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			Edible oil refinery wastewater (EORW) is one source of environmental pollution in Nigeria. The treatment of EORW before discharge into the environment remains a significant challenge in the edible oil refinery industries. This research was aimed at photocatalytic treatment of EORW using a batch photocatalytic reactor with titanium dioxide photocatalyst. We investigated the physicochemical parameters: chemical oxygen demand (COD), biological oxygen demand (BOD5), oil and grease, phenol, chloride (Cl-), total suspended solids, sulfate (SO42-), and phosphate (PO43-) using American Public Health Association methods. The results showed that the reduction efficiency of the treated EORW with TiO2 catalyst ranged between 65.8% (PO43-) and 87.0% (COD), and the improvement in efficiency was 54.1% (pH) and 60.8% dissolved oxygen. However, the results showed no significant difference (p<0.05) in the control treatment without catalyst. The biodegradability of EORW increased from 0.196 to 0.32. It was observed that the optimum values were an initial EORW concentration of 100 mL/L, irradiation time of 90min, catalyst dose of 1.25 g/L, and an agitation speed of 900 rpm. The kinetics of the photodegradation process was well described by the pseudo-first-order equation (R2>0.96) and pseudo-second-order equation (R2>0.98). The intra-particle diffusion model fairly represented the diffusion mechanism with an R2 value of 0.806. The treated EORW met the most acceptable water quality standards for discharged effluent according to the maximum permissible limits of the Nigerian National Environmental Standards and Regulations Enforcement Agency.

			Significance:

			
					•	Photocatalytic treatment of EORW gave negligible results in the absence of a photocatalyst.

					•	The photocatalytic degradation of EORW improved its biodegradability.

					•	Photocatalytic treatment of EORW significantly reduced the pollutants in the wastewater.

					•	The pseudo-first-order equation (R2>0.96) and pseudo-second-order equation (R2>0.98) well described the photodegradation process of EORW.
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			Introduction

			There is an enormous consumption of fresh water and energy in the processing of edible oil. Also, unwanted liquid, solid and gaseous wastes are generated together with the desired products (edible oils).1 Edible oil refinery wastewater is generated from the degumming, deacidification, and deodorisation and neutralisation processes.2 The indiscriminate disposal of this waste and wastewater results in severe environmental pollution and health hazards. Thus, there is an urgent need to manage and treat this waste and wastewater to qualitatively and quantitatively reduce its pollutant loads and reuse the waste and wastewater. The essence of treating large amounts of wastewater generated from edible oil refineries is to remove contaminants before discharge into the environment.3 However, edible oil refinery wastewater (EORW) varies in characteristics and quantity from one industry to another. The composition of EORW from the same industry also differs from day to day.4 

			Some researchers have used an activated sludge reactor5, electrocoagulation6-9, coagulation-flocculation10, electro-oxidation11, and a combination of advanced oxidation processes and biological12 methods, for example, in the treatment of EORW, and achieved chemical oxygen demand (COD) removal efficiencies of between 76% and 99%. Also, Ma et al.13 and Kalat and Yüceer14 used a biological method to remove 68–99% oil and grease. Esteves et al.15 reported that Fenton’s process gave a 96.9% reduction of phenolic content and biodegradability enhancement. These methods’ drawbacks include inadequate removal of dissolved organic matter and nutrients, scarce nitrifying bacteria and low processing load per volume, requirement of expensive equipment, high handling costs, and production of chemical sludge.16,17 The EORW contains phenols, heavy metals, catalysts, fats and oils, oxidisable substances, and other complicated dissolved recalcitrant compounds3, hence the need to use a physicochemical method such as photocatalysis for its treatment. Liu et al.18 and Welz19 reported that photocatalytic pretreatment of excess sludge resulted in increased biodegradability of recalcitrant matter, allowing for further treatment of wastewater by continuous biological treatment. 

