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Abstract 

The critical issue of environmental contamination caused by petroleum refinery wastewater (PRW) has attracted 

significant attention from researchers due to its harmful effects on human health and ecosystems. The real PRW 

was successfully treated using Silica-Titania (SiO2/TiO2, with a weight ratio of 2.5/97.5%) as a novel 

photocatalyst to remove organic compounds from real wastewater in a newly designed photocatalytic radiation 

chamber. SiO2/TiO2 was prepared by the sol-gel technique and assessed by the XRD, FTIR, FESEM, EDAX, 

AFM, and BET analysis. Response surface methodology was used to optimize solution pH, catalyst dosage, and 

reaction time. The results showed that SiO2/TiO2 dosage had the most significant impact on the COD reduction 

efficiency at optimal conditions of pH 3, SiO2/TiO2 dosage 2.29 g/L, and time 5.46 h, achieving 94% COD 

removal and a correlation coefficient of 98.54%, with an energy consumption of 1.719 kWh/L. SiO2/TiO2 

maintained excellent stability after undergoing five cycles, achieving more than 87.8 % reduction of COD. The 

outcomes highlighted the synergistic effect between the SiO2/TiO2 photocatalyst and the new chamber design, 

showing significant enhancements in PRW treatment. Despite these promising results, the study was limited to 

a single PRW sample and a specific UV intensity. The designed photocatalyst can be examined for various 

wastewater compositions, scale-up feasibility, and long-term operational stability. Finally, the process revealed 

efficient performance and showed potential to be a cost-effective and eco-friendly approach for COD reduction 

from PRW. 

 

Keywords: Box-Behnken design, Petroleum refinery wastewater, Photocatalytic degradation, Response surface 

methodology, SiO2/TiO2 nanocomposite 

 

1 Introduction 

 

Environmental concerns in the petroleum industry 

revolve around wastewater discharged during refinery 

processes [1]. In Iraq, unit operations such as 

distillation, thermal cracking, and hydrotreatment 

generate vast quantities of polluted water, surpassing 

the volume of processed crude oil by 1.6 times [2]. 

Consequently, treatment of this wastewater is essential 

for both reuse purposes and environmental protection. 

The properties of petroleum refinery wastewater 

(PRW) vary based on many factors: oil source, 

production technique, and plant configuration[3]. The 

effluents contain high concentrations of aromatic and 

aliphatic contaminants, which pose significant 

environmental risks [4]. The disposal of the resulting 

wastewater represents a significant challenge for these 

refineries. Therefore, it is crucial to adopt a feasible, 

cost–effective, and eco–friendly approach for treating 

these effluents [5]. 

Various methods were adopted to treat refinery 

and industrial wastewaters, such as chemical oxidation 

[6], biological approaches [7], electrocoagulation [8], 

flotation [9], adsorption [10], extraction [11], forward 

osmosis [12], membrane-based treatments [13] and air 

plasma treatment [14]. However, most of these 

methods suffered from low efficiency, and they were 

incapable of treating low concentrations of 

contaminants [15]. Moreover, they often resulted in 

secondary contaminants by shifting pollutants from 
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one state to another [16]. Biodegradation, as an option, 

requires extended periods to break down 

contaminants, and it is not suitable for many pollutants 

found in PRW [17].  

Advanced oxidation processes (AOPs), 

particularly photocatalysis, have proved to be a highly 

effective method for refinery wastewater treatment 

[18] and medical uses, both drug delivery systems 

[19]and therapy treatments [20]–[23]. The crucial step 

involves irradiating the semiconductor catalyst to 

induce photoexcitation. This excitation promotes an 

electron from the highest occupied energy level 

(valence band VB) to the lowest unoccupied level at 

absolute zero (conduction band CB), creating a 

positive photo–hole in the valence band. The creation 

of a photoelectron–hole pair is separated by an energy 

distance referred to as the band gap (Ebg). For this 

process to initiate, the incident light's photon energy 

must equal or exceed the band gap energy. The 

electron–hole pair generated may recombine and 

release heat. At the conduction band, photo–reduction 

occurs with electron–accepting species, such as 

oxygen. On the other hand, photo–oxidation occurs in 

the valence band with electron–donating species, such 

as hydroxide ions, typically sourced from water. This 

process produces hydroxyl radicals, which are utilized 

in breaking down and mineralizing pollutants [24]. 

Photocatalysis technique offers numerous benefits, 

including low operational costs, high conversion 

efficiency and quantum yield, substantial stability and 

activity, broad applicability in industrial and 

environmental sectors across a wide pH range, 

operates at moderate temperatures and pressures, and 

works at a high range of spectra (UV and visible light), 

or solar light [25]. However, the process is hindered 

by recombination, which results in energy dissipation 

as heat. The photocatalyst's effectiveness increases 

with the presence of surface species that act as traps 

by adhering to the photocatalyst surface. Conversely, 

photoelectron–hole recombination significantly 

reduces efficiency. Most photocatalysts made from 

metal oxides have a wide band gap, which reduces 

their photocatalytic efficiency.  

To enhance the effectiveness of these 

photocatalysts, it is crucial to modify the surface of the 

photo semiconductor [26]. Semiconductor materials 

play a crucial role in photocatalytic processes due to 

their unique combination of electronic structure, light 

absorption properties, charge transport characteristics, 

and excited state longevity. The unique electronic 

configuration of semiconductors, consisting of a filled 

valence band and an empty conduction band, makes 

them suitable for use as photocatalysts. Different 

semiconductors have varying bandgap energies, 

necessitating different amounts of applied energy to 

promote electrons from the valence band to the 

conduction band. When a photon with adequate 

energy activates a semiconductor, it causes an electron 

to jump from the filled valence band (lower energy) to 

the empty conduction band (higher energy). This 

partially filled conduction band allows the electron to 

move freely through the semiconductor's crystal 

structure. Various semiconductors have been studied, 

including ZrO2 [27], CuZn, ZnO, ZnS [28], [29], WO3, 

CdS, Fe2O3, and TiO2 [18]. Among them, TiO2 has 

emerged as the most suitable for widespread 

environmental applications [30]. Nevertheless, these 

semiconductors have some limitations that prevent 

their practical utilization and prompt the demand for 

developing photocatalysts. Moreover, this 

environmentally friendly and sustainable approach 

aligns well with the aim of researchers and 

industrialists in reaching zero waste production [31].  

Titanium dioxide (TiO2), known for its role as a 

semiconductor, is commonly used as an effective 

photocatalyst in water purification processes. It can be 

obtained and offers several beneficial properties, such 

as high photocatalytic efficiency, oxidizing potential, 

and chemical decay resistance in acidic and alkaline 

environments [32]. Nevertheless, when used alone, 

TiO2 has limitations such as a low surface area and the 

ability for electron (e–) and hole (h+) recombination, 

which diminishes its catalytic performance [33]. As a 

result, scientists have combined TiO2 with other 

materials, such as Graphene oxide [34], chitosan [35], 

carbon [36], tungsten trioxide [37], bismuth oxide 

[38], zinc oxide [39], and silicon dioxide [40].  Silicon 

dioxide (SiO2) was selected as a composite material 

for TiO2 because it can improve photocatalytic 

efficiency, mechanical strength, thermal stability, and 

reactive surface area. Furthermore, SiO2 can enhance 

the transmission of TiO2 to the adsorbed molecule by 

increasing the oxidation potential of its electrons [41]. 

