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Abstract

:

The use of various advanced oxidation methods in the treatment of wastewater has become the subject of many studies published in recent years. In particular, it is exceedingly significant to compare these treatment methods for industrial wastewater to reduce environmental effects and optimize plant operations and economics. The present study is the first to deal with the treatability of real epoxy paint wastewater (EPW) using MW- and UV-assisted Fenton processes within an optimization framework. A three-factor, three-level Box–Behnken experimental design combined with response surface methodology (RSM) was conducted for maximizing the chemical oxygen demand (COD) and color removal efficiencies of ultraviolet (UV)/Fenton and microwave (MW)/Fenton processes in the treatment of the real epoxy paint wastewater (EPW, initial COD = 4600 ± 90 mg/L, initial color = 114 ± 4 Pt-Co), based on 15 different experimental runs. Three independent variables (reaction time ranging from 20 to 60 min (UV) and from 5 to 15 min (MW), power ranging from 20 to 40 W (UV) and from 300 to 600 W (MW), and H2O2/Fe2+ ratio ranging from 0.2 to 0.6 (for both UV and MW)) were consecutively coded as A, B, and C at three levels (−1, 0, and 1), and four second-order polynomial regression equations were then derived to estimate the responses (COD and color removals) of two distinct systems. The significance of the independent model components and their interrelations were appraised by means of a variance analysis with 99% confidence limits (α = 0.01). The standardized differences of the independent variables and the consistency between the actual and predicted values were also investigated by preparing normal probability residual plots and experiment-model plots for all processes. The optimal operating conditions were attained by solving the quadratic regression models and analyzing the surface and contour plots. UV/Fenton and MW/Fenton processes, which constitute combined Fenton processes, were performed using advanced oxidation methods, while Fenton processes were utilized as the standard method for wastewater treatment. When UV/Fenton and MW/Fenton processes were applied separately, the COD removal efficiencies were determined to be 96.4% and 95.3%, respectively. For the color parameter, the removal efficiencies after the application of both processes were found to exceed 97.5%. While these efficiencies were achieved in 1 h with a 38 W UV unit, they were achieved in 15 min with a MW power of 570 W. According to the RSM-based regression analysis results, the R2 values for both processes were greater than 0.97 and p values were less than 0.003.
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1. Introduction


Paint consists of a blend of solvents, binders, additives/fillers, and suspended pigments in liquid form, serving as both a decorative coating and a protective material [1]. The “paint carrier” is defined as a mixture of solvent and binder, and the additives and pigment are diffused along this carrier. The compound’s type and the ratios of the paint specify its characteristics. Paints are categorized as acrylic, alkyd or synthetic, cellulosic, epoxy, and polyurethane, depending on the type of resin content [2]. Epoxy resins are oligomers characterized by the presence of one or more epoxide groups in each molecule. They are synthesized through the reaction of phenols with epichlorohydrin in the presence of NaOH. The initial production of epoxy resins in the U.S. was carried out by Devoe & Raynolds Co., Inc. (NY, USA) [3]. Resins are preferred for their many advantageous properties, such as good mechanical and physical performance at high temperatures, low volatility while curing, high chemical and electrical resistance, excellent adhesion to various types of surfaces, and good adhesion to all substrates [3]. These exceptional characteristics are important reasons why epoxy resins are used as adhesives in concrete surface coatings; in the industry of paint surface coating; in dentistry, surgery, and prosthesis applications; in space fields and satellite applications; in electronic devices; in automobiles and plastics; as filling compounds in vessels; in decorative flooring; and in various aircraft production stages [1]. So far, few studies have been conducted on treating epoxy acrylate monomer industrial wastewater with high levels of organic compounds. As a result, efficient techniques should be created to produce wastewater effluent that is readily treated biologically in wastewater treatment plants or discharged into a body of water [4]. To achieve this, treatability experiments utilizing chemical and sophisticated oxidation techniques are required to treat epoxy paint wastewater properties [5].



The advancement of the paint industry aligns with progress in civil engineering and other interconnected industrial sectors. As a result, overall paint production has been increasing day by day; nevertheless, this increase also causes the high production of industrial wastewater. Hence, the paint industry is one of the industries which need to be evaluated in terms of their effects on the environment, particularly the aquatic ecosystem. Effluent generated by paint manufacturing facilities originates from packaging machines, floors, mixers, and the cleaning of reactors. Cleaning activities and products constitute 80% of the waste from the paint industry [6].



There is a challenge in the characterization of paint industry wastewater in terms of pollution parameters, such as physical, chemical, and biological parameters, due to the specific production type of each industrial unit [7]. Paint industry wastewater has a high pH level and is generally dark in color; it has low biodegradability and includes various heavy metals (e.g., Al, Cu, Cr, Zn and Pb) and a high amount of organic matter [8]. The discharge of toxic and colored wastewater not only causes visual pollution but also gives rise to deterioration in the water quality of receiving environments, inhibiting light transmission; this could be toxic for aquatic life and food chain organisms [8]. Accordingly, paint industry wastewater must be treated by a convenient method for both environmental health and economic reasons before being discharged into receiving waters. Various wastewater treatment methods, such as chemical treatment methods, methods using advanced oxidation processes (AOP), adsorption, and membrane processes, have been applied [8,9], and they have advantages and disadvantages [9]. For instance, adsorption studies were carried out with NiO and MgO silicate-based nanosorbents in the treatment of dye wastewater, and high removal efficiencies were achieved in synthetically prepared solutions [10]. There are also studies on pigment wastewater using membrane processes, and the removal of ionic type pollutants has also been examined [11]. Additionally, the removal of heavy metals and color from paint industry wastewater using polymers was also examined and high removal efficiencies were achieved [12]. Apart from dye wastewater, removal studies have been carried out with the photocatalytic degradation method on the treatment of tannery wastewater, and a 60% chemical demand oxygen (COD) removal could be achieved in this highly polluted wastewater [13]. Various auxiliary nanoparticles are also used in photodegradation. In a study using cadmium oxide (CdO) nanoparticles for this purpose, a dye removal efficiency of over 97% was achieved [14]. It has been noted that paint industry wastewater is toxic, but its components are stable. Due to these characteristics, advanced oxidation methods such as Fenton and Fenton-like (ultraviolet (UV)/Fenton, ozone/Fenton, microwave (MW)/Fenton, etc.) are efficient in the treatment of this type of wastewater [15,16].



Advanced oxidation methods have been used for many years and are especially preferred for pollutants that are difficult to remove [4,17]. The basic logic of this method is to remove especially organic pollutants in wastewater with its strong oxidant structure [18]. The most known of the processes is the Fenton process. The Fenton process consists of the reactions between hydrogen peroxide (H2O2) and homogeneous Fe2+/Fe3+ catalysts [19]. Fenton reactions produce hydroxyl radicals, and these radicals are quite effective for the removal of stable paint wastewater components and toxins [20]. However, classical Fenton processes should be employed in a strong acid environment (pH < 3.0) to ensure the optimal removal of contaminants and to prevent the hydrolysis of Fe3+. Furthermore, non-recyclable soluble Fe salts produce Fe2O3 sludge, which must be controlled before disposal [21].



