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Abstract 
Used cooking oil (UCO) contains peroxide and FFA, which can impede UCO 

processing and lower the quality of downstream products. The majority of 
pretreatment techniques currently in use have drawbacks, such as excessive 
chemical use. An alternative that is more successful and efficient is photocatalysis. 
No research has been conducted on the photodegradation of UCO using 
TiO2/ZnO/CuO/HDTMA-Br composites. Precipitation was used to create the 
composite. The TiO2/ZnO/CuO composite has a high crystallinity, specifically 74.54% 
in the 1 CMC-modified catalyst, according to the characterization results. The 
spectrum of the synthesized TiO2/ZnO/CuO composite showed the presence of H2O 
and CO2 groups in addition to the primary groups of TiO2, ZnO, and CuO. 
Additionally, the 1 CMC modification increased pore volume and surface area. The 
surfactant-modified composite exhibited a more consistent morphology, as observed 
by SEM analysis. The best results from photocatalytic testing at different 
temperatures, times, and surfactant concentrations were obtained at 120 °C for an 
hour with a surfactant concentration of 1 CMC. These results show that degradation 
using TiO2/ZnO/CuO photocatalysts can lower the FFA and peroxide contents of UCO 
by 65% and 59%, respectively, under ideal conditions. This study focuses on FFA and 
peroxide value parameters as a preliminary investigation into alternative UCO 
pretreatment solutions. 

Keywords:  HDTMA-Br; Oxidative Compounds; Photodegradation; TiO2/ZnO/CuO; 
Used Cooking Oil 

1. Introduction
World oil consumption increased by 55 million metric tons (23.5%) from 2013 to 

2023, according to the United States Department of Agriculture Data [1]. Given this 
level of consumption, there is bound to be an equally high level of production of used 
cooking oil (UCO). Environmental challenges associated with the disposal of used 
cooking oil include clogged drains, increased pollutant concentrations in lakes, and 
general ecological deterioration [2]. If ingested, used cooking oil also poses the danger 
of oxidative stress, which can cause cardiovascular disease, cancer, and 
neurodegenerative disorders [3]. Advancements in the production of biodiesel [4], 
biolubricants [5], biosurfactants [6], and biopolymer materials such as polyurethane 
[7] have made the reuse of UCO a critical, innovative solution to challenges in a
circular economy. Considerable effort must be made to identify the best technological
processes to optimise UCO degradation to a minimum and maximise the production
of the economically valuable end product.

The quality of used cooking oil can be assessed by examining the percentage of 
free fatty acids (FFA) and peroxide value [8]. High FFA levels cause saponification 
during basic transesterification, thereby reducing product yield and complicating 
phase separation [9]. On the other hand, high PV and secondary oxidation products 
accelerate thermal and oxidative degradation, leading to undesirable odours and 
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colours and reducing the stability of downstream products [10]. Therefore, controlling 
FFA and PV at the upstream stage (pretreatment) is very important to improve the 
technical and economic effectiveness of UCO utilisation. Standard pretreatment 
methods reported in the literature include adsorption, chemical bleaching, and 
solvent treatment [11,12]. Unwanted materials are also separated from UCO using 
centrifugation, chromatography methods, vacuum filtration, mechanical 
precipitation, activated charcoal, and resin binders [13].  Conventional methods still 
have several disadvantages, such as the need for large amounts of chemicals, the 
creation of byproducts, and high infrastructure costs, even though some 
contaminants can be removed fairly successfully.  These obstacles are among the 
factors that make the UCO conversion process less successful [2]. As a result, a 
different pretreatment strategy is required that can concurrently address these 
problems with minimal additional waste and with potential scalability. 

Photocatalysis enables the generation of active radicals (·OH, ·O2−, h+) that can 
oxidise and decompose complex organic molecules into simpler, less toxic materials 
without introducing significant amounts of chemical impurities [14]. This process 
uses semiconductor materials activated by light to produce electron-hole pairs that 
can trigger redox reactions [15]. Titanium oxide (TiO2) is a semiconductor material 
that is widely used for the degradation of various organic compounds, including 
phenol [16], diesel oil [17], and the methylene blue dye [18]. Nevertheless, TiO2 can 
only absorb ultraviolet light, so it readily undergoes electron-hole recombination and 
has a large band gap. In a bid to overcome some of those challenges, TiO2 is doped 
with other metal oxides to form composites that absorb more light and increase 
charge separation. Metal oxides, such as zinc oxide (ZnO) and cupric oxide (CuO), can 
be employed as dopants with TiO2. TiO2/CuO and TiO2/ZnO composites exceed 
commercially available TiO2 in the imazipyr degradation rate [19]. Collectively, 
TiO2/ZnO/CuO degrades diazinon by 91% [20]. 