			The complexity, characteristic variations, and quantity of EORW have led to the investigation of photocatalytic degradation in this study. Other added advantages of photocatalysis include quick and efficient removal and elimination of organic matter and pathogens20, mineralisation of a wide range of organic compounds into carbon dioxide, water, and inorganic ions, and intense activity of the process21-23. Moreover, its ability to increase the contaminants’ biodegradability enable it to integrate with biological methods for process cost-effectiveness.24 The biodegradability (biological oxygen demand (BOD)/COD) of organic matter is an important factor for evaluating both the treatability of organic matter in wastewater treatment plants and biogeochemical roles of effluents in the receiving water.25 The ratio of BOD/COD has been used as a good surrogate for the biodegradability. Biodegradability determines the sustainability and suitability of wastewater for further treatment.26 Dhanke and Wagh27 reported that increasing the biodegradability index is good for biological degradation of wastewater. Nagar and Devra28 stated that the use of advanced oxygen processes will increase the biodegradability of textile wastewater by using silver nanoparticles. 

			The most widely used photocatalyst for the photocatalytic degradation process is titanium dioxide (TiO2). It is low cost, non-toxic, chemically stable, environmentally friendly, and has a high oxidative power.29,30 However, TiO2 powder is subject to agglomeration that reduces its surface area, hence its catalytic efficiency. Also, there is the difficulty of separation and recovery of the TiO2 catalyst at the end of the photodegradation process. The methods that have been used to address these problems include immobilisation on various supports such as silica, silicon carbide, perlite, fly ash, periwinkle shell ash, zeolites, clay, and activated carbon.31-36 The immobilisation of TiO2 on solid supports involves different preparation methods such as hydrothermal, sol-gel, precipitation, metal organic chemical vapour deposition, pyrolysis, impregnation, microwave-assisted synthesis, and sonochemical treatment.37 This immobilisation has proven to be very efficient in removing organic contaminants due to the absorptive nature of the TiO2 photocatalyst surface.38 The high absorptive efficiency of the TiO2 composite is maintained over a long period.39

			The problem of contamination of surface and underground water by untreated EORW remains a challenge in Nigeria. Therefore, this study was focused on the efficient removal of pollutants from EORW using the photocatalytic degradation process. We also performed kinetic modelling using pseudo-first-order, pseudo-second-order, and intra-particle diffusion models to determine which of the kinetic model(s) best fit the experimental data. Hence, the research was aimed at investigating the use of photocatalysis for the treatment of EORW and the process kinetics. Our objectives were to evaluate the performance efficiency of TiO2 as a photocatalyst regarding its ability to reduce BOD5 and COD in EORW and optimise the treatment process through kinetic models.
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			Materials and methods

			Materials collection

			Three 50-L clean and sterile plastic containers were used to collect raw EORW samples from three discharge points at Egharevbe oil mill in Ebuobanosa-Benin, Nigeria (N6˚20’1.32” E5˚36’0.53”). All chemicals/reagents used, including commercial titanium dioxide (TiO2) [99.5% anatase], were of analytical grade and purchased from Sigma-Aldrich Co. Ltd (Gillingham, UK), and Qualikems Fine Chemical Ltd (Vadodara, India). 

			Material preparation

			The EORW samples were preserved at 4 °C in a refrigerator before treatment. Before commencing treatment, the EORW samples were removed from the refrigerator and held at room temperature (28±2 °C) for 2 h. 

			The raw EORW samples were prepared into different initial concentrations by diluting them with deionised water. The initial concentration range was 100 mL/L to 250 mL/L. We prepared the TiO2-EORW solution at different concentrations ranging from 0.5 g/L to 1.5 g/L.

			Experimental instrumentation 

			We used a spectrophotometer 910 model; multi-meter tester 2010 model, HACH colourimeter 402 model, pH meter 3010 model dissolved oxygen meter HI 981193, BOD/COD/total organic carbon meter (Aquadax), and total dissolved solids meter H18734 to carry out analyses of parameters. 

			Characterisation of raw edible oil wastewater 

			The physicochemical analyses of the raw, control and treated EORW samples were carried out using AOAC40 methods.