There are many studies conducted with AOP, especially for the removal of synthetically prepared dye solutions. In these studies, up to a 100% herbicide removal rate and up to an 80% total organic carbon (TOC) removal rate were observed [22]. In a study conducted with a LaCuO3 perovskite catalyst, a removal rate of 64.4% was achieved in a synthetically prepared Tartrazine solution under ultraviolet (UV) light irradiation [23]. Laterite soil was used as an iron source in the treatment of synthetic water containing 3-aminopyridine using the Fenton process, and it was observed that removal efficiencies ranged from 40% to 100%, depending on the iron dose added at the end of a 5 h period [24]. In a study using Fenton and Fenton-like wet oxidation processes, which are also used in the removal of organic radioactive waste, an organic matter removal rate of up to 99% was achieved [25].



Fenton reactions can be accelerated, and their efficiency can be increased by using different catalysts [26]. Ozone [27], ultrasound [28], and UV-assisted [29] studies have been carried out in this regard. In addition to these processes, microwave-assisted studies have been carried out in recent years [30]. The comparison of this process with other Fenton processes is limited [31]. It is considerably essential to optimize the operating conditions of Fenton and Fenton-like processes [27]. In this field, the response surface methodology (RSM) has been widely used in the literature [32]. It is noted that the Fenton process has a high organic matter removal potential. However, further increases in yield and reduction in treatment time may be possible. For this aim, adapting reaction accelerating factors, such as UV/MW, to the existing classical Fenton process can be beneficial in terms of efficiency increases. For example, in a Fenton- and photo-Fenton-based study conducted by Torrades and García-Montaño [33], a 5–15% increase was achieved in COD reduction from textile wastewater. Similarly, Carbajo et al. [34] reported a 10–20% difference between the classical Fenton process and the photo-Fenton process for TOC removal from landfill leachate wastewater effluent. In a study conducted by Yang et al. [35], it was observed that a 55% COD removal rate was achieved in 6 min with a power of 300 W using the MW/Fenton process for the treatment of highly concentrated pharmaceutical wastewater. Moreover, UV- and MW-supported Fenton studies showed remarkable results in terms of both acceleration and detoxification efficiency. The efficiency of Fenton, MW/Fenton, and UV/oxidant processes was reported in the treatment of a mixture of higher concentrations of azo dyes [36,37].



Although there are several studies in the literature on the classical Fenton process for the treatment of paint wastewater [38,39], there is no comparative study on the treatment of real paint wastewater with these extensively used methods. It should be noted that studies on MW-assisted Fenton processes are extremely limited in the literature. However, the present study, dealing with the treatment of real epoxy paint wastewater (EPW), consists of both the classical chemical treatment and Fenton processes. In addition to the classical Fenton processes, the current study is the first to include treatability studies using MW- and UV-assisted Fenton processes and compare these two processes within an optimization framework. Therefore, the primary aim of the present study is to determine and compare the performances of these two methods on the treatment of epoxy paint wastewater (EPW) and thus to pave the way for new developments by contributing to this field that seems untouched in the literature. Besides, the optimization of results has been carried out using a three-factor, three-level Box–Behnken experimental design combined with response surface methodology (RSM).



Based on the foregoing facts, the specific objectives of this study are as follows: (1) to characterize real EPW with low biodegradability for advanced Fenton oxidation studies; (2) to perform a series of treatability studies using UV- and MW-assisted Fenton processes as an advanced oxidation method and to compare their performance in the same wastewater; (3) to employ a three-factor, three-level Box–Behnken experimental design combined with RSM for maximizing the chemical oxygen demand (COD) and color removal efficiencies of UV/Fenton and MW/Fenton processes in the treatment of real EPW; (4) to create normal probability residual plots and experiment-model plots for the implemented processes using an optimization scheme; and (5) to demonstrate the treatability of a real and recalcitrant paint-based industrial effluent in a short time and with high efficiency through sophisticated oxidation processes.




2. Materials and Methods


2.1. Origin of Epoxy Paint Wastewater (EPW) and Characteristics


Industrial effluent was provided from a paint manufacturing facility within the Bursa Organized Industrial Zone (Bursa, Turkey). The effluent was stored at 4 °C until the analyses. Preceding each analysis, the EPW samples were acclimated to room temperature and subjected to a preliminary assessment of their components. The evaluation was carried out during the supernatant phase due to the extremely fast precipitation of the particulate matter content in the EPW. Due to the extremely rapid sedimentation of the particulate matter content in the EPW, the evaluation was performed during the supernatant phase.



The procedures described in the Standard Methods [40] were performed to determine the analytical parameters for the collected EPW samples. Assessed parameters were chemical demand oxygen (COD), color, pH, conductivity, and salinity. The COD was determined by using a thermoreactor (Hach Lange DRB 200, Hach Co., CO, USA) according to the Standard Method 5220 C (closed reflux titrimetric method). The color of EPW samples were measured by using a Hach Lange DR 5000, Hach Co., CO, USA spectrophotometer and determined spectrophotometrically as Pt–Co (platinum–cobalt) color unit according to the Standard Method 2120 C. The electrical conductivity (EC) was recorded by using a multimeter instrument (Hach Lange HQ 40D, Hach Co., CO, USA) based on the procedure described in the Standard Method 2510 B. Additionally, pH and salinity of EPW samples were measured using the multimeter device used for EC analysis. In this work, the analyses were performed at least three times to guarantee repeatability.



The characteristics of EPW used in the study are given in Table 1. According to the literature review, these parameters were selected as the most efficient ones [6,41]. Additionally, no evidence of iron was found in the wastewater. When the relevant literature was examined, it was seen that five different heavy metals were examined in wastewater containing five different paints, and the iron parameter was not examined in any of them [42]. For example, even if iron is present in the wastewater, it will be at the mg/L level, which may be negligible compared to the iron dose used in the advanced oxidation study.




2.2. Chemicals and Treatment Procedure


In the experimental studies, 1 N sodium hydroxide (NaOH, ≥99.0%) and 1 N sulfuric acid (H2SO4, ≥98.0%) were used for the adjustment of the pH values of the sample solution. Additionally, iron sulfate heptahydrate (FeSO4.7H2O, 99.5%) and hydrogen peroxide (H2O2, 30% (w/v)) were utilized for UV/Fenton and MW/Fenton processes, respectively. All chemicals utilized were procured from Merck Chemical Company (Darmstadt, Germany), were of analytical grade, and were used without any additional purification. Distilled water was employed in the formulation of the requisite solutions during the study.



For the UV/Fenton studies, the treatment process was carried out using a UVC multi lamp ultraviolet system (Eurotech Water Treatment Technol., Eurosan Water Treatment Syst. Indy Trade Joint Stock Co., Istanbul, Turkey) and a 304 stainless-steel UV reactor with a capacity of 500 mL. The pH was adjusted to 3.5 after adding the predetermined amounts of FeSO4.7H2O (2.5 gr) and H2O2 (4 mL of 30%), and then the reaction was initiated by stirring the solution at 200 rpm for 2 min [43,44,45]. The sample was then placed in the UV reactor, and this reactor operated at certain power values (given in the next section) for a certain period of time. Following the completion of the reaction period, 450 mL of wastewater was decanted from the supernatant and transferred into a 500 mL beaker. Thereafter, the pH was increased to between 7.5 and 9.0, and the reacted solution was allowed to precipitate for 60 min. Since the pH was adjusted after adding Fe2+ and H2O2 to the sample, there was no significant pH change in the subsequent processes (during the reaction period). After the reaction period, the pH was immediately increased (e.g., >8.5), minimizing the effect of the possible presence of residual peroxide. After the precipitation process, the supernatant sample was collected for the subsequent color and COD analyses. It is noted that a small amount of peroxide may remain in the samples, and this may cause interference in the COD analysis. To prevent this formation, the remaining peroxide was first evaporated by keeping it at 50 °C for 30 min [41], then the residual peroxide concentration was measured using the permanganometric method before COD measurements [46]. No residual peroxide was found except for three samples with very low concentrations.