Silica exhibits excellent adsorption characteristics due 

to its high surface area. The decomposition of 

contaminant particles by light exposure on titania can 

be improved by increasing the surface area. As a 

result, scientists have investigated the combined 

technology effects of adsorption and photodegradation 

on SiO2/TiO2 nanocomposites. These materials have 

revealed improved photocatalytic activity for the 

light–induced decomposition of all kinds of pollutants 
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[42]. Despite its numerous advantages, photocatalytic 

technology has limited adoption in industrial and 

refinery applications. This is mainly attributed to the 

low efficiency of photocatalysis when utilizing 

sunlight and the substantial electricity expenses 

required for artificial UV lights. To address this issue, 

significant efforts focused on two main aspects. The 

first one focuses on improving the catalyst's 

effectiveness in photocatalysis [43]. This can be 

accomplished by creating new catalysts, such as 

nanocomposites, for example, SiO2 loaded on TiO2 in 

optimal amounts. The second aspect includes the 

design and optimization of photocatalytic reactors 

[44]. Furthermore, it is crucial to accelerate the 

development of highly efficient photocatalytic 

reactors to promote wider industrial application of 

photocatalytic technology for PRW treatment [45]. 

Particularly, with the treatment of PRW, because the 

decomposition of contaminants in PRW requires more 

time due to the presence of complex organic 

compounds, which require a highly selective and 

photoactive catalyst [46]. 

This study presents an unprecedented technology 

for treating PRW generated from Iraqi oil refineries 

using a SiO₂/TiO₂ nanocomposite catalyst that was 

synthesized via the sol–gel method at a weight ratio of 

2.5/97.5% within an AOP system. To our knowledge, 

this nanocomposite has never been used previously to 

treat real PRW under realistic operational conditions. 

This application adds an innovative character to the 

study, especially with the employment of a newly 

designed photocatalysis chamber with a unique 

geometric configuration that enhances photocatalytic 

efficiency. This study aims to evaluate the system's 

efficiency in reducing COD from PRW. This is 

accomplished by examining the effects of key 

operational variables, such as pH, catalyst dosage, and 

reaction time, using the response surface methodology 

(RSM) based on Box–Behnken design (BBD). This 

approach contributes to improving performance and 

providing a scalable application model for industrial 

environments. 

 

2 Materials and Methods 

 

2.1 Chemicals 

 

Titanium tetra–isopropoxide (TTIP), 97% pure, 

served as the titania precursor, while tetraethyl 

orthosilicate (TEOS), also 97% pure, was used for 

silica. They were obtained from Merck in Darmstadt, 

Germany. Ethanol (C2H5OH) with 99.9% purity was 

sourced from Rci Labscan in Bangkok, Thailand. For 

pH adjustment, hydrochloric acid (HCl) and sodium 

hydroxide (NaOH), both 99% pure, were acquired 

from Riedel–de Haen, Germany. Deionized water was 

utilized for all experimental steps. 

 

2.2 Synthesis of the catalysts 

 

Synthesis of Nano–TiO2 Powder 

The synthesis of TiO2 nanoparticles was achieved 

through the sol–gel method, as reported in previous 

work [18]. The first step involved mixing 10 mL of 

TTIP with 143 mL of C2H5OH as a pure solvent. This 

mixture was then vigorously stirred for 30 min. Then, 

dropwise addition of 2 M HCl is used to regulate the 

process hydrolysis and set the pH to 2. Distilled water 

was then added to the solution, followed by well 

mixing for 30 min, during which gel formation was 

observed. The gel was dried at 110 °C for 24 h to 

eliminate H2O and organic compounds. Additionally, 

the powder was calcined at 550 °C for 2 h to produce 

the desired TiO2 nanomaterial. This approach was 

based on the method described by Vijayalakshmi and 

Rajendran 2012 [47]. The practical steps for preparing 

the TiO2 nanoparticles are shown in Figure S1. 

 

Synthesis of Nanocomposite SiO2/TiO2  

A SiO2/TiO2 binary oxide composite was synthesized 

using a conventional sol–gel method as reported in the 

previous study [18], with varying ratios of 20, 10, 5, 

2.5, 1.25, and 0.0 (bare TiO2) vol.%. TTIP served as 

the precursor for Titania and TEOS for Silica, with 

C2H5OH as the solvent. The preparation process 

started by dissolving TTIP in a mixture of C2H5OH 

and TEOS, followed by 0.5 h of stirring at room 

temperature. The mixture's pH was adjusted to 3.5 

through a dropwise addition of 2M HCl. Distilled 

water was then added, and the solution was stirred for 

0.5 h until the gel was observed. The resulting gel was 

dried at 110 °C for 24 h and calcined at 550 °C for 2 

h. To obtain the SiO2/TiO2 nanocomposite, the 

methodology employed in this research is consistent 

with approaches described in an earlier study [48]. 

Figure S2 represents the practical steps related to the 

preparation of the SiO2/TiO2 composite. 

 

2.3  Design of photoreactor 

 

A novel, locally designed and constructed 

photocatalytic reactor inside a radiation chamber was 
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fabricated at a semi–pilot scale, supporting 

photocatalysts that can utilize UV irradiation or visible 

light. The reactor operates in both batch processing 

and continuous workflow modes. The device 

comprises a hexagonal–shaped container of stainless 

steel (32 × 32 × 28 cm) that houses 24 lamps of UV–C 

(length of 30 cm, width of 2.2 cm, power of 8 W, and 

wavelength of 254 nm each) externally positioned and 

purchased from local marketing (Philips, Poland), 

providing light intensity of 64, 128, and 192 W/m2 as 

estimated value based on lamp power and geometry. 

The selection of lamp type is based on the findings of 

Joseph et al. [49], which evaluated the effectiveness of 

three UV lamp categories (UV–A, UV–B, and UV–C) 

in treating wastewater contaminated with methylene 

blue dye. Their research revealed that UV–C (the 

shortest wavelength) was the most efficient, achieving 

complete degradation. Zarei et al., study reported 

identical findings [50]. The illumination lamps are 

fixed 10 cm from the reactor, forming a reflective 

plane for incoming radiation. A larger hexagonal 

cover of industrial wood (46 × 52 × 56 cm) encloses 

the stainless–steel container. A magnetic stirrer was 

employed to provide efficient mixing for the reactants 

in the photoreactor. This new setup of the reactor 

enhances the mixing of reactants during the reaction, 

which ensures that catalyst particles are uniformly 

distributed in the illuminated zone created by the UV 

lamps. This configuration potentially leads to 

improved photo–catalytic performance. Two fans 

were mounted in front of the reactor to supply filtered, 

cooled air and maintain the internal temperature below 

40 °C and dissipate heat generated by the UV 

irradiation, while a heat sensor connected to an 

automatic controller regulated the fan operation to 

ensure temperature stability.  

         Two additional fans circulated air inside the 

reactor to prevent hot spots and thermal gradients.  A 

timing mechanism is incorporated to automatically 

switch off the device after a preset reaction duration, 

facilitating unattended operation and enhancing 

safety. To maximize the utilization of UV light, the 

photo reactor was completely covered by aluminum 

foil, effectively isolating it from its surroundings. An 

additional layer of glass wool was applied to ensure 

perfect insulation. The innovative design of the 

photoreactor enhances UV lamp utilization, improves 

catalyst–solution mixing during operation, and 

facilitates particle separation from the solution 

through filtration. These features contribute to the 

reactor's superior photocatalytic activity compared to 

traditional designs. Figure 1 illustrates the structural 

setup of the reactor, while Figure S3 represents the 

photoreactor images. 