			Photocatalytic degradation studies

			Photocatalytic studies were performed with a slurry batch reactor. This reactor had a triple jacketed flow through a twin reactors system (Model: MS-H280-Pro). Lelesil Innovative Systems manufactured in India collaborate with the Small Scale Research Group, Faculty of Engineering, University of Benin, Benin City, Nigeria. The reactor system consists of two 5-L flow-through reactors. These are the primary reactor A, inside the photocatalytic reaction chamber, and the secondary reactor B outside. Also present are a peristaltic pump, hot plate with a magnetic stirrer, central jacket for UV lamps, and timer control digital clock. Hence, variables such as flow rate, temperature, agitation speed, UV irradiation, and irradiation time can be measured.31 

			The photocatalytic degradation studies were started by transferring the thoroughly mixed 0.25 g/L TiO2-EORW solution into reactor B and connecting it to reactor A. The flow meter and magnetic stirrer were set at 100 mL/min and 900 rpm, respectively. We exposed reactor A to a 250-W mercury UV lamp, which was the source of UV light, and switched on the reactor system for 30 min. At the end of the reaction time, we collected the treated EORW samples, and centrifuged them at 5000 rpm for solid-liquid separation. A 200-mL supernatant was collected and used to carry out BOD5 and COD analysis. A similar procedure was used for the control, which was EORW samples without the TiO2 catalyst. 

			Moreover, we optimised the photocatalytic degradation process of EORW by determining the effects of the initial concentration of EORW, catalyst dose, agitation speed, and irradiation time on the photocatalytic degradation of EORW. The same procedure was followed in each case, varying one of the four variables each time: 100 mL/L or 250 mL/L, 0.25 g/L or 1.5 g/L, 300 rpm or 1500 rpm, and 20 min or 90 min, for initial concentration, catalyst dose, agitation speed, and irradiation time, respectively. The BOD5 and COD for these were subsequently analysed at the end of each experiment.

			Analytical methods

			We characterised the raw, control, and treated EORW samples by carrying out analysis of BOD5, COD, total dissolved solids, dissolved oxygen, phenol, total suspended solids, Cl-, SO42-, oil and grease and PO43- using standard methods of water analysis.41

			We calculated the reduction or performance efficiency (E) of pollutant removal from EORW using Equation 1: 

			[image: Eq%201.jpg]	Equation 1

			where Cf is final concentration, Ci is initial concentration, and E is reduction efficiency.

			Statistical analysis

			Each experiment was done in triplicate and the mean and standard deviation (s.d.) of n=3 replicate results were recorded The data were analysed to determine significant differences using the Kruskal–Wallis H-test or one-way analysis of variance by ranks using Statistical Package for Social Sciences (SPSS) version 20 with a significance level of p=0.05.
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			Results and discussion

			Characterisation of raw edible oil wastewater

			The characteristics of the raw, control, and treated EORW are summarised in Table 1. The results show that the raw EORW was highly contaminated as expressed by its high COD, BOD5, oil and grease, total suspended solids, SO42-, etc. Table 1 shows that the physicochemical parameter values for the raw EORW were above or below the acceptable limits for discharged effluent specified by the Nigerian National Environmental Standard and Regulation Enforcement Agency (NESREA).42 This could be because of the presence of chemical compounds such as phenols, heavy metals, catalysts, oxidisable substances, and fats and oils.3,43 We observed a significant difference (p<0.05) between the raw or control physicochemical parameters and the treated EORW. However, the results showed no significant difference (p<0.05) in the physicochemical parameters of the raw and control EORW. Moreover, we observed that the photodegradation process reduced BOD5, COD, total suspended solids, total dissolved solids, oil and grease, phenol, SO42-, PO43-, and Cl- in the treated EORW by 78.9%, 87.6%, 76.84%, 83.2%, 68.6%, 83.2%, 65.8% and 69.3%, respectively. 
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			Figure 1:	Set-up of the flow-through twin photocatalytic reactors system.