MW/Fenton experiments were conducted by using a 23-L microwave oven (MS23F300EEK, 800 W, Samsung, Istanbul, Turkey) similarly to the UV/Fenton studies and with the same H2O2/Fe2+ ratios as in the UV/Fenton process. However, in MW/Fenton studies, MW was used instead of UV as the Fenton catalyst. This also made it easier to compare the two processes. On the other hand, the experimental procedure (i.e., adding predetermined amounts of agents, pH adjustment during the reaction, pH increase after the reaction, preventing peroxide/radical from interfering with COD removal) was the same as the UV/Fenton process. It is noted that the initial concentrations of iron and hydrogen peroxide used in the experimental studies were selected according to a previous study [5]. A pictorial diagram is shown in Figure 1 for a visual understanding of the present investigation.




2.3. Box–Behnken Experimental Design


The operational conditions for all tests and the testing protocol designed using the Box–Behnken experimental design with three factors and three levels are presented in Table 2 and Table 3, respectively. Since the operating parameters in Fenton and UV- and MW-assisted Fenton processes are very dependent on each other, the number of physical and chemical factors is kept low in the current experimental design. As a matter of fact, it is seen that three factors and three levels are used in the relevant literature [5,47,48,49,50]. One of the benefits of Box–Behnken designs is that they are all spherical and only need three levels of each factor running [51]. Table 3 shows that the proposed design contains only 15 experimental runs, compared to 27 experimental points in a 33 full factorial design. It is therefore important to note that by choosing the Box–Behnken experimental design over the full factorial design, several extra experiments have been avoided in this work. Moreover, a suitable equation derived in terms of coded factors can be used to estimate the response for the specified levels of each factor. High levels and low levels of the factors are coded as “+1” and “−1”, respectively. The coded equation is a useful tool to identify the relative effect of factors by comparing factor coefficients.



In the present analysis, model variables and administered doses were selected in accordance with a previous work [5]. Additionally, Fenton stoichiometry [52] and synergistic effects [53] were also taken into account in this study. It is noted that although all processes have interrelated parameters, power and time are partially related in terms of the choice of certain independent variables. Notwithstanding the correlation between the COD/H2O2/Fe2+ ratios, particularly in the Fenton process, the results in Table 3 demonstrate that the operating parameters chosen for this investigation were appropriate.



For two distinct processes (UV/Fenton and MW/Fenton), modeling and statistical analyses were carried out utilizing response surface methodology and regression analysis. Each process consisted of three replicates, and each replicate contained three parameters at varying levels. The optimization of each process was applied individually. In the last step, the comparison was performed on each optimization’s regression coefficients. Statistical modeling, the generation of the results, and graphics were performed using Design Expert® software (Version 12.0.0, Stat-Ease Inc., Minneapolis, MN, USA). Response surface methodology (RSM) contains processes for optimizing factorial variable settings so that the response achieves the intended maximum, minimum, or target value. Within the implemented software, the optimization module looks for a set of factor levels that satisfy the criteria for each of the factors (e.g., reaction time, UV or MW power, H2O2/Fe2+ ratio) and responses (e.g., COD and color removal efficiencies) at the same time. A response needs to have a model fit through analysis or be provided through an equation-only simulation in order to be included in the optimization criterion [51]. Several procedures, including weighted linear functions (developed by Derringer and Suich), can be used to convert the response levels into desirability scores. Design Expert® aggregates individual desirabilities into a single value using Derringer and Suich’s optimization technique, and then looks for the maximum overall desirability.





3. Results


3.1. Optimization of UV/Fenton Process


An optimization study was carried out in consideration of time (min), H2O2/Fe2+ ratio, and UV power (W) and an equation was obtained (Equation (1)). Accordingly, “A” represents time, “B” represents UV power, and “C” represents H2O2/Fe2+ ratio.


     C O D   R e m o v a l   E f f i c i e n c y     %                   = 61.2 + 8.74 × A + 15.7 × B + 11.96 × C + 5.45 ×   A   2   + 5.28 ×   B   2   + 1.65 ×   C   2                   −   1.88 × A × B + 5.15 × A × C − 0.825 × B × C     



(1)







Regression coefficients and a variance analysis of each equation were also determined in in terms of ease of evaluation. When the results were analyzed on residual plots (normal probability plot), it was found that the data were normally distributed. The consistency of the experimental results with the model results for the COD parameter is shown in Figure 2. Moreover, the standardized differences and experiment-model plots for the color parameter are shown in Figure 3.



Equation (2) was obtained when the regression analysis and optimization study of the UV/Fenton process were performed for the color parameter.


     C o l o r   R e m o v a l   E f f i c i e n c y     %                   = 92.5 + 2.01 × A + 5.0 × B + 5.76 × C − 0.35 ×   A   2   + 0.075 ×   B   2   − 2.25 ×   C   2                   −   0.175 × A × B + 0.7 × A × C − 4.43 × B × C     



(2)







These removal efficiencies are slightly higher compared to findings of other studies in the literature [6]. The reason for this situation is thought to be related to the structure of water. Since there are not enough studies with epoxy paint wastewater (EPW) in the literature, the findings are compared with the textile sector. The surface and contour graphs generated with the help of the equations (Equations (1) and (2)) obtained after the optimization of the UV/Fenton process are given in Figure 4.



Although the efficiency of COD removal has been found to be in the range of 45% and 95% (as depicted in Figure 4), as expected, it has been understood that the most important parameters were the applied UV power and H2O2/Fe2+ ratio. When the color removal efficiencies were examined, a removal rate between 75 and 95% was observed. This finding coincides with the data in other scientific reports [54,55].




3.2. Optimization of MW/Fenton Process


At this point in the research, operational parameters similar to those used for the UV/Fenton processes were selected to make the comparison more accurate, as shown in Table 1. An optimization study was performed with MW power, H2O2/Fe2+ ratio, and time as operating conditions [7]. The regression equation obtained as a result of the optimization of the MW/Fenton process is given in Equation (3). In this equation, A, B, and C represent the time (min), MW power (W), and H2O2/Fe2+, respectively.


     C O D   R e m o v a l   E f f i c i e n c y     %                   = 59.60 + 8.21 × A + 14.72 × B + 11.44 × C − 3.50 × A × B + 5.22 × A × C + 0.2 × B × C                 +   5.11 ×   A   2   + 4.84 ×   B   2   + 2.26   ×     C   2       



(3)







Upon analyzing the residual plots, specifically the normal probability plot, it was determined that the data exhibited a normal distribution. The consistency of the experimental results with the model results for the COD parameter is also shown in Figure 5.



Equation (4) was attained when the regression analysis and optimization study of the MW/Fenton process were performed for the color parameter.