 

 
 

Figure 1: The configuration of the photoreactor 

including, stainless–steel container (1), cooling fan 

(2), UV lamps (3), mixing fan (4), on/off  button (5), 

mixing fan button (6), lamps controller (7), wooden 

external cover (8), temperature sensor (9), the door 

(10), reactor vessel (11), magnetic stirrer (12), and 

Temperature controller (13). 

 

2.4  Procedure 

 

A 500 mL sample of PRW was placed in a 1000 mL 

vessel. The photooxidation tests were conducted in a 

batch photoreactor at many pH values. The solution's 

pH was adjusted as necessary by adding 1M HCl or 

NaOH. A specific dosage of photocatalyst (1, 2, and 3 

g/L) was added to the solution and well mixed by a 

magnetic stirrer operating at 250 rpm, keeping a 

steady temperature of about 25 °C inside the 

photoreactor. The vessel was placed inside the reactor 

without any light for 30 min, to create dark conditions 

and allow adsorption equilibrium between the catalyst 

particles and the organic compounds  [51]. After that, 

the solution was subjected to UV light using 24 lamps 

(254 nm wavelength), each 8 W. 2 mL of treated water 

was taken for analysis at various intervals. The 

samples were centrifuged and filtered through 

microfilter paper to remove photocatalyst particles. 

The Lovibond device was used to measure the COD 

of the samples [52]. The COD removal was evaluated 

by calculating the COD reduction percentage and the 

removal efficiency (RE%) of COD using Equation (1) 

[53]: 
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𝑅𝐸 % =
COD𝑖−COD𝑓

COD𝑖
𝑥 100            (1) 

 

Where: CODi represents the initial concentration of 

COD in (mg/L), while CODf denotes the final COD 

concentration after exposure to light for a duration of 

t in minutes. 

 In the photocatalytic process, electrical energy 

consumption is an essential financial parameter. For 

this process, Equation (2) illustrates how the Electrical 

Energy per Order (EE/O) was estimated [54]: 

 

𝐸𝐸/𝑂 =
𝑃∗𝑡

𝑉∗𝐿𝑜𝑔(
𝐶𝑖
𝐶𝑓

)
            (2) 

 

Where EE/O is Electrical Energy per Order in kWh/L, 

P represents the rated power of the UV lamp in kW, t 

refers to the reaction time (h), and V denotes the 

volume of solution (L).  

 

2.5  Characterization and analytical method  

 

2.5.1  Characterization of petroleum refinery effluents 

 

This study examined 40 L of PRW from the Al–Dora 

refinery in Iraq. The PRW sample was collected from 

the tank before the biological treatment unit and stored 

at 4 oC in the laboratory refrigerator until use. The 

characteristics of the PRW, before its treatment 

through the photocatalytic process, were provided by 

the plant's management and are presented in Table 1. 

 

Table 1: Characteristics of Al–Dora refinery plant 

wastewater. 
Characteristic Content  Unit 

pH 7.3 - 

COD 480 ppm 

BOD 82 ppm 

TDS 1178 ppm 
TSS 310 ppm 

TUR 87.3 NTU 

Phenol 3.5 ppm 
Oil 267.2 ppm 

PO4 0.57 ppm 

SO4 435 ppm 
Cl 376 ppm 

DO 0.0 ppm 

 

2.5.2  Characterization of the catalyst 

 

The structure and characteristics of the synthesized 

SiO2/TiO2 photocatalyst were analyzed using different 

analytical methods. X–ray diffraction (XRD) was 

performed using an Angstrom Advanced Inc 

ADX2700 diffractometer with Cu-Kα radiation 

(λ=1.5406Å). The scan range was 2θ = 20°–80°, 

which allowed identification of the crystalline phases 

and composition of the catalyst materials. Fourier 

transform infrared (FTIR) Spectroscopy was used to 

detect functional groups present on the photocatalyst 

surface. This was conducted using a Bruker Vector 22 

spectrometer in the range 450–4000 cm-1, employing 

the KBr pellet technique. The sample's morphology 

was obtained using a field emission scanning electron 

microscopy (FESEM) device, Inspect F50 (FEI 

Company, Netherlands), and energy dispersive 

analysis by X–ray (EDAX) for quantitative analysis of 

the photocatalysts was conducted by the same device. 

The catalyst's topography was examined using atomic 

force microscopy (AFM) with a Core AFM 2023 

made by Nanosurf AG, Switzerland. The structural 

features, including Brunauer–Emmett–Teller (BET) 

surface area and pore volume, were determined using 

adsorption–desorption isotherms with N2 utilizing 

Thermo Finnigan equipment, USA. The samples were 

pretreated at a temperature of 368 K for 1 h and 573 K 

for 3 h in nitrogen before obtaining a standard 5–point 

BET isotherm at 77 K. All measurements were 

conducted using a Micromeretics Gemini analyzer, 

which reads the amount of N2 introduced to the sample 

and automatically calculates the BET surface area 

[55]. Image–J software was used to determine the 

average particle size of the SiO2/TiO2 photocatalyst 

based on the images obtained from FESEM. 

 

2.5.3  Analytical methods 

 

The COD test, which is considered an accurate 

method, is commonly used for quantifying organic 

compounds in PRW. This analysis enables the 

measurement of waste by determining the overall 

amount of O2 required to decompose organic 

substances and convert them to CO2 and H2O. In this 

study, COD reduction was used as an indicator to 

assess the effectiveness of the photocatalytic process 

in eliminating organic contaminants found in PRW. 

To estimate the COD value according to a standard 

method (e.g., APHA 5220) [56], 2 mL of wastewater 

was added to K2Cr2O7 as an oxidizer for 2 h at a 

temperature of 150 oC in a thermal incubator reactor 

(Lovibond, RD125). Subsequently, the sample vial 

was allowed to cool to room temperature, and the 

COD was measured using a spectrophotometer 

(MD200, Lovibond). COD percentage removal 

efficiency was calculated using Equation (1), as 
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previously mentioned. The pH of the solution was 

determined using a digital pH meter (STATER 2000, 

OHAUS Corporation, USA) [57]. 

 

2.5.4  Experimental design and statistical analysis  

 

The experimental design employed a scientific 

approach to maximize the reduction of COD. To 

optimize the process, the effects of acidity (pH), 

catalyst dosage (C), and reaction time (T) on COD 

reduction were studied. The initial variables, their 

units, and ranges are outlined in Table 2. Box–

Behnken design (BBD), a type of response surface 

method (RSM), was selected for its efficiency and 

requires only 15 experiments for three variables  [58]. 

This design offers better organization and cost-

effectiveness related to similar 3k designs [59]. Table 3 

displays the process parameters and their 

corresponding levels, represented by numerical codes: 

1, 0, and -1, respectively. In BBD, the experimental 

points are distributed equidistantly from the central 

point on a hypersphere. The number of runs necessary 

for these designs can be calculated using a specific 

formula, as noted in Equation (3) [60]: 

 

Table 2: The process variables and ranges in PRW 

treatment. 
Variables Range in BBD 

Coded levels 
Low   

(-1) 

Middle 

(0) 

High 

(+1) 

X1: pH of solution 3 7 11 

X2: SiO2/TiO2 dosage (g/L) 1 2 3 

X3: Reaction time (h) 4 5 6 

 

 

Table 3: BBD experimental design. 