In addition to the composition of its constituent materials, the performance of 
photocatalysts is also influenced by the structure and morphology of the catalyst. 
Appropriate structure and morphology can facilitate electron transfer and enhance 
optical absorption, thereby improving photocatalyst performance [21,22]. Recently, 
many researchers have used surfactants to modify catalyst morphology. Hydrophilic 
and hydrophobic groups in surfactant can act as shape-directing agents in 
photocatalyst synthesis. Surfactants have been used to alter photocatalysts, 
including both single particles, such as ZnO [23], and composite materials, such as 
TiO2-CNT [24]. HDTMA-Br is a type of cationic surfactant commonly used in 
composite morphology modification. Previous studies have reported that HDTMA-Br 
can reduce agglomeration and enhance the dispersion of CuO/TiO2 nanocomposites, 
thereby increasing their photocatalytic activity [25]. 

Based on this framework, this study developed and evaluated the performance 
of HDTMA-Br-modified TiO2/ZnO/CuO photocatalysts for the degradation of 
oxidative components in UCO, such as free fatty acids and peroxide compounds. This 
study examines the impact of adding HDTMA-Br surfactant on the morphological 
structure and performance of a TiO2/ZnO/CuO photocatalyst for the degradation of 
oxidative compounds in UCO. Furthermore, discuss the degradation mechanism and 
the types of radicals involved, as well as testing the effectiveness of the photocatalyst 
system's operating conditions. This study proposes an alternative solution to enhance 
the processing of UCO waste into a high-value product in countries such as Indonesia, 
a significant oil producer. It addresses the limitations of conventional methods in 
reducing oxidative compounds that compromise the quality and safety of downstream 
products. 

2. Materials and Methods  
2.1 Materials and Instruments 

The materials used in this study were used cooking oil (UCO), potassium 
hydroxide (KOH, Merck), zinc chloride (ZnCl2, Merck), titanium oxide (TiO2, Merck), 
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copper nitrate (Cu(NO3)2, Merck), hexadecyltrimethylammonium bromide (HDTMA-
Br, Merck), hydrochloric acid (HCl, Smart Lab), sodium hydroxide (NaOH, Merck), 
potassium hydrogen phthalate (C8H5KO4, Merck), sodium thiosulfate pentahydrate 
(Na2S2O3.5H2O, Merck), potassium dichromate (K2Cr2O7, Smart Lab), potassium 
iodide (KI, Merck), acetic acid (CH3COOH, Merck), ethanol (C2H6O, Merck), isooctane 
(C8H18, Merck), isopropanol (C3H8O, Merck), 1,4-benzoquinone (C6H4O2, Merck), 
phenolphthalein indicator (C20H14O4, Merck), starch indicator ((C6H10O5)n, Merck), 
hexane (C6H14, Merck), potassium bromide (KBr, Merck), and distilled water. All 
chemicals are used as is without further purification. 

The instruments used to characterize the synthesized composites include SEM 
(COXEM EM-40), XRD (Rigaku MiniFlex 300/600), BET (QuadraSorb Station 2 
version 7.01), FTIR (Shimadzu Prestige-21), and UV-DRS (PerkinEmler Lambda 
365+). 

2.2. Synthesis of HDTMA-Br Modified TiO2/ZnO/CuO Composite  
A total of 0.05 mol of TiO2, 0.05 mol of ZnCl2, and 0.025 mol of Cu(NO3)2 were 

added to 600 ml of distilled water. After homogenization, 0.5, 1, and 2 CMC HDTMA-
Br were added, and the mixture was stirred for 30 minutes to achieve homogeneity. 
A 0.05 M NaOH solution was added slowly while stirring at 750 rpm for 1 hour, until 
the system reached pH 12. The solution was left to stand until a precipitate formed. 
The resulting precipitate was washed several times with distilled water until the pH 
was neutral. The remaining water in the precipitate was removed by heating in an 
oven at 105 °C. The dried precipitate was then calcined at 450 °C for 4 hours. A 
similar procedure was also carried out for the control sample, which was not added 
with HDTMA-Br. 

2.3. Characterization of Synthesized TiO2/ZnO/CuO Composite 
X-ray diffraction (XRD) characterization was performed over a 2θ range of 5–90° 

with a step size of 0.01° and a data acquisition rate of 10°/min. Each composite 
morphology was observed using a scanning electron microscope (SEM), which 
recorded and generated images at 2,000x magnification and 18 kV. Using the KBr 
(potassium bromide) technique, FTIR (Fourier Transform Infrared Spectroscopy) was 
used to determine the number and type of functional groups in the pellets, using a 
99:1 (by weight) ratio in the range of 4000 to 400 cm−1. The composites were also 
characterized using nitrogen gas adsorption and desorption techniques, including the 
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, to 
determine their textural properties. Optical studies were performed using 
ultraviolet-visible diffuse reflectance (UV-DRS) spectroscopy to determine the 
bandgap energy of the composites. 

