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Abstract. 
The objective of this study was to assess the efficiency of a novel TiO2/modified sago bark (TiO2/MSB) mixture for the degradation of sago wastewater effluent by employing response surface methodology (RSM) using chemical oxygen demand (COD) removal as the target parameter. The highest COD removal of 64.92% was obtained using TiO2/MSB mixture sample prepared by combining 0.2 g/L TiO2 and 1 w/w% MSB. Given that the highest removal was produced using this mixture sample, further optimisation of sago wastewater treatment was conducted by varying the independent variables, namely, dosage and contact time. Under this optimum condition, 0.10 g of 0.2 g/L TiO2/1% MSB had successfully reduced 52.83% COD in 120 min. Surface morphology, functional groups, and elemental analysis supported observations of the ability of TiO2/MSB mixture to remove COD. Additionally, aeration had further improved COD removal by 11%. The regression value () of the model indicated a high degree of correlation between the evaluated parameters. These results proved the feasibility of TiO2 photocatalysis as an appealing alternative protocol for sago wastewater treatment and solid waste from the industry can be utilised for wastewater degradation.



1. Introduction
Solid or liquid wastes derived from a series of postprocessing steps in the agricultural industry could impose significant environmental impacts if not properly treated or managed. Agro-based industries contribute significantly to the economic growth and development of countries around the globe. Nevertheless, from the environmental point of view, this industry also inevitably tends to increase the accumulation of wastes, which demand considerable attention. The Advanced Oxidation Processes (AOPs) are nonbiological methods that could become the most suitable alternative to degrade organic compounds present in agricultural effluents.
AOPs, which are chemical oxidation processes, have been highly effective in the oxidation of wastewater containing toxic and organic materials [1]. AOPs involve in situ generation of reactive oxygen species (ROS), such as hydroxyl radicals (HO•), O3, H2O2, and superoxide anion radical (). These ROS act as strong oxidants to oxidise organic compounds into biodegradable forms and simpler end-products, such as CO2 and H2O [2, 3]. Among the various AOPs, titanium dioxide (TiO2) photocatalysis has been known for its potential to effectively treat wastewater. TiO2 appears to be one of the most widely used photocatalysts because it is biologically and chemically inert, cheap, photostable, and noncorrosive [4]. Nonetheless, the application of TiO2 in large-scale wastewater treatments is restricted by its limitations. TiO2 has two major constraints that limit its photocatalytic activity: (i) the large bandgap (3.2 eV for anatase phase) limits its absorption to the UV region, in which only 3 to 5% of the solar spectrum can be utilised for its activation, and (ii) the fast recombination of photogenerated electron-hole pairs occurs during TiO2 photocatalysis [5]. In addition, nanosized TiO2 is in the form of slurry (suspension) during treatment, which makes recovery and recycling particularly difficult. Hence, to increase the photocatalytic activity of TiO2, several methods have been proposed, such as doping with nonmetals and transition metals [6, 7], noble metal or metal ion incorporation [5, 8], fabrication of TiO2 mixture with other materials [9], surface sensitisation [10], and the inclusion of inert support [11].
TiO2 was combined with modified sago bark (MSB) to prepare a novel mixture material (TiO2/MSB), which was then further assessed for the degradation of sago effluent which is known to be acidic in nature and typically characterised by high COD, biochemical oxygen demand (BOD), and total suspended solids (TSS). The sago residues from sago starch processing mills are abundant and readily available [12]. Sago bark (SB) is a type of solid waste generated during the debarking step of starch extraction process. Deposition or dumping of SB on land is the most common practice among most mill operators to address the disposal problem of this solid waste. Although such practice provides a short-term solution, potential environmental problems could, however, emerge in the long term. To the best of our knowledge, no studies have been performed on sago effluent by means of TiO2 photocatalysis. SB, the solid waste, was also assessed as a potential support or adsorbent for the preparation of TiO2-based mixtures. As RSM is known for its superiority in optimising chemical reactions [13], this study applied this statistical tool to determine the optimal conditions for the degradation of sago wastewater effluent, primarily focusing on COD as the target parameter.
Thus, the overall aim of this work was to investigate the effectiveness of the novel material TiO2/MSB mixture on the degradation of sago wastewater effluent by optimising the process variables, namely, the dosage of TiO2/MSB mixtures and contact time via RSM.
2. Materials and Methods
2.1. Materials
Ammonium iron(II) sulfate (Fe(NH2)2(SO4)·6H2O) and potassium dichromate (K2Cr2O7) were purchased from R&M Chemical. Silver sulfate (Ag2SO4) and mercury(II) sulfate (HgSO4) were obtained from Bendosen. Sulfuric acid (H2SO4, 95–97%) and titanium dioxide (TiO2) (Degussa P25) with a particle size of 20–30 nm were supplied by Merck (Germany). Hydrochloric acid (HCl) and ferroin indicator solution were purchased from J. T. Baker and Sigma-Aldrich, respectively.
2.2. Sago Wastewater
Sago wastewater was collected from Herdsen Sago Industries in Pusa, Sarawak. Sampling was carried out twice. The effluent samples were filled into polyethylene bottles. The bottles were transported to the laboratory and kept refrigerated at 4°C until further analysis. Meanwhile, SB samples were randomly collected from piles of SB, which were produced by the debarking process, and stored in sack bags. The sack bags were also transported to the laboratory for further use. The raw wastewater samples were characterised for water quality parameters, namely, pH, BOD, COD, and TSS. Characteristics of sago wastewater were analysed based on the Standard Methods for Water and Wastewater Examination [14].
2.3. Analytical Determinations
COD, BOD, TSS, and total organic carbon (TOC) analyses were performed based on the Standard Methods for Water and Wastewater Examination [14]. TOC was measured using the OI Analytical (model Aurora 1030) TOC analyser.
2.4. Synthesis of TiO2 Mixtures (TiO2/MSB)
The sampled SB was washed using distilled water to remove dirt and unwanted materials. The washed SB was dried under sunlight before being cut and ground into a powdered form. The powdered form of SB was sieved to remove unwanted fibre and to obtain particles with similar sizes (500 μm). Subsequently, the powdered form of SB was soaked in 1 M HCl for 1 day. The SB was mainly comprised of cellulose, hemicelluloses, and lignin components [15], which can be dissolved or broken down during a pretreatment process [16]. Mosier et al. [17] and Zheng et al. [18] stated that diluted acid pretreatment process could dissolve almost all hemicelluloses and break down the bonds of cellulose and lignin. Due to the release of soluble organic compounds contained in the plant wastes, the application of untreated plant wastes as adsorbents could lead to several problems, such as low adsorption capacity, and high BOD, COD, and TOC values [19]. The acid-modified SB (MSB) was repeatedly washed using distilled water until the pH became neutral. Then, the neutralised MSB was dried in an oven at 100°C for 2 h. The dried MSB was then mixed with various concentrations of TiO2 to prepare the TiO2/MSB mixtures under mechanical stirring.
TiO2 concentration was varied from 0.2 to 0.8 g/L, while the weight percentage of MSB was fixed as either 1 w/w% or 3 w/w%. A total of six TiO2/MSB mixtures were prepared: (i) 0.2 g/L TiO2/1% MSB, (ii) 0.2 g/L TiO2/3% MSB, (iii) 0.4 g/L TiO2/1% MSB, (iv) 0.4 g/L TiO2/3% MSB, (v) 0.8 g/L TiO2/1% MSB, and (vi) 0.8 g/L TiO2/3% MSB. In this study, a fixed concentration of TiO2 was added to a fixed weight percentage of MSB in a beaker, followed by 100 mL of ultrapure water. The mixture was then stirred at 750 rpm for 1 to 2 h to attain a homogeneous suspension. Next, the suspension was filtered and dried in an oven at 100°C for 2 h. The dried TiO2/MSB mixture was pounded into a powdered form for further analysis. Figure 1 shows the prepared TiO2/MSB mixture.