Run Order Blocks 

Coded Value Real Value 

X1 X2 X3 

 

pH 

X1 

Catalyst 

dosage,g/L 

X2 

Reaction 

time, h 

X3 

1 1 -1 0 1 3 2 6 

2 1 0 1 -1 7 3 4 

3 1 0 0 0 7 2 5 
4 1 0 -1 1 7 1 6 

5 1 0 0 0 7 2 5 

6 1 1 1 0 11 3 5 
7 1 0 0 0 7 2 5 

8 1 1 -1 0 11 1 5 

9 1 -1 0 -1 3 2 4 
10 1 -1 -1 0 3 1 5 

11 1 0 1 1 7 3 6 

12 1 -1 1 0 3 3 5 
13 1 1 0 -1 11 2 4 

14 1 1 0 1 11 2 6 

15 1 0 -1 -1 7 1 4 

 

𝑁 = 2 𝐾(𝐾 − 1) + 𝐶𝑝            (3) 

 

Where: N refers to the number of runs, K represents 

the number of examined parameters, while Cp denotes 

the number of central points. A quadratic polynomial 

equation was used to characterize the investigated 

system. The relationship between operational factors 

and process response is described by a model 

represented in Equation (4), as noted by Babajani and 

Jamshidi [60]: 

 

𝑌 = 𝑎0 + ∑ 𝑎𝑖𝑥𝑖 + ∑ 𝑎𝑖𝑗𝑥𝑖𝑥𝑗 + ∑ 𝑎𝑖𝑖𝑥𝑖
2 + 𝜀           (4) 

 

Where: Y represents the predicted efficiency in 

removing COD, a0 is a constant, ai is the first–order 

main effect, aij represents a linear relationship between 

the input variables of xi and xj (i = 1 and 2, j = 1, 2, 

and 3), while aii denoted the input variables 2nd order 

xi (i = 1, 2, and 3), xi
2 and xixj represents the quadratic 

and interaction effects of independent variables, 

respectively, and ɛ denotes the equation’s remainder. 

Analysis of variance (ANOVA) was used to examine 

the importance of each variable in the polynomial 

equation (equation 4)  [61]. The importance level, or 

p–value, was set at 0.05 for the ANOVA. The F–value 

was described as the statistical importance of the 

quadratic second–order models. When the estimated 

F–value is more than its value in the table, the p–value 

will be very small, indicating the significance of the 

statistical model. The calculated F–value is produced 

by dividing the regression mean squares (such as 
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linear, square, and interaction) by the residual mean 

squares, as clear in equation 5 [62]: 

 

𝐹 − 𝑣𝑎𝑙𝑢𝑒 =
𝑀𝑆𝑅𝑒𝑔

𝑀𝑆𝑅𝑒𝑠
=  

𝑆𝑆𝑅𝑒𝑔 𝐷𝐹𝑅𝑒𝑔⁄

𝑆𝑆𝑅𝑒𝑠 𝐷𝐹𝑅𝑒𝑠⁄
            (5) 

 

Regression degree of freedom (DFReg.) refers to the 

number of terms minus one, while the residual degrees 

of freedom (DFRes.) is calculated by subtracting the 

regression degree of freedom from the total degrees of 

freedom [62]. The experimental design consisted of 15 

tests, including 13 primary tests and 2 replications at 

the central point [63]. 

 

3 Results and Discussion  

 

Control experiments were performed under both dark 

and light conditions to distinguish between adsorption 

and photocatalytic degradation. The low removal 

percentage (7%) validates that contaminants 

degradation occurs mainly through photocatalysis 

rather than adsorption.  

 

3.1  Preliminary experiments  

 

Preliminary runs were conducted to identify the 

optimal SiO2 to TiO2 loading ratio for the COD 

reduction. The ratio range was chosen between 20% 

and 0% (0% representing pure TiO2) based on 

previous studies [52], [64]. The main parameters were 

fixed at a 2 g/L catalyst dosage, pH of 7, and time of 5 

h. Table S1 presents the impact of the molar ratio on 

COD removal efficiency. The results showed that the 

most effective SiO2/TiO2 composite ratio was 

(2.5/97.5%), yielding a 93.12% degradation rate. The 

decrease in photocatalytic efficiency of TiO2 when 

silica content exceeds 2.5% can be attributed to two 

main factors: (i) TiO2 is the photoactive agent 

responsible for photocatalysis, whereas SiO2 has 

limited photocatalytic properties. Excessive SiO2 

loading on TiO2 can cover or block the active surface 

of TiO2, decreasing light absorption and the effective 

transfer of charge carriers, and reducing contaminant 

degradation at the TiO2 active sites. (ii) Although SiO2 

increases surface area and porosity and enhances 

adsorption capacity, a large amount of SiO2 scatters 

and reflects light, diminishing the intensity of light 

reaching the TiO2 surface, and hindering the 

generation of reactive electron–hole pairs essential for 

photocatalytic reactions [65]. This behavior was 

demonstrated in our previous work [18], which shows 

that, at a 2.5% silica loading, XRD analysis indicates 

that the TiO₂ crystalline structure remains well–

preserved. BET measurements further demonstrate a 

notable increase in the catalyst's surface area, which 

significantly improves the availability of active sites 

for photocatalytic degradation. 

 

3.2  Characterization of nanocomposite photocatalyst  

 

3.2.1  XRD analysis 

 

Figure 2(a) presents the XRD analysis of the 

SiO2/TiO2 composite with an optimal ratio of 2.5:97.5 

according to our previous work, which includes the 

XRD analysis of the composite with various loading 

ratios  [18]. The plot exhibits a notable change in 

diffraction peak intensities, indicating variations in the 

materials' crystallinity. The changes in XRD peak 

intensities are mainly due to the amorphous nature of 

SiO₂, suppression of TiO₂ crystallinity, lattice strain, 

and reduction of crystallite size. These combined 

effects explain why the SiO₂/TiO₂ composite shows 

weaker or modified peaks compared to pure TiO₂. As 

illustrated in Figure 2(a), the XRD patterns of this 

catalyst reveal that the peaks align with anatase phase 

TiO2 (JCPDS 21–1272) [64], a notable peak appears 

at 2θ = 25.5°, while the absence of distinct SiO2 peaks 

confirms that SiO2 is present in an amorphous state, 

which is well–dispersed onto the TiO2 matrix, 

resulting in a SiO2/TiO2 composite rather than 

separate crystalline phases. The intimate contact 

between amorphous SiO2 and TiOT nanoparticles 

improves interfacial interactions, which enhances the 

efficiency of charge separation and increases the 

number of surface hydroxyl groups. These hydroxyl 

groups act as active sites for photocatalytic reactions. 

Nonetheless, all substances exhibit peaks consistent to 

d 101, d 004, d 200, d 105, d 211, d 204, d 116, and d 

220 at 2θ of 25.5, 38.2, 48.25, 54.5, 55.1, 63.1, 69.2, 

and 75.3 degrees, respectively, emphasizing that 

SiO2/TiO2 composite material contains TiO2 

exclusively in the anatase phase [66]. The increased 

presence of SiO2 particles in the SiO2/TiO2 composites 

results in a higher proportion of amorphous particles, 

leading to a decrease in crystallinity. These findings 

support the high performance of the optimal 

SiO2/TiO2 loading ratio (2.5/97.5%). Similar 

outcomes were reported by previous studies [64], [67]. 