			Table 1:	Physicochemical characteristics of the raw and treated edible oil refinery wastewater

			
				
					
					
					
					
					
					
				
				
					
							
							Parameter

						
							
							REORW

						
							
							TEORW1

						
							
							TEORW2

						
							
							Limit

						
							
							NESREA

						
					

					
							
							pH

						
							
							2.8 ± 0.05

						
							
							6.1 ± 1.3 (+54.1) 

						
							
							3.6 ± 0.42 (+22.2) 

						
							
							5.5–12

						
							
							6–9

						
					

					
							
							Dissolved oxygen (mg/L)

						
							
							1.45 ± 0.03

						
							
							3.7 ± 1.23 (+60.8)

						
							
							1.82 ± 0.3 (+20.3)

						
							
							>3.0

						
							
							>5

						
					

					
							
							Biological oxygen demand (BOD5) (mg/L)

						
							
							1620 ± 52.6

						
							
							341.8 ± 18.3 (78.9) 

						
							
							1252 ± 48.1 (22.7)

						
							
							50

						
							
							50

						
					

					
							
							Chemical oxygen demand (COD) (mg/L)

						
							
							8265 ± 74.2

						
							
							1074.5 ± 51.7 (87.0) 

						
							
							7407.2 ± 92 (10.4)

						
							
							250

						
							
							90

						
					

					
							
							BOD/COD

						
							
							0.20

						
							
							0.32

						
							
							0.17

						
							
							 

						
							
							 

						
					

					
							
							Oil/grease (mg/L)

						
							
							670.6 ± 27.6

						
							
							218.62 ± 25.3 (67.4)

						
							
							454.3 ± 25 (32.3)

						
							
							–

						
							
							–

						
					

					
							
							Total dissolved solids (mg/L)

						
							
							5920.7 ± 89.3

						
							
							994.68 ± 63.2 (83.2)

						
							
							5364 ± 76.3 (9.4)

						
							
							400

						
							
							10

						
					

					
							
							Total suspended solids (mg/L)

						
							
							1739.2 ± 71.6

						
							
							402.8 ± 58.7 (76.84)

						
							
							1612 ± 63.5 (7.3)

						
							
							4000

						
							
							500

						
					

					
							
							Phenols (mg/L)

						
							
							172.41 ± 4.8

						
							
							54.14 ± 2.4 (68.6)

						
							
							139.7 ± 13.4 (19)

						
							
							1000

						
							
							30

						
					

					
							
							PO42-(mg/L)

						
							
							96.71 ± 8.4

						
							
							33.08 ± 2.07 (65.8)

						
							
							68.05 ± 9.7 (29.6)

						
							
							150

						
							
							0.5

						
					

					
							
							SO42-(mg/L)

						
							
							2180.3 ± 75.12

						
							
							366.24 ± 1.4 (83.2)

						
							
							1896.7 ± 76.3 (13)

						
							
							25

						
							
							 

						
					

					
							
							Cl-(mg/L)

						
							
							574.63 ± 29.5

						
							
							176.28 ± 8.4 (69.3) 

						
							
							456.5 ± 36.7 (20.6)

						
							
							1500

						
							
							250

						
					

				
			

			

			REORW, raw EROW; TEORW1, treated EORW using TiO2; TEORW2, treated EORW without TiO2 (control) 

			Results in mean±s.d., n=3, and percentage reduction or improvement (+) in parentheses.

			 

			The pH and dissolved oxygen increased by 54.1% and 60.8%, respectively. This suggests that the photodegradation process successfully removed suspended solids, extractable solvents, sulfates, and phosphates. The ratio of BOD/COD for raw and control EORW was 0.196 and 0.17, respectively. Aslan et al.2 reported that vegetable oil wastewater with a low BOD/COD ratio (0.2) contained recalcitrant organic matter. However, Pintor et al.44 and Welz et al.45 reported a high BOD/COD ratio. They reported that vegetable oil wastewater contains high amounts (60–83%) of biodegradable organics; hence it does not require any pretreatment process. The ratio of BOD/COD for the treated EORW increased to 0.32. This shows that the photodegradation process increased its biodegradability; hence further biological treatment methods are highly encouraged. Liu et al.18, Esteves et al.15, Jamil et al.46 and Xing et al.47 reported similar results. They stated that photocatalytic pretreatment of excess sludge resulted in increased biodegradability of recalcitrant matter, allowing for further biological treatment of EORW. Also, we found that the physicochemical parameters of the treated EORW were within the acceptable water quality standards permissible for discharged effluent.42