2.4. Photodegradation of UCO 
The photodegradation reaction was carried out in a 250 mL beaker on a hot plate. 

The system was placed in a black box measuring 80 cm × 30 cm × 40 cm, equipped 
with a 16 Watt visible-light lamp and a 16 Watt ultraviolet lamp. The reaction was 
carried out at 120 °C for 60 minutes, using a 5% photocatalyst concentration relative 
to the oil mass (100 g). Degradation was also carried out under dark conditions 
(without light) as a comparison. The degradation reaction was carried out at a stirring 
speed of 750 rpm. After photocatalytic treatment, the suspension was allowed to 
stand under static conditions for 24 hours to ensure complete catalyst sedimentation. 
The %FFA and peroxide value of the photodegraded oil were then calculated before 
and after degradation. FFA was calculated by alkalimetric titration [26], while the 
peroxide value was calculated by oxidoreductometric titration [27]. 

2.5. Optimization of UCO Photodegradation Conditions 
Optimization was performed at varying times (0.5, 1, 1.5, and 2 hours) and 

temperatures (27, 60, 90, and 120 °C). In addition, photodegradation was carried out 
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with varying surfactant concentrations (0, 0.5, 1, and 2 times the critical micelle 
concentration (CMC) of HDTMA-Br). The CMC of HDTMA-Br is known to be 0.9 mM 
at 25 °C [28]. 

2.6. Radical Scavenger Test in Photodegradation 
The main radical species involved in photodegradation were identified by adding 

radical scavengers to the photodegradation system. Na-EDTA was added to scavenge 
holes (h+), isopropanol to scavenge ·OH⁻ radicals, and 1,4-benzoquinone to scavenge 
·O2⁻ radicals. Each photodegradation system with added radical scavengers was 
reacted at 120 °C for 1 hour at 750 rpm. The photodegraded oil with scavengers was 
also measured for %FFA and peroxide value to determine which radical was 
dominant in the reaction.  

2.7 Catalyst Recovery  
After photodegradation is complete, the precipitated catalyst is washed with 

hexane to remove any remaining oil. It is then washed again with ethanol to remove 
any remaining polar compounds adhering to the catalyst pores. The composite is 
dried in an oven at 100°C until dry for reuse. 

3. Results and Discussion  
3.1. Characterization of TiO2/ZnO/CuO Composite 

The FTIR spectrum of the resulting TiO2/ZnO/CuO composite is shown in Figure 
1, where the vibration band indicating the presence of Zn–O bonds appears at around 
425 cm-1 [29]. A typical absorption peak for the Cu–O bond is detected at around 529 
cm-1.  TiO2 group contributes to the formation of the band at 1024 cm-1, which is 
related to the O–Ti–O bridging mode, and the band around 780 cm-1 marks the Ti–
O–Ti stretching vibration [30]. The presence of Zn gives rise to an absorption signal 
at around 675 cm-1, which is related to the vibrational mode of the Zn–O–Ti group 
[31]. This absorption indicates the formation of a composite oxide of TiO2 and ZnO, 
not just a physical mixture. The signal at 1250 cm-1 indicates the presence of lattice 
vibrations in the TiO2 structure. The strong bending vibration that appears at 1480 
cm-1 is the absorption of titanol υ (Ti–OH) and water molecules [32]. The 1634 cm-1 
absorption peak also shows Ti–OH bending absorption [33]. 

The O–H stretching vibration is displayed in the range of 3350–3430 cm-1, while 
the band around 1630–1635 cm-1 is related to the bending mode of the H–O–H 
molecule, which comes from the adsorption of water vapor or moisture on the sample 
surface during the sampling process [29]. The O–H deformation and stretching bands 
at around 1635 cm-1 indicate that the composite surface has a certain degree of 
hydroxylation, which allows reaction with holes formed during photocatalysis, 
thereby inhibiting the recombination of electron–hole pairs [34,35]. The FTIR 
spectrum also displays an absorption band at 3700 cm-1, attributed to isolated OH 
groups (Ti–OH) on the anatase (101) and (001) planes, indicating the presence of 
defects or oxygen vacancies on the composite surface [35,36]. In addition to the main 
peak, a CO2 absorption band was also detected at 2343 cm-1 due to the high humidity 
during the analysis. There were no peak differences between the 0 CMC and 1 CMC 
composite spectra. This proves that no surfactant residues were found on the 1 CMC 
catalyst. 

