuznetsova, N.; Nyokong, T. Photosensitized Transformation of 4-Chlorophenol in the Presence of Aggregated and Non-Aggregated Metallophthalocyanines. J. Photochem. Photobiol. A Chem. 2001, 139, 217–224. [Google Scholar] [CrossRef] [Scilit]

	



Gryglik, D.; Gmurek, M.; Foszpańczyk, M.; Ledakowicz, S. Photodegradation of 2,4-Dichlorophenol in Aqueous Systems under Simulated and Natural Sunlight. Int. J. Photoenergy 2016, 2016, 9462098. [Google Scholar] [CrossRef] [Scilit]

	



Aizat, M.A.; Aziz, F. Chitosan Nanocomposite Application in Wastewater Treatments. In Nanotechnology in Water and Wastewater Treatment; Ahsan, A., Ismail, A.F., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 243–265. ISBN 978-0-12-813902-8. [Google Scholar]

	



Lee, M.; Chen, B.-Y.; Den, W. Chitosan as a Natural Polymer for Heterogeneous Catalysts Support: A Short Review on Its Applications. Appl. Sci. 2015, 5, 1272–1283. [Google Scholar] [CrossRef] [Scilit]

	



Gmurek, M.; Foszpańczyk, M.; Olak-Kucharczyk, M.; Gryglik, D.; Ledakowicz, S. Photosensitive Chitosan for Visible-Light Water Pollutant Degradation. Chem. Eng. J. 2017, 318, 240–246. [Google Scholar] [CrossRef] [Scilit]

	



Olak-Kucharczyk, M.; Foszpa czyk, M.; Gmurek, M.; Ledakowicz, S. Decomposition of Xenobiotics during Visible Light Irradiation in the Presence of Immobilised Photosensitisers: Kinetics Study. Water Sci. Technol. 2016, 75, 69–74. [Google Scholar] [CrossRef] [Scilit]

	



Diário da República Eletrónico Decreto-Lei n.° 119/2019. Available online: https://dre.pt/dre/detalhe/decreto-lei/119-2019-124097549 (accessed on 29 March 2022).

	



Gmurek, M.; Foszpańczyk, M.; Olak-Kucharczyk, M.; Modrzejewska, Z.; Ledakowicz, S. Method for Producing Chitosan Carriers with the Immobilized Photosensitizers. PL Patent No. 230175B1, 2018. [Google Scholar]

	



USEPA. Method 410.4, Revision 2.0: The Determination of Chemical Oxygen Demand by Semi-Automated Colorimetry; 1993. Available online: https://www.epa.gov/sites/default/files/2015-08/documents/method_410-4_1993.pdf (accessed on 3 April 2022).

	



Silva, A.M.T.; Nouli, E.; Carmo-Apolinário, Â.C.; Xekoukoulotakis, N.P.; Mantzavinos, D. Sonophotocatalytic/H2O2 Degradation of Phenolic Compounds in Agro-Industrial Effluents. Catal. Today 2007, 124, 232–239. [Google Scholar] [CrossRef] [Scilit]

	



5210 BIOCHEMICAL OXYGEN DEMAND (BOD); Standard Methods for the Examination of Water and Wastewater. American Public Health Association: Washington, DC, USA, 2017.

	



2540 SOLIDS; Standard Methods for the Examination of Water and Wastewater. American Public Health Association: Washington, DC, USA, 2017.

	



Tongur, S.; Yildiz, Y. Toxicity Assesment of Industrial Wastewater by Lepidium Sativum Toxicity Method. In Proceedings of the International Scientific Conference on Applied Sciences, Antalya, Turkey, 27–30 September 2016. [Google Scholar]

	



Larsson, A.-C. Study of Catalyst Deactivation in Three Different Industrial Processes; Book, T., Brodén, K., Eds.; Växjö University Press: Göteborg, Sweden, 2007; ISBN 9789176365335. [Google Scholar]

	



Chang, F.Y.; Chen, J.C.; Wey, M.Y. Improving the Activity of Rh/Al2O3 Catalyst for NO Reduction by Na Addition in the Presences of H2O and O2. Catal. Lett. 2009, 130, 517–524. [Google Scholar] [CrossRef] [Scilit]

	



Cuthbert, T.J.; Ennis, S.; Musolino, S.F.; Buckley, H.L.; Niikura, M.; Wulff, J.E.; Menon, C. Covalent Functionalization of Polypropylene Filters with Diazirine–Photosensitizer Conjugates Producing Visible Light Driven Virus Inactivating Materials. Sci. Rep. 2021, 11, 19029. [Google Scholar] [CrossRef] [Scilit]

	



Foszpańczyk, M.; Drozdek, E.; Gmurek, M.; Ledakowicz, S. Toxicity of Aqueous Mixture of Phenol and Chlorophenols upon Photosensitized Oxidation Initiated by Sunlight or Vis-Lamp. Environ. Sci. Pollut. Res. 2018, 25, 34968–34975. [Google Scholar] [CrossRef] [Scilit]