Thus, the XRD results confirm that the SiO₂/TiO₂ with 

(2.5/97.5) loading ratio contains anatase TiO₂ with 

amorphous (well–dispersed) SiO₂ that improves 

interfacial interactions for enhanced photocatalytic 

performance. 
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Figure 2: The XRD patterns (a) and FTIR spectra (b) 

for SiO2/TiO2 nanocomposite. 
 

3.2.2  FTIR analysis 

 

FTIR analysis of SiO2/TiO2 composites (2.5 /97.5 

loading ratio) in the 450–4000 cm-1 wavenumber 

range commonly reveals characteristic functional 

groups related to silica and titania bonding. Figure 2b 

illustrates the FTIR spectra of SiO2/TiO2 composite 

with an optimal ratio of 2.5/97.5 according to our 

previous work, which includes the FTIR spectra of the 

composite with various loading ratios [18]. The IR 

absorption bands at 3402–3435 cm-1 are characteristic 

of the stretching vibration of the -OH group. This 

range typically corresponds to the O-H stretch found 

in alcohols and other hydroxyl–containing compounds 

[68], while the 1630 cm-1 band represents -OH 

bending vibration [69]. The O-H stretching of 

imperfect Si-OH groups and remaining water in the 

synthesized Si-Ti exhibited a rise in the water band as 

TiO2 content increased. The two small infrared bands 

at 2850 and 2920 cm⁻¹ in TiO2 powders are commonly 

attributed to residual organic compounds from the 

precursors used during the preparation process. These 

organic residues are not eliminated even after washing 

the TiO2 powders with distilled water [70]. The peaks 

at 1050–1130 cm-1 generally belong to the asymmetric 

stretching vibration of the Si-O-Si bond in silicate and 

silica glass materials [71]. The presence of silica in an 

amorphous state is typically identified by XRD and 

FTIR analysis through specific characteristics [52]. 

Peaks appearing at 657–696 cm-1 are aligned with the 

Ti-O-Ti bond stretching vibration [72]. The variation 

in O-H intensity between substances indicates that 

SiO2 has an active O-H site, which enhances the 

surface reactions [67].  

 

3.2.3  FESEM and EDAX analysis 

 

The morphological features of the synthesized nanomaterial 

were investigated using FESEM. Figure 3(a) and (b) 

displays FESEM images that demonstrate the 

spherical shape of the SiO2/TiO2 nanoparticles. These 

micrographs also indicate that the nanocomposite 

consists of mesoporous clusters, with particle 

aggregation observed, attributed to the amorphous 

silica content on the surface of TiO2. These outcomes 

are consistent with the results of XRD patterns. 

Siddiqa et al., reported similar observations about the 

SiO2/TiO2 photocatalyst [73]. The nanocomposite 

with a loading ratio of 2.5% SiO2 to 97.5% TiO2 

exhibited the most favorable result, which is in 

agreement with a previous study [18]. Image J 

software analysis confirmed that the SiO2/TiO2 

particle size was 43.13 nm, supporting the conclusions 

of numerous researchers in this field [67], [73]. EDAX 

analysis was utilized to determine the elemental 

composition of the prepared catalysts. The findings 

presented in Figure 3(c) correspond with theoretical 

calculations. The observations about the presence of 

carbon (C) in the EDX spectrum often originate from 

the carbon tape used as the sample holder because the 

sample adhesion during analysis. While nitrogen (N) 

presence in the EDX spectrum can be explained by the 

residual surface contamination during the sample 

preparation process, and the adsorbed nitrogen-

containing compounds or intermediates from the 

treated refinery wastewater, which can remain on the 

catalyst surface despite the washing process. The 

elemental mapping is shown in Figure S4. Overall, 

FESEM images showed that the SiO₂/TiO₂ with a 

loading ratio (at 2.5/97.5) has spherical shape 

mesoporous nanoparticles with an average particle 

size of 43 nm.

(a) 

(b) 
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Figure 3: FESEM images for SiO2/TiO2 particles (a and b), EDX result (c), and AFM image (d). 

 

3.2.4  AFM analysis 
 

The 3D AFM images, shown in Figure 3(d), exhibited 

the characteristics of the synthesized SiO2/TiO2 

photocatalyst surface. The image revealed a uniform 

particle distribution, with fewer elevations than 

depressions. AFM generally provided more accurate 

results of the sample surface characteristics and 

particle size distribution compared to FESEM.  

The average roughness (Sa), root mean square 

(Sq), skewness values, kurtosis parameter, and 

average particle diameters are presented in Table S2. 

The negative values of skewness suggested a left–

skewed distribution, indicating a longer left tail. The 

surface profile with pointed, rounded peaks and sharp 

valleys corresponds to a high kurtosis measure, 

confirming the predominance of tall peaks and deep 

valleys on the surface as found by Khataee et al. [74].  

 

3.2.5  BET Analysis 

 

The results showed that pure TiO2 has a relatively low 

specific surface area and pore volume of 52.8 m²/g and 

0.08 m3/g, respectively, while SiO2/TiO2 composite 

with a 2.5/97.5 molar ratio has a high specific surface 

area and pore volume of 149.21 m²/g and 0.215 m3/g, 

respectively. However, when SiO2 is loaded on TiO2, 

the surface area increases with an excess increase in 

the silica loading as reported by our previous work for 

SiO₂/TiO₂ catalysts with different molar ratios [18]. 

This suggests that incorporating SiO2 into TiO2 

enhances its surface area, likely due to the textural or 

structural modifications brought about by the SiO2 

component. The SiO2/TiO2 (2.5/97.5%) sample 

(which represents the optimal ratio) exhibits a higher 

surface area and satisfactory pore volume, likely due 

to the enhanced surface area of bare TiO2. The 

addition of SiO2 plays a significant role in maintaining 

the mesoporosity of the synthesized photocatalyst by 

prohibiting the collapse of the hole channels, thus 

providing more sites for photocatalytic degradation 

[75]. A greater BET surface area is associated with 

more available sites for photocatalytic reactions, 

potentially improving oxidation efficiency. This is 

because a larger surface area exposes more 

photocatalyst surface to reactants, increasing the 

(a) (b) 

(c) (d) 



  

                             Applied Science and Engineering Progress, Vol. 19, No. 4, 2026, 8058 

    

 

 

S. A. Rashid and W. T. Mohammed, “Optimization and High-Efficiency Photocatalytic Degradation of Petroleum Refinery Wastewater using 

SiO₂/TiO₂ Nanocomposite under UV Irradiation.” 

  
10 

probability of interactions and facilitating the 

adsorption of reactants onto the catalyst. Moreover, a 

higher surface area increases light absorption, as well 

as improving the effectiveness of photocatalytic 

degradation [76]. Many previous studies reported 

identical outcomes [66], [70]. 

 

 

 

3.3 Statistical analysis of the photocatalytic process 

results 

 

The study examined the effects of three key 

operational variables: solution pH (X1), photocatalyst 

dosage (X2), and reaction time (X3). These were 

analyzed using RSM–BBD with the aid of Minitab–22 

software. The findings presented in Table 4 reveal that 

the COD reduction percentage is between 73% to 

94%.  