Two types of composites were analyzed by XRD, namely TiO2/ZnO/CuO without 
surfactant modification (0 CMC) and TiO2/ZnO/CuO with HDTMA-Br 1 CMC 
surfactant modification. From Figure 2, sharp, prominent peaks corresponding to 
each phase are visible. These sharp peaks indicate the successful synthesis of the 
three main components in crystalline form. The phases produced from the 0 and 1 
CMC composites were anatase (TiO2) based on ICDD No. 89-4921, zincite (ZnO) based 
on ICDD No. 36-1451, and tenorite (CuO) based on ICDD No. 04-0477. The anatase 
TiO2 phase exhibits better activity than rutile due to its slightly longer electron and 
hole lifetimes [37]. In addition, the zincite ZnO phase and tenorite CuO phase are the 
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best phases with crystal stability, energy band position, and favorable charge 
absorption/transfer capabilities [38].  

The Scherrer equation results confirm that each phase is in the nanometer 
range. The average crystallite size of the 0 CMC composite was determined to be 
29.79 nm, with a crystallinity of 72.52%. In contrast, the 1 CMC catalyst had an 
average crystallite size of 29.63 nm and a crystallinity value of 74.54%. Modification 
with surfactants decreased the crystallite size but increased the crystallinity, 
consistent with the findings of Estrada-Flores et al. [35]. The resulting composite is 
classified as highly crystalline due to the elimination of grain boundary defects 
during the high-temperature calcination stage (450 °C) for 4 hours. At this 
temperature, the dominant anatase phase of TiO2 forms, which is highly desirable 
due to its excellent photocatalytic properties [37]. In addition to the architectural 
phase, other factors, such as crystallinity and crystallite size, also affect 
photocatalytic activity [39]. The enhanced crystallinity of a particular photocatalyst 
increases its effectiveness in degrading organic compounds. 

The surface area, pore size, and pore volume analysis of TiO2/ZnO/CuO 
composites were performed using the BET–BJH method. The adsorption–desorption 
curves of CMC 0 and 1 composites (Figure 3) showed that the catalyst followed a type 
IV isotherm with a mesoporous structure characterized by the appearance of 
hysteresis in the partial pressure range of 0.6–0.9 [40,41]. The BET–BJH results 
(Table 1) showed that modifying TiO2/ZnO/CuO with HDTMA-Br at 1 CMC 
significantly increased the specific surface area and total pore volume. In contrast, 
the average pore size slightly decreased to 3.87 nm. This increase in surface area and 
pore volume is consistent with the formation of a more developed mesoporous 
network due to the addition of surfactants during precipitation and calcination. At 
CMC concentrations, the cationic surfactant HDTMA-Br acts as a soft template, 
forming a gel/precipitate during drying. After calcination, the organic part of the 
surfactant degrades, leaving mesoporous cavities. This phenomenon is consistent 
with the increase in the N2 adsorption capacity and the formation of hysteresis in the 
isotherm. This finding is consistent with the report of Kachbouri et al. [42], which 
showed that modification with the cationic surfactant CTAB can increase the specific 
surface area and total pore volume of TiO2 particles. 

The optical properties of the composite were characterized using UV–Vis DRS. 
The UV–Vis DRS spectrum of the TiO2/ZnO/CuO composite in Figure 4 shows high 
absorption intensity in the UV region (220–380 nm), which is an intrinsic band 
transition of wide bandgap semiconductors such as TiO2 and ZnO. In addition, 
absorption in the visible region (~650 nm) was observed, which is characteristic of 
CuO. The integration of TiO2, ZnO, and CuO into a single composite has been shown 
to broaden the light absorption range from the visible to the ultraviolet region. The 
addition of ZnO also increases the number of active sites on the catalyst surface. 
Conversely, the presence of CuO functions as a cocatalyst, extending charge 
separation time by increasing electron and hole transfer rates [43]. 

The band gap energy of TiO2/ZnO/CuO composites was determined through 
Tauc plot analysis and Kubelka Munk function. Figures 5 and 6 show Tauc plots for 
direct and indirect transitions of the synthesized composites, with the characteristic 
differences between the 0 and 1 CMC samples. In the 0 CMC sample, both approaches 
yield the same band gap of 2.73 eV. The 1 CMC sample shows a slight increase in the 
band gap value to 2.82 eV for the direct transition and 2.90 eV for the indirect 
transition. The band gap of the synthesized composite is lower than that of single 
ZnO (3.2 eV) [44] and single TiO2 (3.12 eV) [32]. The smaller crystallite size of the 1 
CMC composite, as determined by XRD, is in line with the slightly larger band gap 
of 1 CMC. A small particle size decreases the dimension, making the energy levels 
discrete and ultimately increasing the band gap energy [28]. 