	



Suzuki, H.; Araki, S.; Yamamoto, H. Evaluation of Advanced Oxidation Processes (AOP) Using O3, UV, and TiO2 for the Degradation of Phenol in Water. J. Water Process Eng. 2015, 7, 54–60. [Google Scholar] [CrossRef] [Scilit]

	



Martins, R.C.; Quinta-Ferreira, R.M. Remediation of Phenolic Wastewaters by Advanced Oxidation Processes (AOPs) at Ambient Conditions: Comparative Studies. Chem. Eng. Sci. 2011, 66, 3243–3250. [Google Scholar] [CrossRef] [Scilit]

	



Process Insights Gas Purity Analysis. Available online: https://www.process-insights.com/applications/gas-purity-analysis/ (accessed on 26 April 2023).

	



Lyu, Y.; Brusseau, M.L. Optimizing the Gas Absorption/Chemical Reaction Method for Measuring Air–Water Interfacial Area in Porous Media. Water Air Soil Pollut. 2017, 228, 451. [Google Scholar] [CrossRef] [Scilit]

	



Georgakoudi, I.; Nichols, M.G.; Foster, T.H. The Mechanism of Photofrin Photobleaching and Its Consequences for Photodynamic Dosimetry. Photochem. Photobiol. 1997, 65, 135–144. [Google Scholar] [CrossRef] [Scilit]

	



Miceli, M.; Frontera, P.; Macario, A.; Malara, A. Recovery/Reuse of Heterogeneous Supported Spent Catalysts. Catalysts 2021, 11, 591. [Google Scholar] [CrossRef] [Scilit]

	



Hu, M.; Xu, Y.; Zhao, J. Efficient Photosensitized Degradation of 4-Chlorophenol over Immobilized Aluminum Tetrasulfophthalocyanine in the Presence of Hydrogen Peroxide. Langmuir 2004, 20, 6302–6307. [Google Scholar] [CrossRef] [Scilit]








[image: Water 15 02340 g001] 





Figure 1. Structural formula of ZnPcS4. Adapted from [25]. 
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Figure 2. COD and TPh reduction with pH of the reaction mixture. 
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Figure 3. COD and TPh reduction with the aeration flow. 






Figure 3. COD and TPh reduction with the aeration flow.



[image: Water 15 02340 g003]







[image: Water 15 02340 g004] 





Figure 4. COD and TPh reduction evolution and leaching of ZnPcS4, with the number of cycles. 
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Figure 5. COD and TPh reduction with photocatalyst load. 
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Figure 6. COD and TPh reduction with photosensitizer concentration. 
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Table 1. Physicochemical characterization of the studied effluent.






Table 1. Physicochemical characterization of the studied effluent.





	
Effluent

	
pH

	
COD (mgO2/L)

	
BOD5 (mgO2/L)

	
TPh (mgEAG/L)

	
TSS (mg/L)

	
Toxicity




	
Inhibition (%)






	
E1

	
8.7

	
133

	
30

	
38.7

	
52.04

	
76.6 (Very strong)











 





Table 2. Working conditions of the experiments with pH variation.






Table 2. Working conditions of the experiments with pH variation.





	
pH

	
Photocatalyst Load (g/mL)

	
Concentration PS Solution (ppm)

	
Aeration Flow (L/min)

	
Average Solar Radiation (W/m2)






	
8.7

	
0.167

	
90

	
2.8

	
666




	
7.0

	
660




	
6.0

	
833




	
4.0

	
719











 





Table 3. Physicochemical parameters of the treated effluent with pH variation.






Table 3. Physicochemical parameters of the treated effluent with pH variation.





	
Parameters

	
pH

	
BOD5 (mgO2/L)

	
TSS (mg/L)

	
Toxicity Level




	
Inhibition (%)






	
Initial Effluent

	
8.7

	
30

	
52.04

	
76.6 (Very strong)




	
Treated Effluent

	
8.7

	
19

	
10.20

	
29 (moderate)




	
7.0

	
- i

	
-

	
-




	
6.0

	
8

	
-

	
-




	
4.0

	
-

	
114.3

	
56 (strong)








Note(s): i Dash (-) means that no values were determined.













 





Table 4. Working conditions of the experiments performed with aeration flow variation.






Table 4. Working conditions of the experiments performed with aeration flow variation.





	
pH

	
Photocatalyst Load (g/mL)

	
Concentration PS Solution (ppm)

	
Air Flow (L/min)

	
Average Solar Radiation (W/m2)






	
4.0

	
0.167

	
90

	
2.8

	
719




	
4.8

	
724











 





Table 5. Working conditions of the experiments performed while reusing photocatalysts.