 

Table 4: Optimization results of the photocatalytic process. 

Run order 
pH 

X1 

Catalyst 

dosage, g/L 

X2 

Reaction 

time, h 

X3 

Final COD 
RE % 

Actual Predicted 

1 3 2 6 28 94.0 95.08 

2 7 3 4 62 87.0 87.81 

3 7 2 5 43 91.0 92.00 
4 7 1 6 72 85.0 84.19 

5 7 2 5 38 92.0 92.00 

6 11 3 5 37 92.2 92.46 
7 7 2 5 34 93.0 92.00 

8 11 1 5 97 79.7 80.46 

9 3 2 4 50 89.5 89.45 
10 3 1 5 72 85.0 84.74 

11 7 3 6 45 90.5 90.19 

12 3 3 5 29 94.0 93.24 

13 11 2 4 62 87.0 85.93 

14 11 2 6 31 93.5 93.55 

15 7 1 4 130 73.0 73.31 

 

Table 5: ANOVA results for COD reduction from PRW. 
Source DF Seq. SS Cont. % Adj. SS Adj. MS F–Value p–value 

Model 9 482.417 98.54 482.417 53.602 37.58 < 0.001 

Linear 3 310.657 63.46 310.657 103.552 72.59 < 0.001 

pH (X1) 1 12.751 2.60 12.751 12.751 8.94 0.030 
Conc(g/L)(X2) 1 210.125 42.92 210.125 210.125 147.30 < 0.001 

Time (h) (X3) 1 87.781 17.93 87.781 87.781 61.54 0.001 

Square 3 149.634 30.57 149.634 49.878 34.97 0.001 
X1

2 1 15.013 3.07 7.498 7.498 5.26 0.070 

X2
2 1 112.908 23.06 119.963 119.963 84.10 < 0.001 

X3
2 1 21.713 4.44 21.713 21.713 15.22 0.011 

2-Way Interaction 3 22.125 4.52 22.125 7.375 5.17 0.054 

X1*X2 1 3.062 0.63 3.062 3.062 2.15 0.203 

X1*X3 1 1.000 0.20 1.000 1.000 0.70 0.441 
X2*X3 1 18.063 3.69 18.063 18.063 12.66 0.016 

Error 5 7.133 1.46 7.133 1.427 – – 
Lack-of-Fit 3 5.133 1.05 5.133 1.711 1.71 0.390 

Pure Error 2 2.000 0.41 2.000 1.000 – – 

Total 14 489.549 100.00 – – – – 
Model summery R2 R2(adj.)  R2(pred.)    

 98.45 95.92  82.31    

 

The findings from the practical experiments can 

be expressed by a quadratic mathematical model, as 

illustrated in Equation (6):  

 

RE % = - 25.5 - 2.625X1 + 37.02X2 + 30.94X3 + 0.089 

X1
2 - 5.700X2

2 -2.425X3
2 + 0.219X1X2 + 0.125X1X3 - 

2.125X2X3                                        (6) 
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       The negative and positive coefficients indicated 

that the corresponding terms had diminishing effects. 

Moreover, these coefficients demonstrated how 

different factors influenced the result in opposite 

directions [77]. ANOVA is recognized as a powerful 

statistical technique for analyzing how a variable 

behaves as a function of one or more nominal or 

categorical variables. 

This method is employed when it's required to 

elucidate the distribution of the dependent variable 

according to measurements of one or more specific 

independent variables and their different categories 

(levels). The primary aim of ANOVA is to identify the 

most crucial weight combinations among the 

explanatory variables using the F–test (Fisher test), 

while also assessing the total model reliability [78]. 

ANOVA was performed for this research, as 

illustrated in Table 5; the F–value is 37.58. A model's 

significance is typically determined by a p–value 

probability below 5% and 1% (equivalent to 95%– 

99% confidence intervals, respectively). The model is 

deemed significant if the p–value is less than 0.05 or 

0.01 [79].  

 

 

         In this investigation, the p-value of the 

regression model is notably low (0.001). Moreover, 

the model is deemed significant at 5%–1% 

significance levels. R²–values, which represent the 

coefficient of correlation, can be utilized to assess the 

difference between the proposed model and practical 

results. R–value approaching one indicates the validity 

of the statistical model [80]. The current study's model 

achieved an R² value of 0.9854, which is considered 

adequate. Figure 4 reveals that external factors 

account for 98.5% of the simple difference in RE%. 

Figure 4 presents the interaction between normal, 

predicted, and actual charts of the residual based on 

the practical data for COD reduction using the 

photocatalytic process. In a normal probability plot, 

points should generally appear as a straight line, 

confirming that the expected response values 

influenced the observed experimental outcomes [81]. 

As shown in Figure 4a, the experimental data 

dispersion forms a straight line, indicating a 

dependency on the values of the anticipated response. 

The residual versus fits graph, presented in Figure 4b, 

assesses the consistency of residual variance. The data 

points exhibit distribution around the horizontal zero 

line, suggesting reasonable residual variance.  

 

 
Figure 4: Residual plots for COD removal: (a) Normal probability, (b) Residual versus fitted value, (c) The 

histogram, and (d) Residual versus observation order. 

(a) 

 

(b) 

(d) (c) 



  

                             Applied Science and Engineering Progress, Vol. 19, No. 4, 2026, 8058 

    

 

 

S. A. Rashid and W. T. Mohammed, “Optimization and High-Efficiency Photocatalytic Degradation of Petroleum Refinery Wastewater using 

SiO₂/TiO₂ Nanocomposite under UV Irradiation.” 

  
12 

Figure 4(c) displays a histogram plot 

demonstrating the dispersion of residuals for all 

observation points. A bell–shaped curvature in the 

histogram chart typically indicates a good model fit, 

and the chart here closely resembles this ideal shape. 

Figure 4(d) presents the residual versus order plot, 

which is used to verify the assumption of residual 

independence. Ideally, the residuals should be 

randomly distributed around the zero line. The data 

points in this plot follow a logical pattern, verifying 

that residuals are indeed independent of each other 

[82].  

 

3.4  Effect of variables on the response 

 

The model equation was used to create three–

dimensional surface plots (3D) and two–dimensional 

contour plots (2D), which helped identify how every 

variable influenced the predicted outcomes response. 

The effects of pH levels (3, 7, and 11), SiO2/TiO2 

concentrations (1, 2, and 3 g/L), and reaction durations 

(4, 5, and 6 h) on the percentage of COD reduction 

from PRW were examined. Given that this study 

marks the first use of SiO2/TiO2 catalyst for treating 

PRW, it becomes necessary to compare this catalyst's 

performance in removing various other contaminants.  

Figure 5(a) and (b) demonstrates the combined 

effects of SiO2/TiO2 dosage and pH on the removal 

efficiency percentage at the middle value of time (5 h). 