Figure 7 SEM micrograph at 2,000× magnification shows apparent 
morphological differences between the TiO2/ZnO/CuO 0 and 1 CMC samples. The 0 
CMC sample displays relatively large coarse agglomerates and wide inter-aggregate 
gaps. The smaller, more uniform particle size in the 1 CMC sample is consistent with 
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the findings reported by Fatika et al. [45]. The surfactant added to the 1 CMC 
composite serves as a micelle template, thereby facilitating the formation of a porous 
surface after calcination [46]. Surfactants also act as mesostructure-directing agents 
and inhibit the growth of composite crystals during calcination, resulting in smaller, 
more uniform particle sizes [47,48]. Although surfactants have degraded during 
calcination, as evidenced by the absence of organic peaks in the FTIR spectrum, their 
impact as templating agents on morphology, such as pore size and catalyst 
crystallinity, persists [49]. The SEM observations are consistent with the BET–BJH 
and XRD analyses, which show that modification with HDTMA-Br can increase the 
specific surface area and pore volume while reducing the particle and pore sizes of 
the composite. 

 
3.2. UCO Photodegradation Performance 

Photodegradation experiments using TiO2/ZnO/CuO composites demonstrated 
the ability to reduce free fatty acid (FFA) levels and peroxide values. Figure 8 
presents the performance of the photocatalyst in reducing the FFA and peroxide rates 
in each system after 1 hour of photodegradation at 120 °C with a catalyst 
concentration of 5%. The results indicate that in the dark treatment (without UV–
Vis irradiation), the decrease in FFA and peroxide values still occurs due to the 
adsorption of free fatty acids and hydroperoxides on the catalyst surface [50]. The 
photocatalytic process (with UV–Vis irradiation) exhibited superior performance, 
indicating that, in addition to adsorption, the catalyst surface also facilitates 
heterogeneous reactions that generate radical species (·OH, O2⁻·, h⁺) capable of 
decomposing oxidation products and organic components. Consistent with previous 
findings by Kaltsum et al. [51], TiO2 thin films can also reduce the percentage of free 
fatty acids and peroxide values. 

3.3. Optimization of UCO Photodegradation Conditions 
The effect of photodegradation time on the reduction of FFA and peroxide values 

in UCO has been thoroughly studied (Figure 9). In the 0.5 to 1 hour interval, a sharp 
decrease in FFA occurs, with the maximum reduction at 1 hour, approximately 65% 
of the initial value before treatment. After 1.5 hours, photodegradation performance 
decreases due to a reduction in the number of active sites on the catalyst, thereby 
reducing the efficiency of triglyceride photolysis. In the initial phase of the process 
(0–1 hour), the high availability of active sites and the abundant substrate 
concentration allow the formation of reactive radicals (·OH, ·O2⁻), which cause 
intense oxidation. After 1 hour, secondary oxidation and degradation products form, 
which can cover the catalyst's active site, thereby inhibiting interaction between the 
substrate and the active site [52]. The photodegradation performance of peroxide 
continues to increase after 1 hour due to photooxidation, which converts peroxide into 
secondary oxidation products. Thus, 1 hour can be considered the optimal time for 
the TiO2/ZnO/CuO composite to degrade FFA and peroxide in UCO effectively. 

Increasing the reaction temperature has been shown to affect the performance 
of UCO photodegradation significantly. Increasing the temperature from 27 °C to 
60 °C, 90 °C, and 120 °C in Figure 10 shows a consistent relationship with the 
photocatalyst's increasing effectiveness in reducing FFA and peroxide levels in used 
cooking oil. The catalysis system at high temperatures not only improves 
decomposition efficiency but also reduces viscosity and mass transfer resistance, 
thereby increasing the collision frequency between the catalyst and the reactants [4]. 
However, the reaction is not carried out at temperatures exceeding 120 °C because 
unsaturated triglycerides in the oil can react with oxygen or water vapour in the 
environment, altering viscosity and increasing acidity [53]. Heating at very high 
temperatures also triggers the oxidative degradation of triglycerides, producing 
diglycerides, FFA, and lower-molecular-weight triglycerides. In addition, oils with 
lower levels of fatty acid saturation tend to undergo more intense oxidative 
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degradation; therefore, high-temperature thermal processing should be avoided to 
prevent measurement bias [54]. Based on these findings, the optimum temperature 
for the UCO photodegradation process using the TiO2/ZnO/CuO composite is 120 °C. 

The effect of surfactant concentration on the reduction in FFA and UCO 
peroxide values in the composite is shown in Figure 11. A surfactant concentration of 
1 CMC showed the best performance compared to 0, 0.5, and 2 CMC. Previous 
research by Fatika et al. [45] reported that surfactant concentrations exceeding the 
CMC yield larger particle sizes than in unmodified composites, thereby reducing the 
photodegradation performance of UCO. In addition, surfactant concentrations above 
the CMC can form a bilayer that covers the catalyst's active sites. 