Table 5. Working conditions of the experiments performed while reusing photocatalysts.





	
Cycle

	
pH

	
Photocatalyst Load (g/mL)

	
Concentration PS Solution (ppm)

	
Air Flow (L/min)

	
Average Solar Radiation (W/m2)






	
1

	
4.0

	
0.167

	
90

	
4.8

	
724




	
2

	
794




	
3

	
778




	
4

	
759




	
5

	
822




	
6

	
334




	
7

	
776











 





Table 6. Working conditions of the experiments performed with photocatalyst load variation.






Table 6. Working conditions of the experiments performed with photocatalyst load variation.





	
pH

	
Photocatalyst Load (g/mL)

	
Concentration PS Solution (ppm)

	
Air Flow (L/min)

	
Average Solar Radiation (W/m2)






	
4.0

	
0.100

	
90

	
2.8

	
677




	
0.167

	
719




	
0.267

	
787











 





Table 7. Physicochemical parameters of the treated effluent with the photocatalyst load.






Table 7. Physicochemical parameters of the treated effluent with the photocatalyst load.





	
Parameters

	
Photocatalyst Load (g/mL)

	
BOD5 (mgO2/L)

	
TSS (mg/L)

	
Toxicity Level




	
Inhibition (%)






	
Initial Effluent

	
-- i

	
30

	
52.04

	
76.6

(Very strong)




	
Treated Effluent

	
0.100

	
5

	
52.38

	
29 (moderate)




	
0.167

	
4 ii

	
114.3

	
- iii




	
0.267

	
-

	
40.47

	
-








Note(s): i Double dash (--) means that it does not apply. ii This value corresponds to that obtained with an aeration flow of 4.8 L/min (see Section 3.3). iii Dash (-) means that no values were determined.













 





Table 8. Working conditions of the experiments performed with concentration of PS solution variation.






Table 8. Working conditions of the experiments performed with concentration of PS solution variation.





	
pH

	
Photocatalyst Load (g/mL)

	
Concentration PS Solution (ppm)

	
Air Flow (L/min)

	
Average Solar Radiation (W/m2)






	
4.0

	
0.167

	
90

	
2.8

	
719




	
130

	
787




	
180

	
730











 





Table 9. Physicochemical parameters of the treated effluent with the concentration of PS solution.






Table 9. Physicochemical parameters of the treated effluent with the concentration of PS solution.





	
Parameters

	
Concentration PS Solution (ppm)

	
BOD5 (mgO2/L)

	
TSS (mg/L)

	
Toxicity Level




	
Inhibition (%)






	
Initial Effluent

	
-- i

	
30

	
52.04

	
76.6

(Very strong)




	
Treated Effluent

	
90

	
4 ii

	
114.3

	
56 (strong)




	
130

	
19

	
42.86

	
18 (weak)




	
180

	
20

	
35.71

	
- iii








Note(s): i Double dash (--) means that it does not apply. ii This value corresponds to that obtained with an aeration flow of 4.8 L/min (see Section 3.3). iii Dash (-) means that the value was not determined.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 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 (https://creativecommons.org/licenses/by/4.0/).



























media/file4.png
Reduction (%)
o8 888

[y
o
o

pH 8.7

pH 7.0

mCOD

B TPh

pH 6.0

pH 4.0






nav.xhtml


  water-15-02340


  
    		
      water-15-02340
    


  




  





media/file2.png





media/file13.png





media/file5.jpg
~ YT
8 38 & °
(%) wononpay

100

TPh

COD

H28L/min M4.8L/min





media/file3.jpg
Reduction (%)
oB85388

100

aall

pHS7 PH7.0 PH6.0 PH 40
mCOD ®TPh





media/file1.jpg





media/file7.jpg
_@%N_\_JU%N_

)
LIOOD

—_

—TT— T

m 8 398
(%) wononpay

3 4 5 6 7
Number of cycles

—e—COD —e—TPh

2

1

—&—ZnPcS4





media/file10.png
Reduction (%)

100

5 & 8

o

COD TPh

m0.100g/mL m0.167 g/mL m0.267 g/mL






media/file12.png
TPh

COD

8 83 F & °
(%) uonompay

100 -

0 ppm WI30ppm ™ 180 ppm





media/file9.jpg
Reduction (%)
o8 588

100

COD TPh

®0.100g/mL W0.167g/mL m0.267 g/mL






media/file8.png
a@%ﬁ:ﬁ&qﬂ

11000.

S8888&°
(94) wononpay

5 6 7

Number of cycles

—e—COD —e—TPh

2 3 4

1

—0—ZnPcS4





media/file11.jpg
100

8 8§ 8 °
(%) uononpay

CcoD

= 180 ppm

®90ppm W 130 ppm





media/file6.png
100 -

8 I & ©
(%) uononpay

COD

HM28L/min MW4.8L/min