			Influence of operating parameters on the photodegradation of edible oil wastewater

			Effect of initial concentration 

			Figure 2 shows the effect of the initial concentration of EORW on reduction efficiencies of BOD5 and COD. COD and BOD5 increased from 61.8% to 76.4% and 61.8% to 76.4%, respectively, as the initial concentration of EORW reduced from 250 mL/L to 100 mL/L. Therefore, the optimum initial concentration was 100 mg/L. The lower efficiencies witnessed at higher initial concentrations of EORW could be because of the formation of several layers of adsorbed pollutant molecules on the photocatalyst (TiO2) surface which inhibits the organic molecules’ reaction with the holes or hydroxyl and oxygen free radicals (•OH and O2-) as the molecules have limited access to these radicals.48 Aisien et al.31 reported similar results in applying periwinkle shell ash as a photocatalyst for the degradation of naphthalene in an aqueous solution. Therefore, if the initial concentration is increased, the relative ratio of hydroxyl radicals attacking the pollutant decreases, thereby decreasing photocatalytic efficiency.49

			Effect of irradiation time 

			Figure 3 shows the effect of irradiation time on the reduction efficiency of BOD5 and COD during photodegradation of EORW. We observed a rapid photodegradation of EORW in the first 40 min of the process, as shown by the steep increase in the reduction efficiency of BOD5 and COD. The photodegradation rate continued to increase for another 30 min but less rapidly, and the profile levels off after that, showing that an equilibrium had been reached. At equilibrium, the active sites on the TiO2 particles are occupied by the pollutant molecules, which leads to saturation, hence there is no appreciable increase in photodegradation of EORW. The rapid rate of photodegradation observed in the initial stage of the process may be attributed to the abundant availability of active sites on the surface of the TiO2 photocatalyst. These sites are later occupied by the pollutant molecules as the process progresses, which results in a slowed photodegradation rate in the latter part of the process. Other researchers18,31,48 have reported similar results for other wastewater. 

			Effect of catalyst dose 

			The effect of catalyst dose on the reduction efficiency of BOD5 and COD during photodegradation of EORW in the presence of the TiO2 catalyst is shown in Figure 4. We observed that, using TiO2 as a photocatalyst, the reduction efficiencies of BOD5 and COD initially increased with an increase in catalyst dose up to maximum values of 70.8% and 78% for BOD5 and COD, respectively, at a catalyst dose of 1.25 g/L. Further increases in catalyst dose resulted in an insignificant increase in reduction efficiencies of BOD5 and COD. This might be attributed to the initial increase in reduction efficiency to lower doses of the catalyst. The catalyst surface and its light absorption are the limiting factors. Hence increasing the catalyst loading enhances the efficiency of the process. This is because of the increase in the number of active sites on the photocatalyst surface, which increases the number of free radicals (•OH and O2-) produced in EORW.50 Aisien et al.31 reported similar observations in the photodegradation of aniline using periwinkle shell ash as a photocatalyst. Suri et al.51 reported that using a higher dosage of the catalyst might not be advisable.

			[image: Chart, line chart

Description automatically generated] 

			Figure 2:	Effect of the initial concentration of the edible oil wastewater (EOW) on the reduction efficiency of biological oxygen demand (BOD5) and chemical oxygen demand (COD). 
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			Figure 3:	Effect of irradiation time on the reduction efficiency of biological oxygen demand (BOD5) and chemical oxygen demand (COD).
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			Figure 4:	Effect of catalyst dose on the reduction efficiency of biological oxygen demand (BOD5) and chemical oxygen demand (COD).