	
	
		
			
		
	


Figure 1: The prepared TiO2/MSB mixture.


2.5. Material Characterisations
The raw SB, MSB, and TiO2 mixtures were characterised for their surface morphology using a scanning electron microscope (SEM) (model: JOEL JSM-6390LA). The functional groups of TiO2, MSB, and TiO2/MSB were identified using Fourier transform infrared spectroscopy (model: Thermo Nicolet iS10). Elemental analysis of TiO2/MSB was conducted using energy-dispersive X-ray spectroscopy (EDX) (model: JOEL JSM-6390LA). The crystalline structures of the mixture were observed using X-ray diffraction (XRD, PANalytical X’pert Pro) method with Cu Kα radiation (λ = 0.154 nm) in the scanning range of  between 10° and 80°, at a rate of 0.04° per second. For phase identification, an automatic JCPDS library search and match was used.
2.6. Photocatalytic Experiment
For the photocatalytic experiment, the dosage of TiO2/MSB mixture and contact time were optimised by employing the RSM. Different dosages of TiO2/MSB mixture were added to a beaker containing 200 mL of filtered sago wastewater sample. Sago wastewater sample was filtered prior to treatment to ensure that the roughage, being the major portion of the wastewater, does not interfere with the final COD reading and block the penetration of UV light during the photocatalytic experiment. The solution mixture was subsequently stirred at 750 rpm in the dark for 30 min to establish absorption and equilibrium by the TiO2/MSB mixture. The mixture was then irradiated using a UVC lamp (λ = 254 nm, Phillips TUV 8 W) for 2 h under continuous stirring (Figure 2). The distance of the vertically placed UV lamp from the solution beaker was fixed at 9 cm. Temperature and light intensity were measured during all photocatalytic experiments. A light meter (Sunche, HS1010) was used to measure the amount of light emitted by the UV lamp. Temperature of the solution mixture in the beaker ranged from 32°C to 34°C while the light intensity varied between 128 and 135 lux. Samples were withdrawn using a syringe prior to irradiation (after 30 min equilibrium) and at fixed time intervals throughout the 2 h irradiation period. The collected samples were centrifuged and the supernatant was subjected to COD analysis.