     C o l o r   R e m o v a l   E f f i c i e n c y     %                   = 91.03 + 2.46 × A + 4.45 × B + 5.69 × C − 0.9750 × A × B + 1.35 × A × C                 −   4.08 × B × C − 0.4417 ×   A   2   + 0.0833 ×   B   2   − 2.69 ×   C   2       



(4)







The residual plots and predicted vs. actual plots obtained for the color parameter are shown in Figure 6, showing that the model results are representative of the experimental results.



Surface and contour plots of the MV/Fenton process created using Equations (3) and (4) are illustrated in Figure 7.



Although the efficiency ranged between 40% and 95% (as shown in Figure 7), it has been observed that the most effective parameters for the MW/Fenton process were the power and H2O2/Fe2+ ratio, as expected. These results are consistent with the literature data [8].



The derived models underwent a thorough evaluation, involving the scrutiny of the regression coefficients and variance analysis [56]. The corresponding regression values and optimal operating conditions for each study are detailed in Table 4.



Upon reviewing Table 4, it becomes evident that the regression coefficients for all four models are notably high. Additionally, the results were found to be statistically significant at a very high level (p < 0.01). When these results are evaluated, it could be stated that processes are slightly more successful in terms of chemical material utilization, but both UV and MW processes, which are advanced models, have been found to give consistent outcomes regarding both efficiency and the model compatibility. This state supports the findings of previous studies [57]. Particularly, in classical Fenton studies applied in the same water, a COD removal efficiency of 88.6% could be reached in 1 h [5]. In other wastewater treatments, the duration is around 1–2 h [58]. In these processes, both higher removal efficiencies (>95% for COD) were achieved at the end of 15 min, especially with the MW/Fenton process.





4. Discussion


The difficulties of the model building process include basic stages such as defining the problem, collecting sufficient data, creating a mathematical model, and developing a solution suitable for the model. Defining the current problem can be expressed as the most important and most difficult stage of the model creation process. During the problem definition phase, critical research is carried out such as clearly determining the purpose of the model (e.g., maximization and minimization), defining the factors affecting the purpose (what the decision maker can and cannot control), and determining the constraints. In the data collection phase, data are collected under certain standards experimentally (through observation), from the relevant literature, field conditions, expert opinions, or using computer technology (automatically). While creating the numerical model for the purpose of measuring the performance of the system, the types of decision variables, their activity levels (operating limits), parameters (i.e., constants used in the objective function and constraints), and the objective function, depending on the decision variables, must be expressed mathematically accurately. It should be noted that modeling the system and finding a solution to the developed mathematical model are different concepts. In the solution phase, the most appropriate approach, such as simulation techniques, mathematical analysis techniques (such as regression analysis), optimization techniques, and heuristic or meta-heuristic techniques, should be investigated in detail. In addition, the success/performance of the model should be tested with a sufficient number of suitable statistical performance indicators. In other words, modeling studies should be handled in an integrated manner with statistical science. Moreover, the number of variables in the model should not be so insufficient that the model does not represent the real situation or so excessive that it makes the model too complex for practical applications. For this purpose, unnecessary or low-contributing variables should be eliminated with appropriate techniques. For the applicability of the model, it is also very important to verify it with real data. As a result, even a well-established forecasting model will have a certain approximation error. The tolerance for this error must be determined accurately by the researcher/data analyst according to the characteristics of the actual process being modeled.



When the relevant literature data are examined, it is seen that epoxy paint wastewater studies are limited [5]. In addition, although there are studies with classical chemical processes, there are almost no studies with different catalyzed Fenton reactions. In the present study, MW- and UV-catalyzed Fenton studies were conducted, extending the previous classical chemical methods and Fenton processes, and it has been observed that the long time (1–2 h) [59,60,61], which is one of the most important disadvantages of the Fenton process, can be reduced to 15 min. This is on average a quarter of the time of conventional Fenton studies [46]. In addition, the amount of sludge was also observed to be less compared to traditional Fenton studies. Based on all these issues, it was concluded that the MW/Fenton process gave better results than the UV/Fenton process, and the UV/Fenton process gave better results than the classical Fenton process. Furthermore, within the scope of this study, it was observed that the duration of the Fenton process could be shortened, and the efficiency could be increased with different catalysts (e.g., MW, UV). This will serve as a guide for future studies.



Since in this study, a maximum of 40 W was used in the UV/Fenton process and a minimum of 300 W was used in the MW/Fenton process (Table 2), it can be seen that the optimized times (Table 4) are reasonable for existing processes. When the relevant literature is examined, it is seen that the reaction can be completed in 10–15 min in the MW-assisted Fenton process, which means that the removal efficiency obtained during this timeframe is sufficient for the treatment of EPW. The main purpose of the UV/Fenton study is to make the relatively long-term classical Fenton studies shorter and more efficient [62]. It is clear from the current results that this goal was achieved by the advanced oxidation process applied for treatment of EPW (Table 4). MW/Fenton investigations, on the other hand, have been commonly employed in the literature for shorter time periods because of the solution loss over a longer duration [35].



Considering the Fenton stoichiometry, it seems that 2.125 units of H2O2 and 3.5 units of Fe2+ are required for 1 unit of COD removal, but in the literature, attempts have been made to obtain high removal efficiencies by using lower H2O2/Fe2+ ratios [52]. Regarding the effect of this ratio on the current process, it was seen that when the H2O2/Fe2+ ratio increased under equivalent operating conditions (Run 4 and Run 13), the COD removal, which was 57.1% in the UV/Fenton study, increased to 94%. In the MW/Fenton study under equivalent operating conditions, it was observed that while COD removal was 56.1%, the removal efficiency reached up to 92.7% when the H2O2/Fe2+ ratio increased.



In a study comparing classical Fenton processes, UV-assisted H2O2 processes, and UV/Fenton processes, removal efficiencies of 40%, 50%, and 60% were achieved, respectively, at the end of a 1 h period [62]. In a different advanced oxidation study, while the antibiotic removal efficiency obtained by the conventional Fenton process was only around 70% at the end of a 3 h period, it was observed that this removal efficiency reached up to 90% with the UV-assisted process under the same operating conditions [63]. Additionally, in another study where the microwave-assisted Fenton process was applied, a removal efficiency of around 60% was achieved after 6 min [35].



It is noted that there is a dearth of comparative studies on the application of MW- and UV-assisted Fenton processes to the treatment of actual epoxy paint wastewater, despite the fact that numerous studies have been conducted on the traditional Fenton method for paint wastewater treatment. Since epoxy paint was used instead of normal paint in the current study, it may not be appropriate to make a direct comparison for data obtained from studies involving textile dyes or residential paints. Nonetheless, Table 5 presents the performance comparison of research primarily focused on exterior paints for residential buildings.



Furthermore, when looking at sector-based studies, it can be said that the BOD/COD ratio (i.e., biodegradability index) of the epoxy paint wastewater is around 0.2–0.3. Therefore, it would be much more logical and appropriate to treat such recalcitrant wastewater with chemical or even advanced oxidation processes rather than biological treatments. For example, the biodegradability of this type of wastewater can be increased using effective oxidation techniques such as the Fenton process. Thus, long-chain non-biodegradable compounds can be converted into smaller-chain biodegradable compounds after the oxidation process [67].