3.4. Types of Active Radicals in UCO Photodegradation. 
To identify the reactive oxygen species (ROS) that dominate the photocatalytic 

process, radical scavenging experiments were conducted. In these experiments, 
EDTA-2Na, isopropanol, and 1,4-benzoquinone were used as hole (h⁺), hydroxyl 
radical (·OH), and superoxide radical (·O2⁻) scavengers, respectively [50,55]. 
According to Figure 12, the percentage degradation decreased in each system after 
the addition of radical scavengers because these radicals could no longer participate 
in the oxidative reactions required for compound degradation. The trapped radicals 
could not be converted to 1O2, thus limiting the formation of oxidative compounds and 
resulting in suboptimal degradation. However, several alternative reaction pathways 
were still possible, resulting in a relatively low overall degradation rate [52]. Figure 
12 also shows that ·OH radical scavenging inhibited the reduction of FFA and 
peroxide values more significantly than other radical types. This suggests that ·OH 
radicals play an essential role in the photodegradation mechanism of UCOs in these 
systems. OH• radical is the most reactive radical in biological systems [56]. The 
findings of Trenczek-Zajac et al. [57] also confirmed that ·OH radical plays an 
essential role in the photodegradation of rhodamine blue dye using TiO2 photocatalyst. 
Meanwhile, •O2⁻ radical and h⁺ hole act as secondary radicals that contribute to the 
photocatalytic reaction in this system.  
 
3.5 Band Alignment and Heterojunction in TiO2/ZnO/CuO Composite 

For an effective and efficient photocatalytic reaction, in addition to preventing 
electron-hole recombination, the position of the catalyst band edge must match the 
oxidation and reduction redox potentials of water or oxygen. The valence band edge 
(VB) must be more positive than the water redox potential. The conduction band edge 
(CB) of the material must be more negative than the oxygen redox potential [58]. 
Based on radical-scavenging experiments, hydroxyl radicals (·OH) were identified as 
the dominant reactive species responsible for the degradation of used cooking oil. To 
rationalize the origin of ·OH formation and its relationship to charge separation in 
the TiO₂/ZnO/CuO system, data on the valence and conduction band potentials of 
each oxide constituent of the composite are required. The positions of the valence 
band edge (EVB) and conduction band (ECB) at pH 7 (vs. NHE) for TiO2, ZnO, and CuO 
were determined using the Mulliken electronegativity method in Equations 1 and 2. 

 
EVB = x − EC + 1

2� Eg 
ECB = EVB  −  Eg                                                               

                                            (1) 
                                            (2) 

 
Where x represents the absolute electronegativity of the material, Ec is the free 

electron energy on the hydrogen scale (4.5 eV), and Eg is the band gap energy 
obtained from UV–Vis DRS analysis. The absolute electronegativity values are 5.895 
eV for TiO2, 5.81 eV for ZnO, and 5.81 eV for CuO, respectively. The band gaps of the 
oxide semiconductors are TiO2 (3.15 eV), ZnO (3.20 eV), and CuO (1.39 eV). Using 
these parameters, the calculated EVB/ECB values are +2.97 eV / -0.18 eV for TiO2, 
+2.91 eV / -0.29 eV for ZnO, and +2.01 eV / +0,62 eV for CuO (vs. NHE at pH 7) [59,60]. 
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These values define the band alignment depicted in Figure 13. Assuming pH 7 is 
consistent with the Mulliken electronegativity method, as commonly reported in the 
literature for gas-phase photocatalytic systems [61]. 

The valence band potentials of TiO2 (+2.97 eV vs. NHE) and ZnO (+2.91 eV vs. 
NHE) are more positive than the redox potential of H2O/·OH (+2.27 eV vs. NHE). The 
VB potentials of TiO2 and ZnO, which are more positive than the water potential, 
indicate that these materials can thermodynamically oxidize water or hydroxide ions 
to produce hydroxyl radicals. Furthermore, electrons in the conduction bands of TiO2 
and ZnO (-0.18 eV and -0.29 eV vs. NHE) play a role in the reduction of oxygen to 
·O2⁻ because they are more negative than the oxygen potential, which is -0.046 eV. 
The valence and conduction bands of CuO are insufficient for the direct formation of 
OH and ·O2⁻. The narrower band gap of CuO allows CuO to act as an electron acceptor, 
facilitating charge separation and suppressing electron-hole recombination. The 
optimized energy structure facilitates more efficient charge separation and enhances 
photocatalytic activity [62]. The proposed TiO2/ZnO/CuO heterojunction mechanism 
is the Z-scheme. The TiO2 conduction band (CB) is more negative than the CuO 
conduction band, facilitating effective electron transfer from the TiO2 CB to the CuO 
CB. At the same time, there is an energy level difference between the CuO conduction 
band and the ZnO valence band (VB). This energy difference facilitates electron 
transfer from the CuO CB to the ZnO VB, where the electrons accumulate. This 
electron movement prevents internal recombination within the composite material, 
thereby extending the lifetimes of h+ and e-, ultimately improving photocatalytic 
performance. In the TiO2/ZnO/CuO composite, oxygen reduction to superoxide 
radicals (·O2-) occurs in the ZnO CB, while water oxidation to hydroxyl radicals (·OH) 
occurs in the TiO2 VB. 