	
	
		
		
		
		
		
		
			
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
			
		
		
		
			
		
			
		
		
			
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		
		
		
			
		
			
		
		
			
		
		
		
			
		
		
			
		
			
		
		
		
			
		
		
		
		
		
		
		
			
		
		
		
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
			
	


Figure 2: Schematic diagram of a lab-scale TiO2 photocatalytic experiment using TiO2/MSB mixture.


2.7. Experimental Design
The present study also used the central composite design (CCD). CCD consists of 2k factorial points, augmented with  axial points and a centre point, where  represents the number of variables involved [2]. In the present work, the independent variables were TiO2/MSB mixture dosage and contact time, while COD removal was the dependent variable (response). A total of 13 experiments were conducted with 4 factorial points, 4 axial points, and 1 centre point. The centre point was repeated five times to obtain an accurate result. Table 1 shows the ranges and levels of the independent variables in coded units.
Table 1: Ranges and levels of the independent variables for RSM.
	

	Variables	Coded	Ranges and levels
		−1	0	1	
	

	Dosage (g)		0.06	0.10	0.20	0.30	0.34
	Contact time (min)		11.36	30.00	75.00	120.00	138.64
	



The initial design included 13 tests, based on a CCD, as shown in [20]where  represents the percentage of COD removal, while COD0 and CODf represent the measured COD values, before and after the TiO2 photocatalytic experiment, respectively. Table 2 lists the 13 experiments conducted in this study, with the ranges and levels in coded units.
Table 2: RSM for the two independent variables in corresponding natural values and coded units.
	

	Run	Independent variables	Coded variables
	Dosage (g)	Contact time (min)		
	

		0.20	75.00	0	0
		0.20	11.36	0	
		0.30	30.00	1	
		0.20	75.00	0	0
		0.30	120.00	1	1
		0.34	75.00		0
		0.10	30.00		
		0.06	75.00		0
		0.20	75.00	0	0
		0.20	75.00	0	0
		0.20	138.64	0	
		0.20	75.00	0	0
		0.10	120.00		1
	



The Design-Expert 7.1.6 software was used to analyse the experimental data that were fitted to a second-order polynomial equation. The interaction between the dependent and independent variables was attained through the following equation [21]:where  represents the predicted response (dependent variable);  is the number of patterns;  and  are the index numbers for the patterns;  is the offset or free term, known as the intercept term;  are the coded independent variables;  is the first-order (linear) main effect;  is the quadratic (square) effect;  is the interaction effect; and  is the random error between the experimental and predicted values.
By representing (2) with two independent variables, it could be simplified as shown in Due to the regression and mean square residual error, analysis of variance (ANOVA) was used to test the statistical significance of the ratio of mean square variation [22]. The coefficient of determination () was used to express the quality of the fit of the polynomial model. Meanwhile, the probability values ( values) with 95% confidence level can act as a tool to evaluate the significance of the model terms [23]. Generally, if the significant probability value () is small (<0.05) and the  value is less than 0.01, the model is considered to be statistically significant and acceptable [24]. The main indicators, which included the probability value (Prob. > ), model -value (Fisher’s variation ratio), and adequate precision, showed the adequacy and significance of the employed model. To find an optimum condition, response plots, namely, contour and 3D plots, were used. Fischer’s -test was utilised to determine the statistical significance and to optimise the desired target fixed for maximum removal of COD. For process optimisation, the desired target for the response (COD removal) was selected as “target,” while the independent variables (dosage and contact time) were chosen to be “within the range.” To determine the best and optimised local maximum, these individual targets were combined into an overall desirability function by the software [25].
3. Results and Discussion
3.1. Characterisation of TiO2/MSB Mixture
Surface morphologies of raw SB and MSB acquired by SEM are shown in Figures 3(a) and 3(b), respectively. SEM micrographs revealed that the chemical modification by HCl has afforded a rougher surface morphology for the MSB (Figure 3(b)) compared to the unmodified SB (Figure 3(a)). Figure 3(a) shows the presence of fibre or starch granules (white arrow) on the surface of SB, which appeared to decrease or almost disappeared in the SEM micrograph of MSB (Figure 3(b)). The average pore sizes of raw SB and MSB were 0.08 μm and 0.10 μm, respectively. As the pore size difference between the raw SB and MSB was marginal, this could imply that the HCl treatment did not alter the pore size of SB.
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(b)
Figure 3: SEM micrographs for (a) raw sago bark (SB) and (b) modified sago bark (MSB).


SEM images of 0.2 g/L TiO2/1% MSB mixture, before and after photocatalytic treatments, are shown in Figures 4(a) and 4(b), respectively. Figure 4(a) clearly shows that TiO2 particles (white circle) have been successfully attached on the surface of the MSB (white arrow). The average pore size of TiO2/MSB was recorded as 0.16 μm. However, in Figure 4(b), the amount of TiO2 particles attached on the MSB surface was observed to be reduced after undergoing photocatalytic treatment. This could be due to the fall of TiO2 from the MSB during the photoinduced degradation of organic pollutants present in sago effluent, as TiO2/MSB mixture was synthesised via mechanical stirring [26]. As such, TiO2/MSB could not potentially be recycled. Furthermore, no pores were detected after the treatment (Figure 4(b)). A possible explanation is that this might be due to the adsorption of organic pollutants on the adsorbent’s pores.
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(b)
Figure 4: SEM micrographs of 0.2 g/L TiO2/1% MSB mixture: (a) before treatment and (b) after treatment.