In recent years, the use of environmentally friendly approaches in the treatment sector has become increasingly important. A study comparing electrocoagulation, Fenton, and membrane distillation procedures to treat paint industry effluent found that the Fenton process is more sustainable and environmentally benign than the other methods [68]. Since the end products in advanced oxidation processes are carbon dioxide and water, there is no need to examine the toxicity resulting from the post-treatment process [69]. The residual peroxide that may remain in the effluent prevents the possible toxicity [70]. It is also known that the current method increases the level of biodegradability [67]. Finally, since very high removal efficiencies can be achieved with the AOP-based methods, pollutant concentrations in the purified water are almost non-existent. This shows that the advanced oxidation technique is a method that benefits ecology.




5. Conclusions


In this study, the feasibility of treating real epoxy paint wastewater was investigated using two distinct processes. In addition to testing different applications, modeling studies were carried out employing the methodology of response surface analysis and the evaluation of these modeling results were also conducted. As a general evaluation, it was observed that Fenton processes have consistent findings concerning both effectiveness and the model data compared to advanced oxidation processes. Using only Fenton process (i.e., UV and MW power not applied), the efficiency remained at 68%, and therefore, we aimed to increase the removal efficiency by using different processes. To facilitate a straightforward comparison, pH, added Fe, and current values were maintained at consistent levels. Although this rate could reach 96% experimentally using advanced oxidation processes, up to a 98% removal rate could be achieved according to the model results. While a 68% COD removal rate was obtained at the end of 60 min with classical Fenton processes for COD removal in this study, a 96.4% COD removal rate was achieved after UV catalysis was applied in the same amount of time. A color removal rate of 97.9% is also achieved under similar operating conditions. In the MW-catalyzed studies, similar efficiencies (95.3% and 97% for COD and color, respectively) could be achieved in a quarter of the time (15 min). The regression values and optimal operating conditions revealed that R2 values > 0.984 and p values < 0.028 were found in all models. This proved that the implemented RSM-based strategy worked consistently and appropriately.



Given the paucity of previous research on the treatment of real EPW, the current study has made a significant contribution to filling the literature gap in this field. Faster and more efficient models of the traditional Fenton process have been studied in the treatment of real EPW. In this respect, the current study is the first research on this subject, as there is no comparative study of UV/Fenton and MW/Fenton processes for the treatment of real EPW. Therefore, the significance of the current work is demonstrated by the lack of prior research comparing these two distinct processes in the same wastewater. In this study, which is unique in this respect, both comparison and optimization studies of UV/Fenton and MW/Fenton studies were carried out and very high regression coefficients were achieved. As a result, a COD removal rate of over 95% and a color removal efficiency of over 97% in a period of 15 min are very important in the treatment of a recalcitrant wastewater such as real EPW. Consequently, this study revealed that real epoxy paint effluent, which has not been extensively researched previously and which has a low biodegradability, could be significantly treated using sophisticated oxidation techniques such as UV- and MW-assisted Fenton processes.







Author Contributions


Supervision, E.B.B.I. and F.I.; conceptualization, E.B.B.I., K.Y., U.K. and F.I.; methodology, U.K. and F.I.; software, E.B.B.I., F.I. and K.Y.; formal analysis, E.B.B.I., F.I. and K.Y.; resources, U.K., E.B.B.I. and F.I.; data curation, E.B.B.I. and K.Y.; investigation, E.B.B.I., K.Y., F.I. and U.K.; writing—original draft preparation, E.B.B.I., K.Y., U.K. and F.I.; writing—review and editing, E.B.B.I. and K.Y.; visualization, E.B.B.I., K.Y. and F.I. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Erkuş, A.; Oygun, E.; Türkmenoğlu, M.; Aldemir, A. Characterization of paint industry wastewater. Yüzüncü Yil Univ. J. Inst. Nat. Appl. Sci. 2018, 23, 308–319. Available online: https://dergipark.org.tr/en/download/article-file/593509 (accessed on 15 February 2024).

	



Bal, K.; Ünlü, K.C.; Acar, I.; Güçlü, G. Epoxy-based paints from glycolysis products of postconsumer PET bottles: Synthesis, wet paint properties and film properties. J. Coat. Technol. Res. 2017, 14, 747–753. [Google Scholar] [CrossRef]

	



May, C.A. (Ed.) Epoxy Resins: Chemistry and Technology, 2nd ed.; Revised and Expanded; Marcel Dekker Inc.: New York, NY, USA, 1988. [Google Scholar]

	



Yang, S.; Liu, Z.; Huang, X.; Zhang, B. Wet air oxidation of epoxy acrylate monomer industrial wastewater. J. Hazard. Mater. 2010, 178, 786–791. [Google Scholar] [CrossRef]

	



Adar, E.; Ilhan, F.; Aygun, A. Different methods applied to remove pollutants from real epoxy paint wastewater: Modeling using the response surface method. Sep. Sci. Technol. 2022, 149, 492–507. [Google Scholar] [CrossRef]

	



Korbahti, B.K.; Aktas, N.; Tanyolac, A. Optimization of electrochemical treatment of industrial paint wastewater with response surface methodology. J. Hazard. Mater. 2007, 148, 83–90. [Google Scholar] [CrossRef]

	



Viktoryová, N.; Szarka, A.; Hrouzková, S. Recent developments and emerging trends in paint industry wastewater treatment methods. Appl. Sci. 2022, 12, 10678. [Google Scholar] [CrossRef]

	



Akyol, A. Treatment of paint manufacturing wastewater by electrocoagulation. Desalination 2012, 285, 91–99. [Google Scholar] [CrossRef]

	



Fijałkowska, A.; Kurowski, R.; Rajczykowski, K.; Chmielarz, A. Advantages of continuous Fenton reaction over the traditional batch process in wastewater treatment in a single and two-step mode. Desalin. Water Treat. 2021, 231, 54–66. [Google Scholar] [CrossRef]

	



Abuhatab, S.; El-Qanni, A.; Marei, N.N.; Hmoudah, M.; El-Hamouz, A. Sustainable competitive adsorption of methylene blue and acid red 88 from synthetic wastewater using NiO and/or MgO silicate based nanosorbcats: Experimental and computational modeling studies. RSC Adv. 2019, 9, 35483–35498. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, H.F.; Chu, C.H.; Xu, W.T.; Chen, B.Z.; Ju, X.H.; Xing, W.; Sun, S.P. Amphibian-inspired amino acid ionic liquid functionalized nanofiltration membranes with high water permeability and ion selectivity for pigment wastewater treatment. J. Membr. Sci. 2019, 586, 44–52. [Google Scholar] [CrossRef]

	



Ishak, S.A.; Murshed, M.F.; Md Akil, H.; Ismail, N.; Md Rasib, S.Z.; Al-Gheethi, A.A.S. The application of modified natural polymers in toxicant dye compounds wastewater: A review. Water 2020, 12, 2032. [Google Scholar] [CrossRef]

	



Toscanesi, M.; Russo, V.; Medici, A.; Giarra, A.; Hmoudah, M.; Di Serio, M.; Trifuoggi, M. Heterogeneous photodegradation for the abatement of recalcitrant COD in synthetic tanning wastewater. ChemEngineering 2022, 6, 25. [Google Scholar] [CrossRef]

	



El-Hadary, E.H.A.; El-Feky, H.H.; El-Qanni, A.; Nassar, I.M.; Nassar, M.Y. CdO nanostructures: Synthesis, characterization, and photocatalytic degradation of malachite green dye in aqueous media. Asian J. Chem. Sci. 2023, 13, 24–36. [Google Scholar] [CrossRef]