			Effect of agitation speed 

			The effect of the agitation speed on the reduction efficiencies of BOD5 and COD during the photodegradation EORW is shown in Figure 5. We observed that BOD5 and COD increased from 65% to 72.2% and 70% to 75%, respectively, as the agitation speed increased from 300 rpm to 900 rpm. Further increases in agitation speed resulted in decreases in BOD5 and COD. Compared with the effect of irradiation time and catalyst dose, agitation speed had the lowest influence. The optimum agitation speed required for photocatalytic degradation of EORW is 900 rpm. This finding is supported by Wu et al.52 They stated that the degradation rate increases slightly with agitation speed. The effect of agitation speed can be explained in two ways. Firstly, it is well known that two steps in series govern heterogeneous photocatalysis. Then the overall mass transfer is the summation of the mass-transfer resistance and the chemical reaction resistance. So the increase of the agitation speed leads to a high mass transfer and high degradation rate of pollutants. Secondly, the agitation speed increase can promote oxygen transfer in the liquid phase and thereby increase the degradation kinetics.53

			Kinetics of photocatalytic degradation of edible oil wastewater

			We studied the photodegradation process kinetics using pseudo-first-order, pseudo-second-order, and intra-particle diffusion kinetic models.

			Pseudo-first-order model 

			The pseudo first-order equation is expressed as follows31: 

			[image: Eq%202.jpg]	Equation 2

			The pseudo-first-order reaction rate constant, k, was obtained from the integrated linear form of Equation 2 as follows:

			[image: Eq%203.jpg]	Equation 3

			where Co is the initial concentration of EORW, and k (min-1) is the pseudo-first-order rate constant.

			A plot of ln Co/Ci versus time (t) resulted in a linear relationship from which k1 and R2 were determined from the slope of the graph as shown in Figure 6. The values of the constants are given in Table 2. We observed a linear relationship in Figure 6, which suggests that the pseudo-first-order equation applies to the photodegradation process. Moreover, we observed that the values of k decreased with an increase in initial EORW concentration. This agrees with the inference made from the results presented in Figure 2 that increasing the initial EORW concentration leads to a reduction in photodegradation reaction rate. According to Daneshvar et al.54, a reduction in inactive sites on the catalyst surface may be the reason for the decrease in the rate constant.

			Pseudo-second-order model

			The pseudo-second-order kinetic model is expressed in its integrated linear form as follows55:

			[image: Eq%204.jpg]	Equation 4

			h = k2qe2	Equation 5

			where k2 is the rate constant of the pseudo-second-order process (g/mg.min).

			The plot of (t/qt) versus t as shown in Figure 7 was used to calculate the values of the model parameters. The kinetic constants calculated are shown in Table 2. High R2 values for the pseudo-second-order model can be seen from Figure 7. The model could describe the photodegradation process kinetics for initial EORW concentration values of 100 mg/L and 150 mg/L. Beyond these initial concentrations, the model failed to describe the mechanism of the process. However, it is pronounced from Figure 7 that the pseudo-second-order model was the best to represent the kinetics of the photodegradation process, as stated in approximate 1 R2 values (Table 2). 

			Comparing the pseudo-first-order and the pseudo-second-order kinetic models. We observed that both could successfully describe the kinetic of the photodegradation process of EORW. However, the R2 values for the pseudo-second-order are nearer to 1. It means that the pseudo-second-order model gave the best fit. This suggests that the pseudo-second-order model better represented the photodegradation of EORW than did the pseudo-first-order model. 

			[image: Chart, line chart

Description automatically generated] 

			Figure 5:	Effect of agitation speed on the reduction efficiency of biological oxygen demand (BOD5) and chemical oxygen demand (COD).

			[image: Chart, line chart

Description automatically generated] 

			Figure 6:	Pseudo-first-order model fitted to batch equilibrium data for edible oil wastewater photodegradation. 
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			Figure 7:	Pseudo-second-order model fitted to batch equilibrium data for edible oil wastewater photodegradation.

			Intra-particle diffusion model

			The process’s diffusion mechanism was modelled using the intra-particle diffusion model as follows56:

			qt = Kpt 1/2 + C 	Equation 6

			where Kp is the intra-particle diffusion rate constant (mg/g.min1/2) and C is a measure of the boundary layer effect. 