The EDX spectrum of the optimum TiO2/MSB mixture that consisted of 0.2 g/L TiO2/1% MSB is shown in Figure 5. The presence of three main elements, namely, C, Ti, and O, in the mixture was detected and their mass percentages are summarised in Table 3. As shown in the table, the mass percentages of C, Ti, and O were found to be 14.59%, 26.53%, and 58.88%, respectively. The presence of Ti and O indicated that the TiO2/MSB mixture has been successfully prepared in this study.
Table 3: Mass percentage of elements in 0.2 g/L TiO2/1% MSB mixture.
	

	Elements	Mass percentage (%)
	

	C	14.59
	O	26.53
	Ti	58.88
	Total	100.00
	







	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
			
			
		
		
		
		
		
		
		
		
			
		
			
	


Figure 5: EDX data of 0.2 g/L TiO2/1% MSB mixture.


The FTIR spectra of commercial TiO2, MSB, and 0.2 g/L TiO2/1% MSB mixture in the range of 4000 to 400 cm−1 wavenumber are shown in Figure 6. The region between 400 and 700 cm−1 in Figure 6(a) was assigned to Ti-O stretching and Ti-O-Ti bridging stretching modes [27]. The presence of TiO2 was confirmed by the peaks at 526.97 cm−1 and 666.97 cm−1 (Figure 6(a)). The peaks located at 3352.77 cm−1 and 3326.24 cm−1 in Figures 6(b) and 6(c), respectively, corresponded to the stretching vibrations of hydroxyl groups (OH) present in the cellulose, hemicelluloses, and lignin of SB [28]. The peak around 2928 cm−1 in both Figures 6(b) and 6(c) corresponded to the C−H stretching vibrations in the methyl, methoxyl, and methylene groups, which were present in the saccharide and aromatic structures of the hydrolysed products [29]. The strong stretching vibration peak observed around 1643 cm−1 (Figures 6(b) and 6(c)) can be attributed to a carbonyl group (C=O), which provides evidence of the high carbon content in SB [30]. As shown in Figure 6(c), the peaks at 1425.97 cm−1 and 1368.15 cm−1 represent the CH2 and OH bending, respectively [28]. The peaks around 1155 cm−1 and 1020 cm−1 confirmed the presence of arabinosyl residues and -glucan of hemicellulose, respectively [30]. The peak at 672.29 cm−1 indicated the presence of TiO2 in the TiO2/MSB mixture (Figure 6(c)), which was found to be absent in the MSB spectrum (Figure 6(b)). Furthermore, the appearance of absorption peaks around 575 cm−1 in both Figures 6(b) and 6(c) can be associated with the accumulation of oxide particles in SB [30].
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(c)
Figure 6: FTIR spectra of (a) TiO2, (b) MSB, and (c) 0.2 g/L TiO2/1% MSB mixture.


Figure 7 shows the XRD pattern of 0.2 g/L TiO2/1% MSB mixture. Five of the diffraction peaks centered at 2θ = 15.03° (101), 17.01° (101), 22.82° (002), 25.33° (101), and 47.92° (200) corresponded to 0.2 g/L TiO2/1% MSB mixture. As shown in Figure 7, the diffraction peaks located at 2θ values of 25.33° and 47.92° corresponded to the (101) and (200) anatase TiO2 crystal planes, respectively [31]. The peaks at 15.03° (101), 17.01° (101), and 22.82° (002) in Figure 7 corresponded to cellulose. Abou-Sekkina et al. [32] reported the XRD pattern of cellulose for an untreated fibre with the crystalline peaks at  values of 15.0° (101), 16.5° (101), and 22.8° (002), respectively. The obtained XRD pattern indicated that HCl pretreatment did not completely remove the cellulose or hemicelluloses in MSB.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		


Figure 7: XRD pattern of 0.2 g/L TiO2/1% MSB mixture.