	



Consejo, C.; Ormad, M.P.; Sarasa, J.; Ovelleiro, J.L. Treatment of wastewater coming from painting processes: Application of conventional and advanced oxidation technologies. Ozone Sci. Eng. 2005, 27, 279–286. [Google Scholar] [CrossRef]

	



Armando, P.; Lunardi, V.B.; Soetaredjo, F.E.; Putro, J.N.; Santoso, S.P.; Wijaya, C.J.; Lie, J.; Irawaty, W.; Yuliana, M.; Shuwanto, H.; et al. Preparation of Fe-based MOFs composite as an adsorptive photocatalyst with enhanced photo-Fenton degradation under LED light irradiation. Sustainability 2022, 14, 10685. [Google Scholar] [CrossRef]

	



Neyens, E.; Baeyens, J. A review of classic Fenton’s peroxidation as an advanced oxidation technique. J. Hazard. Mater. 2003, 98, 33–50. [Google Scholar] [CrossRef] [PubMed]

	



Arslan-Alaton, I. A review of the effects of dye-assisting chemicals on advanced oxidation of reactive dyes in wastewater. Color. Technol. 2003, 119, 345–353. [Google Scholar] [CrossRef]

	



Zhang, M.H.; Dong, H.; Zhao, L.; Wang, D.X.; 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]

	



Ortiz, D.; Munoz, M.; Garcia, J.; Cirés, S.; de Pedro, Z.M.; Quesada, A.; Casas, J.A. Photo-Fenton oxidation of cylindrospermopsin at neutral pH with LEDs. Environ. Sci. Pollut. Res. 2023, 30, 21598–21607. [Google Scholar] [CrossRef]

	



Zamora, R.M.R.; de Velásquez, M.T.O.; Moreno, A.D.; de la Torre, J.M. Characterisation and conditioning of Fenton sludges issued from wastewater treatment. Water Sci. Technol. 2002, 46, 43–49. [Google Scholar] [CrossRef]

	



Brillas, E. A review on the photoelectro-Fenton process as efficient electrochemical advanced oxidation for wastewater remediation. Treatment with UV light, sunlight, and coupling with conventional and other photo-assisted advanced technologies. Chemosphere 2020, 250, 126198. [Google Scholar] [CrossRef]

	



Palas, B.; Ersöz, G.; Atalay, S. Photo Fenton-like oxidation of Tartrazine under visible and UV light irradiation in the presence of LaCuO3 perovskite catalyst. Process Saf. Environ. Prot. 2017, 111, 270–282. [Google Scholar] [CrossRef]

	



Karale, R.S.; Manu, B.; Shrihari, S. Fenton and photo-Fenton oxidation processes for degradation of 3-aminopyridine from water. APCBEE Procedia 2014, 9, 25–29. [Google Scholar] [CrossRef]

	



Walling, S.A.; Um, W.; Corkhill, C.L.; Hyatt, N.C. Fenton and Fenton-like wet oxidation for degradation and destruction of organic radioactive wastes. npj Mater. Degrad. 2021, 5, 50. [Google Scholar] [CrossRef]

	



Babuponnusami, A.; Muthukumar, K. Advanced oxidation of phenol: A comparison between Fenton, electro-Fenton, sono-electro-Fenton and photo-electro-Fenton processes. Chem. Eng. J. 2012, 183, 1–9. [Google Scholar] [CrossRef]

	



Abu Amr, S.S.; Aziz, H.A. New treatment of stabilized leachate by ozone/Fenton in the advanced oxidation process. Waste Manag. 2012, 32, 1693–1698. [Google Scholar] [CrossRef]

	



Basturk, E.; Karatas, M. Advanced oxidation of Reactive Blue 181 solution: A comparison between Fenton and Sono-Fenton Process. Ultrason. Sonochem. 2014, 21, 1881–1885. [Google Scholar] [CrossRef]

	



Huang, Y.H.; Huang, Y.F.; Chang, P.S.; Chen, C.Y. Comparative study of oxidation of dye-Reactive Black B by different advanced oxidation processes: Fenton, electro-Fenton and photo-Fenton. J. Hazard. Mater. 2008, 154, 655–662. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.J.; Ma, G.C.; Duan, X.J.; Zhuo, H.T.; Xu, J.B.; Chen, H. Poly(acrylic acid-butyl acrylate)-based physical hydrogel for adsorption and microwave-assisted Fenton degradation of cationic dye. ACS Appl. Polym. Mater. 2003, 5, 6390–6398. [Google Scholar] [CrossRef]

	



Kumar, J.E.; Mulai, T.; Kharmawphlang, W.; Sharan, R.N.; Sahoo, M.K. The efficiency of Fenton, Fenton/MW and UV/oxidant processes in the treatment of a mixture of higher concentrations of azo dyes. Chem. Eng. J. Adv. 2023, 15, 100515. [Google Scholar] [CrossRef]

	



Sabour, M.R.; Amiri, A. Comparative study of ANN and RSM for simultaneous optimization of multiple targets in Fenton treatment of landfill leachate. Waste Manag. 2017, 65, 54–62. [Google Scholar] [CrossRef]

	



Torrades, F.; García-Montaño, J. Using central composite experimental design to optimize the degradation of real dye wastewater by Fenton and photo-Fenton reactions. Dyes Pigm. 2014, 100, 184–189. [Google Scholar] [CrossRef]

	



Carbajo, J.; Silveira, J.E.; Pliego, G.; Zazo, J.A.; Casas, J.A. Increasing photo-Fenton process efficiency: The effect of high temperatures. Sep. Purif. Technol. 2021, 271, 118876. [Google Scholar] [CrossRef]

	



Yang, Y.; Wang, P.; Shi, S.; Liu, Y. Microwave enhanced Fenton-like process for the treatment of high concentration pharmaceutical wastewater. J. Hazard. Mater. 2009, 168, 238–245. [Google Scholar] [CrossRef] [PubMed]

	



Saha, I.; Pandey, R. Oxidative Degradation of Rhodamine B Dye in Wastewater Using Microwave-Assisted Fentons Reaction. In Recent Trends in Civil Engineering. Lecture Notes in Civil Engineering; Sil, A., Kontoni, D.P.N., Pancharathi, R.K., Eds.; Springer: Singapore, 2023. [Google Scholar] [CrossRef]

	



Li, S.; Zhang, G.; Wang, P.; Zheng, H.; Zheng, Y. Microwave-enhanced Mn-Fenton process for the removal of BPA in water. Chem. Eng. J. 2016, 294, 371–379. [Google Scholar] [CrossRef]

	



Kurt, U.; Avsar, Y.; Gonullu, M.T. Treatability of water-based paint wastewater with Fenton process in different reactor types. Chemosphere 2006, 64, 1536–1540. [Google Scholar] [CrossRef] [PubMed]

	



Vengris, T.; Binkiene, R.; Butkiene, R.; Ragauskas, R.; Stoncius, A.; Manusadzianas, L. Treatment of water-based wood paint wastewater with Fenton process. Chemija 2012, 23, 263–268. [Google Scholar]

	



Eaton, A.D.; Franson, M.A.H.; Clesceri, L.S.; Rice, E.W.; Greenberg, A.E. (Eds.) Standard Methods for the Examination of Water & Wastewater, 21st ed.; American Public Health Association: Washington, DC, USA, 2005. [Google Scholar]