The response surface plot is shown in Figure 5(a), 

while Figure 5(b) displays the corresponding contour 

diagram. The quantity of catalyst employed also 

impacts the cost of the process. A minimal amount of 

catalyst requires extended light exposure and long 

retention time, leading to an expensive process. On the 

other hand, excessive catalyst amounts are costly and 

reduce photoactivity because of the increase in 

solution turbidity. Consequently, estimating the 

optimal catalyst amount for the system is significant 

and essential [55]. Figure 5(a) demonstrated that 

increasing the SiO2/TiO2 dosage results in improved 

COD removal efficiency due to the production of 

more hydroxyl radicals, which enhances the oxidation 

process [83]. However, the decrease in RE% beyond 

2.5 g/L can be attributed to the effect of solution 

turbidity, which represents an obstacle to the 

penetration of light and dissipation of the UV 

irradiation from reaching the organic compounds in 

the solution to oxidize them [84].  This trend aligns 

with previous studies using SiO2/TiO2 composite 

catalysts for phenol degradation and TiO2 for COD 

reduction in PRW [85]. The pH effect is significant as 

SiO2/TiO2 is acidic (from the value of pHpzc in our 

previous work, which is equal to 6.25 [18]), which 

influences the photocatalyst surface by increasing •OH 

and improving adsorption [86]. Figure 5(a) shows that 

the removal efficiency decreases as pH increases. This 

occurs because acidic conditions promote the 

production of •OH and OH- radicals, which react with 

pollutants and enhance COD degradation. Numerous 

studies have confirmed the photocatalysis efficiency 

in eliminating contaminants at low pH values [87]. In 

PRW treatment processes, Topare et al., reported that 

3 is the optimal pH to achieve the highest reduction 

efficiency of COD by bare TiO2 and composites [88]. 

The contour plot (Figure 5(b)) indicates that removal 

efficiencies exceeding 94% can be achieved within a 

pH range of 3–5 and a SiO2/TiO2 dosage range of 

1.87–2.88 g/L. 

Figure 5(c) and (d) illustrates the effect of 

SiO2/TiO2 quantity and duration on the removal 

efficiency percentage (RE%) at pH 7. Figure 5(c) 

presents a plot of the response surface, while Figure 5(d) 

shows the plot of the corresponding contour. Figure 5(c) 

demonstrates that increasing time enhanced the COD 

reduction efficiency to some extent over the period. It 

was stated that efficient COD reduction requires an 

optimal contact period between the photocatalyst and 

light intensity. The findings revealed that RE% rises 

with time up to 5.45 h, after which no further 

improvement in COD removal was observed. This 

could be attributed to several factors: 1) most easily 

oxidizable contaminants have already been broken 

down, 2) a dynamic equilibrium may have been 

established between the pollutant and catalyst, 3) 

intermediate compounds may have formed, and 4) 

adsorption–desorption dynamics may be at play. 

Khalilova et al., reported similar results [89]. 

The contour plot (Figure 5(d)) indicates that 

COD removal exceeding 90% can be achieved within 

4.25–6 h using a SiO2/TiO2 dosage between 1.7–3 g/L. 

Figure 5(e) and (f) depicts the influence of reaction 

time and pH on the reduction efficiency at a SiO2/TiO2 

amount of 2 g/L. The response surface plot is shown 

in Figure 5(e), while Figure 5(f) displays the 

corresponding contour plot. Figure 5(e) shows that the 

increase in time leads to an increase in reduction 

efficiency until it reaches the optimal time as 

mentioned above. Conversely, raising the pH slightly 

reduces the RE%, though a minor increase in RE% is 

observed when the pH exceeds 7. From this behavior, 

it can be concluded that the effect of pH is 
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insignificant. The contour plot (Figure 5(f)) indicates 

that RE% values above 94 can be achieved within a 

region in which time is (4.8–6 h) and pH is (3–4.8) 

[84]. The investigation findings on COD reduction 

efficiency using SiO2/TiO2 photocatalyst show that 

catalyst dosage, pH, and reaction time influence 

performance. Specifically, the optimal catalyst dosage 

is between 1.87–2.88 g/L, pH between 3 and 5, and 

reaction times of 4.25 to 6 h. These optimal conditions 

increase COD reduction by balancing catalyst 

availability and achieving efficient light penetration.

 

  

         
Figure 5: (a) The interaction between pH and SiO2/TiO2 dose, (b) contour plot (holding time value of 5 h). (c) 

The interaction between SiO2/TiO2 dose and time, (d) contour plot (holding pH value of 7). (e) The interaction 

between pH and time, (f) contour plot (hold value SiO2/TiO2 dose = 2 g/L). 

(a) 

(c) 

(b) 

(d) 

(e) (f) 
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3.5  Optimization  

 

In the optimization processes, the goal is to maximize 

the response while minimizing energy expenditure. 

Reduction efficiency was designated as the maximum 

value, and a desirability function (DF) equal to 1.0. 

The optimization was conducted using the response 

optimizer in Minitab 22 software. Table 6 presents the 

optimization findings. The findings showed that the 

maximum theoretical removal efficiency is 95.9378%, 

which can be achieved with a SiO2/TiO2 dosage of 

2.29 g/L, pH of 3, and reaction time of 5.45 h. 

Two confirmation experiments were conducted 

using the optimum conditions of the parameters as 

shown in Table S3, and an average maximum COD 

reduction rate of 94.8% was achieved. The results 

demonstrated that after 5.45 h of photocatalytic 

treatment at pH 3, the COD removal efficiency 

reached 95.94%. 

This result corresponds with the optimal value 

range established by optimization analysis based on 

the Desirability Function (DF) equal to 1. These 

findings suggest that the combination of BBD with DF 

is an effective approach for maximizing COD removal 

using SiO2/TiO2 in the photocatalytic process.  

 

Table 6:  Optimization results based on reduction efficiency. 
Response  Aimed Lower Target Upper Weight Importance 

RE (%) Maximum 73 Maximum 94 1 1 

Results Parameters 

SiO2/TiO2 (g/L)  pH Time (h) RE% Fit D \F SE Fit 95% CI 95% PI 

2.29  3 5.45 95.94 1 0.79 93.904; 97.972 92.255; 99.621 

 

Table 7: Properties of the wastewater before and after 

photocatalytic treatment. 
Properties Before After Reduction % 

pH 7.3 7.1 – 

COD (ppm) 480 28 94 

BOD (ppm) 82 14 83 
TDS (ppm) 1178 820 56 

TSS (ppm) 310 35 89 

TUR (NTU) 87.3 3.4 96 
Phenol (ppm) 3.5 0.021 99.4 

Oil (ppm) 267.2 3 98.8 
PO4 (ppm) 0.57 0.190 66.6 

SO4 (ppm) 435 395 9 

Cl (ppm) 376 195 48 
DO (ppm) 0.0 4.1 – 

 

Table 7 presents a comparative analysis of the 

untreated PRW effluent and the effluent after 

photocatalytic treatment. The table illustrates the 

differences in characteristics between the initial raw 

discharge and the final processed output from the 

photocatalytic system. The findings of this study 

demonstrate that the treated PRW exhibits superior 

qualities, with its properties falling within the 

allowable limits for effluent discharge (COD below 

100 ppm). The decrease in turbidity and TSS after 

photocatalytic treatment can be primarily attributed to 

physical removal methods like filtration and 

centrifugation, which effectively remove suspended 

solids and aggregates produced through the process. 

Additionally, particle aggregation plays a role due to 

interactions at the nanoparticle surface and adsorption 

onto SiO2/TiO2 nanoparticles. Consequently, 

optimization confirmed that high COD reduction 

(≈95.9%) was obtained with 2.29 g/L SiO₂/TiO₂ 

dosage, pH of 3, and reaction time of 5.45 h, 

emphasizing the photocatalytic reduction efficiency. 