3.2. Photodegradation of Wastewater
The supernatant of sago effluent appeared as pale brownish in colour, with a pungent smell. The sago wastewater had also demonstrated an acidic value ranging from 5.12 to 6.06. The TSS, BOD, and COD of the wastewater ranged from 4,000 to 8,200 mg/L, 800 to 3,300 mg/L, and 6,192 to 34,048 mg/L, respectively. Several preliminary experiments were conducted in the presence of UV irradiation using (i) sago wastewater only, (ii) a mixture of SB and sago wastewater, (iii) a mixture of MSB and sago wastewater, and (iii) a mixture of sago wastewater and TiO2. Sago wastewater was treated under UV irradiation to investigate the effect of photolysis, while the degradation of sago wastewater in the presence of commercial TiO2, SB, and MSB was performed to assess their individual effects on the degradation of organic pollutants. The photolysis of sago wastewater under UV irradiation exhibited poor COD removal of less than 10% after 120 min of treatment (Figure 8). This thus confirmed the poor photolysis effect on the degradation of sago wastewater. On the other hand, the photocatalytic treatment of sago wastewater in the presence of 0.50 g/L TiO2 yielded much better COD removal. The highest COD removal of 45.00% was attained after 90 min of UV irradiation using 0.50 g/L TiO2. This value was slightly higher compared to the value obtained in the presence of SB and MSB, with 24.24% and 37.90%, respectively, after 120 min of treatment. The higher removal percentage of COD by the MSB could be due to the adsorption effect demonstrated by the modified material. TiO2 photocatalysis has thus ascertained its contribution in removing organic pollutants from sago wastewater, despite the slight fluctuation observed during treatment (Figure 7). This could be due to the solution’s opacity, which could have increased the light scattering effect of the TiO2 nanoparticles used in the treatment [33]. The solution’s opacity, caused in part by TiO2 nanoparticles [34], would lead to a reduction of light penetration in the wastewater solution [35]. Moreover, interactions between the pollutants and the intermediates or degradants formed during the course of treatment could have plausibly caused the TiO2 particles to coagulate, leading to a reduction of TiO2 surface area and consequently its photocatalytic efficiency [36].




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
			
			
			
				
			
			
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
		
		
		
			
		
		
			
		
			
				
					
				
				
			
			
		
		
		
		
		
	


Figure 8: Photodegradation of sago wastewater under different conditions (experimental conditions: 0.5 g/L TiO2; 0.5 g/L SB; 0.5 g/L MSB).


Six different TiO2/MSB mixtures, which were prepared under different conditions, were applied in the sago wastewater degradation (Figure 9). The concentration of TiO2 was varied from 0.20 g/L to 0.80 g/L, while the amount of MSB was fixed as either 1 w/w% or 3 w/w%. Among these samples, both 1 w/w% and 3 w/w% of MSB, when combined with 0.2 g/L TiO2, had yielded relatively high COD removal of 64.29% and 61.54%, respectively, after 120 min of treatment. The obtained percentages of COD removal by the four other mixtures under similar treatment time had varied from 7.69% to 56.52%. The higher COD lowering capacity exhibited by TiO2/MSB mixtures compared to the results obtained using only the commercial TiO2 and MSB (Figure 9) could be attributed to the synergistic effect between TiO2 and MSB. The presence of the synergistic effect in the TiO2/MSB mixtures could probably be linked to its dual effects, namely, adsorption and degradation. TiO2 has been reported to be highly favourable in photocatalytic treatments [37]. Meanwhile, the MSB could have acted as an adsorbent in the fabricated TiO2/MSB mixtures to improve the affinity of TiO2 towards the organic pollutants [38]. Ngamsopasiriskun et al. [11] reported that TiO2/commercial activated carbon (AC) showed a synergistic effect between TiO2 and AC in achieving 68.03% of phenol degradation after 4 h of treatment. As the 0.2 g/L TiO2/1% MSB mixture was considered as an optimum mixture based on the obtained percentage of COD removal, this mixture was chosen to further investigate sago wastewater degradation by varying two other parameters, namely, dosage and contact time via RSM study.




	
	
		
		
			
		
			
				
			
			
		
		
			
		
			
		
			
		
			
				
					
				
					
				
			
			
				
					
				
				
					
			
			
				
					
				
				
					
				
				
				
				
					
				
					
				
					
			
			
				
			
				
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
		
		
			
		
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
	


Figure 9: Photocatalytic experiments using various TiO2/MSB mixtures.


3.3. Model Fitting
Based on the CCD, 13 sets of experiments with different operating conditions were conducted to investigate the effects of the independent variables (dosage of TiO2/MSB mixture and contact time) in the photocatalytic treatment of sago wastewater (Table 2). The experimental response (), which is the percentage of COD removal, was chosen to determine the optimal conditions for the independent variables, which may affect the efficiency of the photocatalytic treatment. The complete 13 sets of experimental design matrices and responses based on the experimental results and predicted values of COD removal proposed by CCD are tabulated in Table 4. The resulting second-order polynomial equation was generated and the equation, in terms of the coded factors, is shown as 
Table 4: Experimental results and predicted values of  for the percentage of COD removal using RSM.
	

	Run	COD removal,  (%)
	Experimental results	Predicted values
	

		19.49	20.68
		16.77	16.97
		15.14	14.90
		21.43	20.68
		18.40	18.06
		16.67	16.96
		35.71	35.52
		55.55	55.78
		21.26	20.68
		20.41	20.68
		30.77	31.10
		20.83	20.68
		52.63	52.34
	



As shown in Table 4, the obtained percentage of COD removal efficiencies varied from 14.90% to 55.78% and the predicted values from the model matched these experimental results satisfactorily, as seen in Figure 10. The figure also depicts a regression coefficient () value of 0.99, which confirmed the reasonably good agreement between the experimental and predicted values. The slope for Figure 10 was 0.9997. Therefore, the developed model is suitable to predict COD removal in sago wastewater treatment.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
	


Figure 10: The scatter plot of the predicted versus experimental values for COD removal (%) ().