	



Barbosa, A.D.; da Silva, L.F.; de Paula, H.M.; Romualdo, L.L.; Sadoyama, G.; Andrade, L.S. Combined use of coagulation (M. oleifera) and electrochemical techniques in the treatment of industrial paint wastewater for reuse and/or disposal. Water Res. 2018, 145, 153–161. [Google Scholar] [CrossRef]

	



Woldeamanuale, T.B.; Hassen, A.S. Toxicity study of heavy metals pollutants and physico-chemical characterization of effluents collected from different paint industries in Addis Ababa, Ethiopia. J. Forensic Sci. Crim. Investig. 2017, 5, 555685. [Google Scholar] [CrossRef]

	



Patil, Y.; Priya, L.; Sonawane, S.H.; Shyam, P. Comparative performance of Fenton and cavitation assisted Fenton techniques for effective treatment of greywater. J. Environ. Chem. Eng. 2023, 11, 110667. [Google Scholar] [CrossRef]

	



Cüce, H.; Özçelik, D. Application of machine learning (ML) and artificial intelligence (AI)-based tools for modelling and enhancing sustainable optimization of the classical/photo-Fenton processes for the landfill leachate treatment. Sustainability 2022, 14, 11261. [Google Scholar] [CrossRef]

	



Fischbacher, A.; von Sonntag, C.; Schmidt, T.C. Hydroxyl radical yields in the Fenton process under various pH, ligand concentrations and hydrogen peroxide/Fe(II) ratios. Chemosphere 2017, 182, 738–744. [Google Scholar] [CrossRef] [PubMed]

	



Kurt, U. Investigation of Treatability of Domestic Wastewater by Fenton and Electrochemical Methods. Ph.D. Thesis, Institute of Science, Department of Environmental Engineering, Yildiz Technical University, Istanbul, Turkey, 2007. [Google Scholar]

	



Ferreira, S.L.C.; Bruns, R.E.; Ferreira, H.S.; Matos, G.D.; David, J.M.; Brandão, G.C.; da Silva, E.G.P.; Portugal, L.A.; dos Reis, P.S.; Souza, A.S.; et al. Box-Behnken design: An alternative for the optimization of analytical methods. Anal. Chim. Acta 2007, 597, 179–186. [Google Scholar] [CrossRef] [PubMed]

	



Sahoo, C.; Gupta, A.K. Optimization of photocatalytic degradation of methyl blue using silver ion doped titanium dioxide by combination of experimental design and response surface approach. J. Hazard. Mater. 2012, 215, 302–310. [Google Scholar] [CrossRef] [PubMed]

	



Thirugnanasambandham, K.; Sivakumar, V. Microwave assisted extraction process of betalain from dragon fruit and its antioxidant activities. J. Saudi Soc. Agric. Sci. 2017, 16, 41–48. [Google Scholar] [CrossRef]

	



Feng, H.; Jiang, B.; Zhang, J. Optimization of wheat bran acid pretreatment by response surface methodology. Chin. J. Bioprocess Eng. 2018, 16, 65–71. [Google Scholar]

	



Yetilmezsoy, K.; Demirel, S.; Vanderbei, R.J. Response surface modeling of Pb (II) removal from aqueous solution by Pistacia vera L.: Box–Behnken experimental design. J. Hazard. Mater. 2009, 171, 551–562. [Google Scholar] [CrossRef]

	



Ilhan, F.; Yetilmezsoy, K.; Kabuk, A.H.; Ulucan, K.; Coskun, T.; Akoglu, B. Evaluation of operational parameters and its relation on the stoichiometry of Fenton’s oxidation to textile wastewater. Chem. Ind. Chem. Eng. Q. 2017, 23, 11–19. [Google Scholar] [CrossRef]

	



Apaydin, O.; Kurt, U.; Ilhan, F. Investigation of the synergistic effect of the Fenton process on the paint industry wastewater treatment and optimization of independent process parameters. Desalin. Water Treat. 2023, 386, 68–79. [Google Scholar] [CrossRef]

	



Tuncer, N.; Sönmez, G. Removal of COD and color from textile wastewater by the Fenton and UV/H2O2 oxidation processes and optimization. Water Air Soil Pollut. 2023, 234, 70. [Google Scholar] [CrossRef]

	



Zhong, J.; Yang, B.; Feng, Y.; Chen, Y.; Wang, L.-G.; You, W.-D.; Ying, G.-G. Enhanced photo–Fenton removal efficiency with core-shell magnetic resin catalyst for textile dyeing wastewater treatment. Water 2021, 13, 968. [Google Scholar] [CrossRef]

	



Khumalo, S.M.; Bakare, B.F.; Tetteh, E.K.; Rathilal, S. Application of response surface methodology on brewery wastewater treatment using chitosan as a coagulant. Water 2023, 15, 1176. [Google Scholar] [CrossRef]

	



Sanz, J.; Lombraña, J.I.; De Luis, A.M.; Ortueta, M.; Varona, F. Microwave and Fenton’s reagent oxidation of wastewater. Environ. Chem. Lett. 2003, 1, 45–50. [Google Scholar] [CrossRef]

	



Park, J.H.; Shin, D.S.; Lee, J.K. Treatment of high-strength animal industrial wastewater using photo-assisted Fenton oxidation coupled to photocatalytic technology. Water 2019, 11, 1553. [Google Scholar] [CrossRef]

	



Messele, S.A.; Bengoa, C.; Stüber, F.E.; Giralt, J.; Fortuny, A.; Fabregat, A.; Font, J. Enhanced degradation of phenol by a Fenton-like system (Fe/EDTA/H2O2) at Circumneutral pH. Catalysts 2019, 9, 474. [Google Scholar] [CrossRef]

	



Cüce, H.; Cagcag Yolcu, O.; Aydın Temel, F. Combination of ANNs and heuristic algorithms in modelling and optimizing of Fenton processes for industrial wastewater treatment. Int. J. Environ. Sci. Technol. 2023, 20, 6065–6078. [Google Scholar] [CrossRef]

	



Turkyilmaz, M.; Kucukcongar, S. A comparison of endosulfan removal by photocatalysis process under UV-A and visible light irradiation: Optimization, degradation byproducts and reuse. J. Environ. Health Sci. Eng. 2023, 21, 355–371. [Google Scholar] [CrossRef]

	



Hu, X.; Wang, X.; Ban, Y.; Ren, B. A comparative study of UV–Fenton, UV–H2O2 and Fenton reaction treatment of landfill leachate. Environ. Technol. 2011, 32, 945–951. [Google Scholar] [CrossRef]

	



Shemer, H.; Kaçar Kunukcu, Y.; Linden, K.G. Degradation of the pharmaceutical metronidazole via UV, Fenton and photo-Fenton processes. Chemosphere 2006, 63, 269–276. [Google Scholar] [CrossRef] [PubMed]

	



Ibrahim, M.E. A full-scale biological aerated filtration system application in the treatment of paints industry wastewater. Afr. J. Biotechnol. 2012, 11, 14159–14165. [Google Scholar] [CrossRef]

	



Kutluay, G.; Babuna, F.G.; Eremektar, G.; Orhon, D. Treatability of water-based paint industry effluents. Fresenius Environ. Bull. 2004, 13, 1057–1060. [Google Scholar]