			The value of C shows the contribution of the surface sorption to the rate-controlling step. According to the model, a plot of qt versus t1/2 should be a straight line from the origin if the adsorption mechanism follows the intra-particle diffusion only. The values of the intra-particle diffusion model parameters are presented in Table 2. The plot of qt versus t1/2 from which we used to calculate the parameters is shown in Figure 8. We observed from Figure 8 that the straight-line plots for the different initial concentrations of EORW investigated did not begin from the origin. In addition, the R2 values were lower than shown in Table 2 and Figure 8. The plot shows the existence (although not significant) of some boundary layer effect and further showed that intra-particle diffusion was not the only rate-limiting step. The lower R2 values obtained for the kinetic parameters within the concentration range investigated, show that the intra-particle diffusion model was not able to fully describe the diffusion mechanism of the process. 
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			Figure 8:	Intra-particle diffusion model fitted to batch equilibrium data for edible oil wastewater photodegradation. 

			Table 2:	Constant parameter values for the photocatalytic degradation kinetics of edible oil refinery wastewater (EORW)

			
				
					
					
					
					
					
					
					
					
					
				
				
					
							
							Initial concentration of EORW (mg/L)

						
							
							Pseudo-first-order model

						
							
							Pseudo-second-order model

						
							
							Intra-particle-diffusion model

						
					

					
							
							k1

						
							
							R2

						
							
							k2

						
							
							qe

						
							
							R2

						
							
							Kp

						
							
							C

						
							
							R2

						
					

					
							
							100

						
							
							0.039

						
							
							0.965

						
							
							0.034

						
							
							4.124

						
							
							1.000

						
							
							0.082

						
							
							0.03

						
							
							0.806

						
					

					
							
							150

						
							
							0.023

						
							
							0.961

						
							
							0.009

						
							
							6.733

						
							
							0.981

						
							
							0.357

						
							
							0.178

						
							
							0.718

						
					

					
							
							200

						
							
							0.027

						
							
							0.968

						
							
							0.0045

						
							
							9.560

						
							
							0.987

						
							
							0.675

						
							
							0.342

						
							
							0.742

						
					

					
							
							250

						
							
							0.018

						
							
							0.964

						
							
							0.052

						
							
							16.785

						
							
							0.992

						
							
							0.902

						
							
							0.456

						
							
							0.587
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			Conclusions

			The following conclusions can be drawn from this study:

			
					1.	The characterisation of raw EORW shows it was highly polluted because the physicochemical parameters were outside the acceptable water quality standards for discharged effluent specified by NESREA as maximum permissible limits.

					2.	The photocatalytic treatment of EORW gave reduction efficiencies ranging between 65.8% (PO43-) and 87.0% (COD) and the improvement in efficiency was 54.1% (pH) and 60.8% (dissolved oxygen). 

					3.	Photocatalytic treatment of EORW gave a negligible reduction efficiency in the absence of TiO2 as a photocatalyst.

					4.	The biodegradability of EORW increased from 0.196 to 0.32 after photocatalytic treatment.

					5.	Optimum values for the process variables were an EORW initial concentration of 100 mL/L, catalyst dosage of 1.25 g/L, agitation speed of 900 rpm, and irradiation time of 50 min.

					6.	The catalyst dosage, agitation speed, and irradiation effects on the photocatalytic treatment of EORW were in the order irradiation time>catalyst dosage>agitation speed.

					7.	The pseudo-first-order and pseudo-second-order kinetic models could describe the kinetics of pollutant removal from EORW using photocatalytic degradation. However, the pseudo-second-order kinetic model gave the best fit, with the highest R2 value (R2>0.98).

					8.	The diffusion mechanism is not fully described by the intra-particle diffusion model.

					9.	The photocatalytic treatment is more effective, cheaper and saves time in comparison to other methods such as chemical and biological methods because of its quick and efficient removal and elimination of organic matter.
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