3.4. Statistical Analysis
ANOVA is defined as a statistical technique that subdivides the total variation in a set of data into component parts related to specific variation sources to test the hypotheses on the parameters of the model [39]. Due to the regression and mean square residual error, ANOVA was used to determine the statistical significance of the ratio of mean square variation. Table 5 shows the ANOVA results for the second-order equation used to fit the COD removal from sago wastewater. As shown in the table, the -values were high for all regressions. The large -values indicated that most of the variations in the responses can be interpreted by the regression equation.
Table 5: ANOVA for the percentage of COD removal.
	

	Source	Sum of squares	Degrees of freedom (df)	Mean square	 value	 value
Prob. > 
	

	Model	2,184.41	5	436.68	1,019.22	<0.0001
		1,506.97	1	1,506.97	3,515.66	<0.0001
		199.79	1	199.79	466.10	<0.0001
		46.65	1	46.65	108.83	<0.0001
		427.98	1	427.98	998.45	<0.0001
		19.54	1	19.54	45.59	0.0003
	Residual	3.00	7	0.43	 	 
	Lack of fit	0.59	3	0.20	0.33	0.8076
	Pure error	2.41	4	0.60	 	 
	Cor. total	2,187.41	12	 	 	 
	


 = 0.9986; adj.  = 0.9976; pred.  = 0.9964; adeq. precision = 91.919; CV = 2.47%.


The ANOVA results for COD removal from sago wastewater using TiO2/MSB mixture produced an -value of 1,019.22 for the quadratic model, indicating that the model is significant. The “Prob. > ” (<0.0001) for the second-order polynomial fitting implied that the model terms were significant at 95% probability level. The adequacy of the model was tested via the “lack-of-fit -tests” [40]. The “lack of fit -value” of 0.33 implied that the lack of fit was not significant, relative to the pure error. There was an 80.76% chance that a “lack-of-fit -value” could occur due to noise. The insignificant “lack of fit” demonstrated that the model is adequate. The ANOVA results for the COD removal () showed a significant () response surface model with high  value of 0.9986. The adjusted  value of 0.9976 and predicted  value of 0.9964 were found to be at the maximum, indicating that the quadratic model provided an excellent interpretation of the relationship between the independent variables and the corresponding response. Adequate (adeq.) precision measures the signal-to-noise ratio or, in other words, is a measure of the range in predicted response relative to its associated error. The desired ratio of adequate precision is >4 [41]. The adequate precision ratio of 91.919 showed an adequate signal (Table 5). Hence, based on the ANOVA results, this quadratic model (see (3)) could be used to navigate the design space. Low coefficient of variance (CV) value of 2.47% emphasised the good precision and reliability of the experiments. It is known that the greater the value of CV, the lower or poorer the reliability of the experiment [42].
3.4.1. Effect of Dosage and Contact Time on COD Removal Percentage
The three-dimensional (3D) response surface and the two-dimensional (2D) contour plots of the model-predicted responses were obtained using the Design-Expert software. From these plots, two variables that vary within the experimental ranges were plotted and utilised to assess the interactive relationships between the variables and the response for TiO2 photocatalysis of sago wastewater.
Figures 11(a) and 11(b) illustrate the 3D surface and 2D plot of the polynomial model, respectively, for COD removal, with respect to the dosage of TiO2/MSB mixture and contact time during the photocatalytic treatment. The obtained 3D surface plot depicts that the highest COD removal of 52.63% would be achieved in 120 min using 0.10 g of TiO2/MSB mixture (Figure 11(a)). It is evident that COD removal increased with increasing contact time for each TiO2/MSB mixture dosage investigated (0.10 g to 0.30 g). A low dosage of 0.10 g demonstrated a significant increase in the COD removal as the contact time increased, which was different from the trend observed for the high dosage of 0.30 g (Figure 11(a)). In the case of photoreaction over high dosage of TiO2/MSB mixture, the intermediates or degradation products that remained in the suspension could still be structurally similar to the initial organic compounds. Their concentrations and photostability might also differ depending on the applied dosage. The applied contact time might be too short to achieve complete oxidation [43].
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(b)
Figure 11: Interaction between dosage and contact time on COD removal: (a) 3D surface and (b) contour plot of the response surface curve.