	



Mamadiev, M.; Yilmaz, G. Treatment and recycling facilities of highly polluted water-based paint wastewater. Desalin. Water Treat. 2011, 26, 66–71. [Google Scholar] [CrossRef]

	



Ulucan-Altuntas, K.; Ilhan, F. Enhancing biodegradability of textile wastewater by ozonation processes: Optimization with response surface methodology. Ozone Sci. Eng. 2018, 40, 465–472. [Google Scholar] [CrossRef]

	



Yapıcıoğlu, P. Investigation of environmental-friendly technology for a paint industry wastewater plant in Turkey. Süleyman Demirel Univ. J. Nat. Appl. Sci. 2018, 22, 98–106. [Google Scholar] [CrossRef]

	



Pignatello, J.J.; Oliveros, E.; MacKay, A. Advanced oxidation processes for organic contaminant destruction based on the Fenton reaction and related chemistry. Crit. Rev. Environ. Sci. Technol. 2006, 36, 1–84. [Google Scholar] [CrossRef]

	



Huang, W.C.; Liu, M.; Zhang, F.G.; Li, D.; Du, Y.; Chen, Y.; Wu, Q.Y. Removal of disinfection byproducts and toxicity of chlorinated water by post-treatments of ultraviolet/hydrogen peroxide and ultraviolet/peroxymonosulfate. J. Clean. Prod. 2022, 352, 131563. [Google Scholar] [CrossRef]








[image: Water 16 00605 g001] 





Figure 1. Pictorial diagram of the treatment process used for the advanced oxidation of EPW. 
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Figure 2. Normal probability residual plot and predicted vs. actual plot based on chemical oxygen demand (COD) removal efficiency values for the UV/Fenton process. 
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Figure 3. Normal probability residual plot and predicted vs. actual plot based on color removal efficiency values for the UV/Fenton process. 
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Figure 4. Surface and contour plots generated to illustrate the removal of pollutants, specifically addressing COD and color, through the UV/Fenton process. 
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Figure 5. Normal probability residual plot and predicted vs. actual plot based on chemical oxygen demand (COD) removal efficiency values for the MV/Fenton process. 
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Figure 6. Normal probability residual plot and predicted vs. actual plot based on color removal efficiency values for the MV/Fenton process. 
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Figure 7. Surface and contour plots generated to illustrate the removal of pollutants, specifically addressing COD and color, through the MW/Fenton process. 
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Table 1. Properties of the raw wastewater generated from epoxy paint application (EPW) used in the study.
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	Parameters
	COD
	Color
	pH
	Conductivity
	Salinity





	Values/Units
	4600 ± 90 mg/L
	114 ± 4 Pt-Co
	7.5 ± 0.5
	1810 ± 60 µS/cm
	1.11 ± 0.02%










 





Table 2. Experimental range and levels of independent factors conducted for UV/Fenton and MW/Fenton processes.
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Processes

	
Factors

	
Levels




	
−1

	
0

	
+1






	
UV/Fenton

	
Time (min) (A)

	
20

	
40

	
60




	
UV (W) (B)

	
20

	
30

	
40




	
H2O2/Fe2+ (C)

	
0.20

	
0.40

	
0.60




	
MW/Fenton

	
Time (min) (A)

	
5

	
10

	
15




	
MW (W) × 10 (B)

	
30

	
45

	
60




	
H2O2/Fe2+ (C)

	
0.20

	
0.40

	
0.60











 





Table 3. Design matrix based on the Box–Behnken approach with three factors and three levels.
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Run

	
Levels

	
UV/Fenton

COD Rem. (%)

	
UV/Fenton

Color Rem. (%)

	
MW/Fenton

COD Rem. (%)

	
MW/Fenton

Color Rem. (%)






	
1

	
0

	
1

	
−1

	
74.5

	
95.1

	
71.6

	
91.6




	
2

	
−1

	
0

	
1

	
69.2

	
92.8

	
67.4

	
88.7




	
3

	
−1

	
0

	
−1

	
52.3

	
82.5

	
51.7

	
81.3




	
4

	
1

	
0

	
−1

	
57.1

	
85.6

	
56.1

	
84.4




	
5

	
0

	
0

	
0

	
61.7

	
91.9

	
61

	
89.2




	
6

	
1

	
−1

	
0

	
68.2

	
90.2

	
67.5

	
90.2




	
7

	
1

	
1

	
0

	
95.5

	
97.8

	
89.6

	
95.2




	
8

	
0

	
0

	
0

	
61.1

	
93.1

	
59.6

	
92.4




	
9

	
0

	
0

	
0

	
60.8

	
92.5

	
58.2

	
91.5




	
10

	
0

	
−1

	
1

	
63.4

	
94.4

	
61.4

	
93.4




	
11

	
−1

	
1

	
0

	
79.4

	
94.6

	
78.6

	
93.1




	
12

	
0

	
−1

	
−1

	
41.1

	
74.2

	
42.2

	
72.6




	
13

	
1

	
0

	
1

	
94.6

	
98.7

	
92.7

	
97.2




	
14

	
0

	
1

	
1

	
93.5

	
97.6

	
91.6

	
96.1




	
15

	
−1

	
−1

	
0

	
44.6

	
86.3

	
42.5

	
84.2











 





Table 4. A comparison of optimized processes in relation to efficiency and statistical measures.
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Processes/Parameters

	
UV/Fenton

COD

	
UV/Fenton

Color

	
MW/Fenton

COD

	
MW/Fenton

Color




	
Coded

	
Real

	
Coded

	
Real

	
Coded

	
Real

	
Coded

	
Real






	
R2

	
0.9918

	
0.9841

	
0.9917

	
0.9697




	
p Value

	
0.0001

	
0.0006

	
0.0001

	
0.0028




	
Time (min) (A)

	
1

	
60

	
1

	
60

	
1

	
15

	
1

	
15




	
UV (W) (B)

	
0.9

	
38

	
0.9

	
38

	
-

	
-

	
-

	
-




	
MW (W) (B)

	
-

	
-

	
-

	
-

	
0.8

	
570

	
0.8

	
570




	
H2O2/Fe2+ (C)

	
0.4

	
0.48

	
0.4

	
0.48

	
0.8

	
0.56

	
0.8

	
0.56




	
Model Predictions

	
97.35

	
98.44

	
99.89

	
97.2




	
Experimental Results

	
96.41

	
97.89

	
95.25

	
97.5











 





Table 5. A comparison of some different methodologies applied in paint wastewater treatment with respect to COD removal.






Table 5. A comparison of some different methodologies applied in paint wastewater treatment with respect to COD removal.





	Wastewater
	Treatment Method
	COD Removal Efficiency
	Reference





	Paint wastewater
	Biological (Aerobic)
	43%
	[64]



	Epoxy paint wastewater
	Chemical Coagulation
	44%
	[5]



	Epoxy paint wastewater
	Electrocoagulation
	48%
	[5]



	Water-based paint wastewater
	Adsorption
	62%
	[65]



	Water-based paint wastewater
	Electrooxidation
	68%
	[6]



	Water-based paint wastewater
	Fenton
	80%
	[38]



	Water-based paint wastewater
	UV/Fenton
	81%
	[66]



	Epoxy paint wastewater
	UV/Fenton

MW/Fenton
	96.4%

95.3%
	This study
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