 
3.6. Mechanistic Study of UCO Photodegradation 

The photocatalytic degradation of UCO oxidative compounds using 
TiO2/ZnO/CuO photocatalysts involves the formation of free radicals. The radicals 
formed will react with carboxylic acids (free fatty acids). Additionally, with the aid of 
light or heat, the generated radicals will start bond cleavage, ring opening, 
hydroxylation, and ketolysis reactions, creating intermediates before final 
mineralization to carbon dioxide and water. Hydroxyl radicals are the primary 
radicals at TiO2/ZnO/CuO to degrade UCO oxidative compounds. These radicals 
produce carbon dioxide, water, and organic radicals (R·CH2) when they interact with 
carboxylic acid groups (free fatty acids). Organoperoxy radicals (RCH2OO·) are 
created when the generated organic radicals interact with oxygen molecules. As 
illustrated in Figure 14, organoperoxy reacts with hydroperoxy radicals (·OOH) to 
form organohydroperoxides (RCH2OOOOH), which are subsequently mineralized to 
produce water, carbon dioxide, and alcohol [63,64]. Hydroperoxyl radicals are radicals 
formed from a second oxygen molecule reacting with H+ and electrons from 
photocatalysis. In a photocatalytic reaction, the absorbed photon activates two oxygen 
molecules, one of which ultimately forms a hydroperoxyl radical [65]. 

3.7. Catalyst Cycle 
The catalytic cycle is an essential parameter in evaluating photocatalyst 

performance. In this study, four catalytic cycles were carried out. The catalyst after 
the first cycle was reused to degrade FFA and peroxide on fresh UCO. Figure 15 
shows the performance of the 2 CMC photocatalyst in four cycles. The 2 CMC 
composite with a relatively high surfactant concentration can partially block the 
active sites. This composite at 2 CMC was deliberately chosen in the catalytic cycle 
to assess the robustness and structural stability of the TiO2/ZnO/CuO composite. In 
Figure 15, photodegradation performance decreases slightly with increasing cycles. 
The reduction in photocatalytic activity is attributable to surface fouling or partial 
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coverage by organic residues and surfactants. The decline in performance is not 
attributable to structural degradation of the catalyst, as the catalyst retains a robust 
structure after four cycles, as shown in Figure 16.  

Figure 16 compares the XRD patterns of the TiO2/ZnO/CuO–HDTMA-Br 
photocatalyst before use and after four consecutive photocatalytic cycles. The XRD 
pattern after four consecutive cycles shows no emergence of new crystalline phases 
and no significant peak shifts, indicating that the crystal structures of TiO2 (anatase), 
ZnO, and CuO remain intact. A slight decrease in peak intensity and minor peak 
broadening are observed for the reused catalyst compared with the fresh catalyst. 
This phenomenon is likely due to partial structural reorientation induced by repeated 
photocatalytic cycles and heating at 100°C [66]. Nevertheless, the presence of the 
major TiO2, ZnO, and CuO phases indicates that the composite framework is 
preserved mainly after multiple reuse cycles, thereby ensuring its structural integrity. 

The presence of all major crystalline phases after four cycles demonstrates 
that the TiO2/ZnO/CuO–HDTMA-Br photocatalyst has excellent phase stability and 
resistance to structural collapse. This structural robustness is a crucial factor 
supporting the reusability and feasibility of catalyst engineering, particularly for 
practical applications. Furthermore, the TiO2/ZnO/CuO–HDTMA-Br photocatalyst 
was easily separated from UCO by sedimentation for 24 hours without the need for 
additional instruments. The separated catalyst also exhibited a high recovery rate 
(>88%). From an engineering perspective, this low-energy and straightforward 
method enhances the practical application of photocatalytic pretreatment processes 
for used cooking oil.  