On the other hand, the percentage of COD removal declined at the tested contact times (30–120 min) when the dosage of TiO2/MSB mixture was increased from 0.10 g to 0.30 g (Figure 11(a)). The lowest COD removal of 15.14% was attained at 30 min using the highest dosage of TiO2/MSB mixture, 0.30 g. COD removal, however, remained almost constant despite an increase in the contact time from 30 min to 120 min. The reduction of COD removal at a higher dosage of TiO2/MSB mixture could be explained by several facts. An increased level of suspension turbidity as a result of excessive photocatalyst dosage could block the UV irradiation required for the catalyst activation [44]. Hence, it is crucial to optimise the dosage of TiO2/MSB mixture and contact time to maximise COD removal in sago wastewater.
3.5. The Proposed Mechanism of TiO2/MSB Photocatalytic Degradation
Typically, the photocatalytic degradation process involves three steps:  adsorption of organic pollutant on the TiO2 surface,  surface photodegradation of organic pollutant, and  final product desorption from the TiO2 surface [9, 45]. In the TiO2/MSB photocatalytic oxidation process, the reaction was activated by the absorption of photons with sufficient energy corresponding to the bandgap energy of the photocatalyst, TiO2. Upon UV irradiation, TiO2 particles on the MSB surface will interact with UV light to promote an electron () from the valence band to the conduction band, thus generating a positive hole () in the valence band (see (5)). The pertaining reactions at the TiO2 surface, which govern the degradation of organic pollutants, are expressed by the following equations [44]:where  is the pollutant molecule and hv is the photon energy required to excite the electron from the valence band (VB) to the conduction band (CB). Since MSB acts as an adsorbent, it is anticipated that the accumulated pollutants and intermediates on its surface will be oxidised by the photoactivated TiO2 into simpler products, such as CO2, H2O, and other degradation products (see (10)). Figure 12 illustrates the proposed photoinduced mineralisation of organic pollutants using TiO2/MSB mixture. The synergistic effects, adsorption, and photocatalysis exhibited by TiO2/MSB mixture would aid the degradation of organic pollutants in sago effluent.




	
	
		
			
		
		
		
			
		
		
		
		
			
		
		
			
		
			
		
			
			
		
		
		
		
			
		
			
		
			
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
			
				
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 12: Schematic illustration of the adsorption and photocatalytic degradation of organic pollutants by TiO2/MSB mixture.


3.6. Kinetic Evaluation
The kinetics of COD degradation for sago wastewater were analysed using the first-order model as expressed in [46]where  represents the apparent rate constant of the first-order reaction (min−1),  is the equilibrium COD of sago wastewater after adsorption in the dark, and  represents the remaining COD of sago wastewater at fixed irradiation time interval. Table 6 shows the kinetics of COD degradation for sago wastewater during different treatments performed. The highest rate constants produced by 0.2 g/L TiO2/1% MSB mixture confirmed the synergistic effects of adsorption and photocatalysis compared to the individual effects of SB, MSB, and TiO2.
Table 6: Kinetics of COD degradation for sago wastewater during different treatments.
	

	Treatment 	 value (min−1)	 value
	

	Sago wastewater only	0.0007	0.86
	Sago wastewater + SB	0.0026	0.96
	Sago wastewater + MSB	0.0037	0.90
	Sago wastewater + TiO2	0.0039	0.63
	Sago wastewater + 0.2 g/L TiO2/1% MSB	0.0076	0.80
	



3.7. Optimisation Analysis and Verification of the Results
The optimisation process was performed using RSM, with the objective of identifying the optimum conditions for TiO2/MSB photocatalysis, which were to minimise the usage of TiO2/MSB and to reduce the contact time. The optimisation process was conducted by verifying the desired target for each of the variables and responses. Thus, the process variables, namely, the dosage of TiO2/MSB and the contact time, were chosen to be “in range,” while a “target” was declared as the desired target for the COD removal to achieve the highest performance. Table 7 lists the optimum conditions derived from the statistical software.
Table 7: Optimum values of the parameters for TiO2 photocatalysis for maximum efficiency.
	

	Parameter	Optimum value
	

	COD removal,  (%)	52.34
	Dosage (g)	0.10
	Contact time (min)	120
	



As shown in Table 7, it has been predicted that 52.34% of COD can be removed by means of photocatalytic treatment under optimum TiO2/MSB dosage and contact time of 0.10 g and 120 min, respectively. A series of experiments were conducted to validate the predicted response from the optimisation process. Average percentage removal of COD of 52.83% was achieved from the duplicate experiments. The effective stirring of the treatment solution may have maintained sufficient oxygen level and also contributed to the obtained COD removal. Table 8 compares the efficiency of the experimental and predicted COD removal under the established optimum conditions. The actual experimental values of COD removal were only marginally different from the predicted values. The validity of the developed polynomial model was thus verified for the photocatalytic removal of COD using the fabricated mixture material.
Table 8: Experimental and predicted values for COD removal under the optimum conditions.
	

	Type of value	COD removal (%)
	

	Experimental	52.83
	Predicted	52.34
	



Under the optimum conditions, the COD of the treated sago wastewater was reduced from the initial value of 2,956.80 mg/L to 1,056.00 mg/L after 120 min of treatment (Figure 13). The COD result revealed that the TiO2/MSB mixture was effective in reducing the COD level in sago wastewater. However, the TOC level of the treated sago wastewater had demonstrated an increase from 850.00 mg/L to 1,050.00 mg/L during the first 60 min and was reduced to 900.00 mg/L after 120 min (Figure 13). The presence of soluble organic compounds, such as hemicelluloses and lignin, in the SB, which were not fully removed during the acid pretreatment, could have contributed to the increase of TOC level [19]. Thus, the increase of TOC might be due to the leaching of organic materials from the MSB. It was also notable that the initial TOC and the final TOC levels showed no significant difference despite the changes observed, as previously explained (Figure 13). This thus implies that a more stringent oxidising condition and a longer reaction time might be needed to significantly reduce the TOC level due to the presence of intermediates and degradation products with differing nature [47]. Generally, the COD value can be considered to be more accurate in the determination of wastewater treatment efficiency compared to the TOC level [48]. COD measures the oxygen required to oxidise the organic compounds in wastewater, while TOC measures the amount of carbon in wastewater, including dissolved CO2 and carbon compounds, such as amine and aromatic compounds [47]. The final COD obtained revealed that the sago wastewater was less suitable to be discharged into the river as the law requirement for COD is 200 mg/L [49]. Future studies will be performed to improve the applied treatment to produce an effluent that fits the required value.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
				