 

3.6  Kinetic study 

 

The kinetics of photocatalytic reduction of COD are 

often modeled using a pseudo–first–order kinetic 

equation, especially when the substrate concentration 

is relatively low [90]. Equation (7) represents the 

essential for studying the reaction kinetics. The rate of 

COD degradation is linearly proportional to its 

concentration (C) [91]: 

 

𝑟 = −
𝑑𝐶

𝑑𝑡
= 𝑘app𝐶            (7) 

 

kapp is the apparent first–order rate constant. After 

integrating this equation, equation 8 can be obtained: 

 

ln (
𝐶

𝐶0
) = −𝑘app𝑡            (8) 

 

Here, Co is the initial COD, C is the concentration at 

time 𝑡, and the slope from plotting -ln (Co/C) versus 

time directly provides the apparent rate constant. 𝑘app. 

The result presented in Figure 6 shows a clear linear 

relationship between ln (Co/C) and reaction time for 

the investigated photocatalysts, confirming that the 

process follows pseudo–first–order kinetics as 

described by the Langmuir–Hinshelwood model. The 
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high correlation coefficients (R²) of 0.9855 for 

SiO2/TiO2 and 0.9713 for bare TiO2 indicate a very 

strong linear relationship between the experimental 

data and the fitted kinetic models, thereby supporting 

the validity of the chosen kinetic model. The higher 

reaction rate constant (k = 0.5455 h⁻¹) observed for the 

SiO2/TiO2 composite compared to bare TiO2 (k = 

0.1367 h⁻¹) can indeed be explained by several 

synergistic effects, including : (i) Increased surface 

area, (ii) Suppression of electron–hole recombination, 

(iii) Effective dispersion of TiOS.  

 

 
Figure 6: Photocatalytic kinetic model studies for 

SiO2/TiO2 nanocomposite and TiO2 nanoparticles, 

under UV irradiation. 

 

3.7  Reusability of SiO2/TiO2 nanocomposite 

 

The study on the reusability of the SiO2/TiO2 

nanocomposite photocatalyst shows promising results 

for its application in photocatalytic oxidation 

processes. As illustrated in Figure 7, after conducting 

five cycles of oxidation under fixed conditions (initial 

COD concentration of 480 mg/L, catalyst dose of 2.29 

g/L, pH 3, reaction time of 5.46 h, and UV irradiation), 

the catalyst maintained a high removal efficiency, 

decreasing only slightly from 94% to 87.89%. This 

indicates that the photocatalyst retained most of its 

activity over repeated uses. The slight decline in 

catalyst performance is likely due to two factors: (i) a 

decrease in catalyst mass during the washing step 

between cycles [92]. (ii) Accumulation of organic 

pollutant molecules blocking the interior pores of the 

catalyst, which reduces the number of active sites 

available for photocatalytic reactions [93].  

 

 
Figure 7: The reusability of SiO2/TiO2 photocatalyst. 

 

Despite this minor reduction, the results suggest 

the SiO2/TiO2 nanocomposite exhibits strong 

reusability and stability in its photocatalytic 

properties, as represented by reusing the catalyst at 

least five times. These findings align with similar 

results reported by other researchers in the field [70], 

[94].  

 

3.8  Comparison with previous works 

 

This study marks the first application of UV/ 

SiO2/TiO2 in treating real PRW, as previous studies 

primarily focused on utilizing SiO2/TiO2 for treating 

simulated water containing phenol or dyes within 

photocatalytic AOP. Table 8 compares the COD 

reduction efficiency, photocatalyst surface area, and 

conditions of the photocatalytic process with previous 

studies. The current system exhibited high 

effectiveness in treating real contaminated water 

containing numerous complex organic materials, 

compared with different photocatalysts that were used 

to treat PRW in previous studies.  While the present 

work achieves a superior COD removal efficiency 

(94%), it requires a longer reaction time compared to 

some studies. This is attributed to the complex and 

recalcitrant nature of the real, non–simulated PRW 

used in this study, which contains a mixture of 

pollutants as shown in Table 1, as opposed to single–

model pollutants like phenol or dye. The trade–off 

between high efficiency on a real, complex effluent 

and reaction time is a key consideration for practical 

application. Table 8 also illustrates the impact of the 

specific surface area of the catalyst on the 

photocatalytic process, displaying varying surface 

area values for catalysts used in removing different 

organic contaminants.
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Table 8: Comparison of the present work with previous studies for treating PRW by photocatalytic process. 

Experimental Conditions 
Light 

Source 

Surface 

Area m2/g 

Reaction 

ime, h 
RE% Year Ref. 

Using TiO2 (P25) as a photocatalyst, TiO2 dosage 
of 0.1 g/L, pH = 3, and time = 2 h 

UV 
200–550 nm 

ND 2 78 2012 [95] 

Using TiO2 as a photocatalyst, TiO2 dosage of 2 

g/L, airflow rate of 1.04 L/min, and time of 0.5 h 

UV–C 50 0.5 66 phenols 

81 SOG 

2019 [83] 

Using TiO2 (Degussa P25) as a photocatalyst, 
TiO2 dosage of 8 g/L, aeration flow of 1.225 

L/min, and time of 90 min 

UV–C 50 1.5 76 phenols 
88 oils 

2020 [96] 

Using SnO2 as a photocatalyst, SnO2 dosage of 0.1 
g/L, pH of 3, and time of 99 min 

UV–C 29 1.65 73.16 COD 2024 [84] 

Using SiO2/TiO2 as a photocatalyst, SiO2/TiO2 

dosage = 2.29 g/L, pH = 3, and time = 5.46 h 

UV–C 149.2 5.46 94 COD 2025 Present 

work 

Note : SOG refers to Power Glide SAE40 motor vehicle oil, and Degussa P25 denotes (80% anatase, 20% rutile) 

 

4 Conclusions 

 

This study is the first to demonstrate the highly 

effective application of a sol-gel synthesized 

SiO₂/TiO₂ nanocomposite for the treatment of real, 

complex petroleum refinery wastewater, achieving 

>94% COD removal under optimized conditions. The 

synthesized SiO2/TiO2 photocatalyst with an optimal 

composite ratio of 2.5/97.5% was assessed for its 

photocatalytic dye ffectiveness in treating PRW, 

resulting in a nanocomposite having an average 

particle size of 47.92 nm and a surface area of 149.21 

m2/g. The feasibility of SiO2/TiO2 nanoparticles 

photocatalysis in real PRW treatment was investigated 

and optimized by RSM-BBD. Three operational 

factors were examined: pH, SiO2/TiO2 dosage, and 

reaction time, along with their interactive effects on 

the removal efficiency. The optimum conditions (pH 

of 3, SiO2/TiO2 dosage of 2.29 g/L, and reaction time 

of 5.46 h) gave an optimal RE% of 94% with energy 

consumption of 1.719 kWh/L. The model’s R² value 

of 98.54% indicated a strong correlation between the 

predicted and experimental results. ANOVA revealed 

that SiO2/TiO2 dosage had the most significant impact 

on RE% for COD reduction, followed by reaction time 

and solution pH. The catalyst maintained high stability 

and reusability after 5 cycles. The outcomes 

confirmed that the SiO2/TiO2 nanocomposite has 

considerable potential for broad application in 

wastewater treatment, removal of various pollutants, 

and COD reduction. Nevertheless, photocatalytic 

technology has limited applications in industrial and 

refineries, which can be attributed to the low 

effectivness at sunlight and the high electricity 

expenses required for artificial UV lights. 
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