 
4. Conclusions 

TiO2/ZnO/CuO-HDTMA-Br composite has been successfully synthesized 
through precipitation. 1 CMC modification produces a catalyst with increased specific 
surface area, increased pore volume, and increased crystallinity, which in turn 
supports the photodegradation performance of UCO. Photodegradation of UCO with 
TiO2/ZnO/CuO composite successfully reduced the amount of FFA and peroxide up to 
a maximum of 65% for FFA and 59% for peroxide. The optimal conditions for UCO 
photodegradation were achieved at a reaction time of 1 hour, a temperature of 120 °C, 
and a surfactant concentration in the catalyst of 1 CMC. The photodegradation 
reaction of UCO involves a radical process, with hydroxyl radicals (·OH) being the 
main radical in this system. This study can serve as the first step and basis for UCO 
pretreatment, with a primary focus on reducing FFA and peroxide compounds. 
Further research is needed to process the photodegraded oil into downstream 
products and then compare their quality with those made from UCO without 
degradation pretreatment. 
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FIGURE CAPTIONS 
 
Figure 1. FTIR spectrum of TiO2/ZnO/CuO 0 CMC and 1 CMC composites  
Figure 2. XRD spectrum of TiO2/ZnO/CuO 0 CMC and 1 CMC composites  
Figure 3. Adsorption-desorption isotherm curve of TiO2/ZnO/CuO composites, a) 0 
CMC and b) 1 CMC 
Figure 4. UV-Vis absorbance of TiO2/ZnO/CuO 0 and 1 CMC composites 
Figure 5. Tauc plot of indirect TiO2/ZnO/CuO 0 and 1 CMC composites 
Figure 6. Tauc plot of direct TiO2/ZnO/CuO 0 and 1 CMC composites 
Figure 7. SEM micrograph of TiO2/ZnO/CuO composites, a) 0 CMC and b) 1 CMC 
Figure 8. Photocatalyst performance under dark and light conditions 
Figure 9. Optimization of the UCO photodegradation reaction time 
Figure 10. Optimization of the UCO photodegradation reaction temperature 
Figure 11. Optimization of surfactant concentration in catalyst UCO 
photodegradation 
Figure 12. UCO photodegradation performance on various radical scavengers 
Figure 13. Potential mechanism of FFA and UCO peroxide with TiO2/ZnO/CuO 
composite 
Figure 14. Mechanism of radical photodegradation of UCO 
Figure 15. Photocatalytic performance of 2 CMC composites at various cycles 
Figure 16. Comparison of XRD spectra of TiO2/ZnO/CuO 2 CMC composites before 
and after reuse 
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Figure 1. FTIR spectrum of TiO2/ZnO/CuO 0 CMC and 1 CMC composites  
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Figure 2. XRD spectrum of TiO2/ZnO/CuO 0 CMC and 1 CMC composites 
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Figure 3. Adsorption-desorption isotherm curve of TiO2/ZnO/CuO composites, a) 
0 CMC and b) 1 CMC 
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Figure 4. UV-Vis absorbance of TiO2/ZnO/CuO 0 and 1 CMC composites 
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Figure 5. Tauc plot of indirect TiO2/ZnO/CuO 0 and 1 CMC composites 
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Figure 6. Tauc plot of direct TiO2/ZnO/CuO 0 and 1 CMC composites 
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Figure 7. SEM micrograph of TiO2/ZnO/CuO composites, a) 0 CMC and b) 1 
CMC 
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Figure 8. Photocatalyst performance under dark and light conditions 
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Figure 9. Optimization of the UCO photodegradation reaction time  

 

 

 

 

 

 

Acc
ep

ted
Man

us
cri

pt_
BCREC-20

55
4_

30
Ja

n2
02

6



 

25 

 

 

Figure 10. Optimization of the UCO photodegradation reaction temperature 
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Figure 11. Optimization of surfactant concentration in catalyst UCO 
photodegradation 
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Figure 12. UCO photodegradation performance on various radical scavengers 
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Figure 13. Potential mechanism of FFA and UCO peroxide with TiO2/ZnO/CuO 
composite 
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Figure 14. Mechanism of radical photodegradation of UCO 
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Figure 15. Photocatalytic performance of 2 CMC composites at various cycles 
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Figure 16. Comparison of XRD spectra of TiO2/ZnO/CuO 2 CMC composites 
before and after reuse 
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Table 1. Characteristics of BET-BJH analysis results for TiO2/ZnO/CuO 0 and 1 CMC composite 

Composite 
TiO2/ZnO/CuO 

Surface area 
TiO2/ZnO/CuO 

(m2/g) 

Average pore size 
TiO2/ZnO/CuO 

(nm) 

Total pore volume 
TiO2/ZnO/CuO 

(cm3/g) 

0 CMC 17.421 4.37699 0.03812 

1 CMC 43.377 3.87384 0.08402 
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