					
				
					
				
			
			
				
					
				
				
					
			
			
		
			
		
			
		
			
	


Figure 13: Profile of TOC content and COD value of treated sago wastewater under the optimised conditions during TiO2/MSB photocatalysis (TiO2/MSB dosage = 0.10 g; contact time = 120 min).


3.8. Comparison of TiO2 Photocatalysis under Different Conditions
The presence of O2 is known to enhance the degradation of wastewater in the TiO2 photocatalytic treatment as it can inhibit the recombination of electron-hole pairs and produces more HO∙ radicals during photocatalysis [50]. Experiments were performed to investigate the effect of O2 on the degradation of sago wastewater using the optimised TiO2/MSB mixture. An air diffuser was used to continuously supply aeration during the photocatalytic treatment. Raw SB (without chemical modification) was also used to prepare TiO2/SB mixture, in the same way as the optimised 0.2 g/L TiO2/1% MSB mixture. Figure 14 shows the percentage of COD removal achieved under different conditions. Under the aerated condition, COD removal was observed to positively increase to 63.89% compared to the 52.83% under nonaerated condition using the same TiO2/MSB mixture. Aljuboury et al. [44] reported that the presence of air bubbling as a source of oxygen had markedly increased the degradation rate of COD in petroleum wastewater by 12%. A maximum 76% of COD removal was also achieved using TiO2/ZnO/air system [44].




	
	
		
		
		
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
		


Figure 14: Efficiency of TiO2 photocatalysis in removing COD under different conditions.


The role of O2 in photocatalysis includes being an electron acceptor, getting involved in the formation of other oxidative species (e.g., hydroxyl radical, superoxide radical, and hydrogen peroxide), and preventing reduction reactions [51]. O2 can also act as electron scavenger to prevent the recombination of photogenerated electron-hole pairs, which could reduce the photocatalytic activity of TiO2/MSB [3, 34]. The photogenerated electrons () scavenged by the adsorbed molecular oxygen on the TiO2/MSB surfaces produce ∙OH radicals as shown in (12) and (13) [52] The ∙O2H radical can further generate H2O2 (see (14)) and, subsequently, HO∙ radicals (see (14)–(17)), thus preventing the recombination of electron-hole pairs, which are known to cause low TiO2 photocatalytic quantum yield. 
When the recombination rate of photogenerated electron-hole pairs is reduced, positive holes can either directly oxidise the organic pollutants or react with OH- anions to form powerful HO∙ radicals. This would aid and promote the reduction of COD because more organic material in the sago effluent can be oxidised to its simpler form. Hence, COD level in sago effluent can be reduced by supplying O2 via aeration, which is an economical way for continuously supplying O2 to enhance the TiO2 photocatalytic treatment of sago effluent. Additionally, operating costs can be reduced if air is used instead of pure oxygen in pilot scale treatments [34].
Another TiO2 mixture, which was prepared using raw SB as an adsorbent, had yielded only 43.75% COD removal. This finding appeared consistent with those obtained by Acar and Eren [53], whereby acid-treated poplar sawdust (a plant waste) had produced appreciably better removal of Cu2+ at 92.38%, compared to the untreated sample, which had only removed 47.05% of Cu2+. It was reported that the improved adsorption efficiency exhibited by the acid-treated poplar sawdust had contributed to the increased percentage of Cu2+ removal. Limitations arising from the usage of untreated plant wastes as adsorbents have been reported in the literature, for instance, low adsorption capacity and high BOD, COD, and TOC values due to the release of soluble organic compounds from the untreated plant materials [19].
4. Conclusion
TiO2/MSB mixture was prepared by mixing TiO2 with the MSB. Six different TiO2/MSB mixture samples were prepared to treat sago wastewater by varying the concentrations of TiO2 and MSB. Maximum removal of 64.92% was achieved with an optimum loading of 0.2 g/L TiO2/1% MSB after 120 min of irradiation. The dosage and contact time were fixed as the independent variables, while COD removal percentage was chosen as the dependent variable or response. Under the optimised RSM condition, 52.83% COD removal was attained using 0.10 g TiO2/MSB mixture and contact time of 120 min. The efficiency of the optimised TiO2/MSB mixture was found to be appreciably enhanced in the presence of aeration, which increased the COD removal of sago wastewater to 63.89%. Thus, based on the proposed mechanism, the efficiency of the TiO2/MSB mixture was attributed to its dual functions, namely, the adsorption capacity of the MSB and the photocatalytic activity of TiO2. The  value of the model () depicted a high degree of correlation between the parameters. Thus, TiO2 photocatalytic treatment can be a potential method for sago wastewater degradation using TiO2/MSB.
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