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 Methyl orange exhibits low biodegradability and is difficult to remove from 
aqueous solutions. Photodegradation using photocatalysts offers an efficient and 
practical alternative for treating methyl orange dye waste. Among various 
semiconductor materials, TiO2 and ZnO have attracted considerable attention due 
to their strong photocatalytic activity. However, excessive use of TiO2 can lead to 
turbidity in the solution, reducing light penetration and consequently 
diminishing the efficiency of the photoreduction and photooxidation processes. 
Numerous studies have been conducted to control the structure, morphology, and 
porosity of TiO2 to enhance its photocatalytic performance. One effective 
approach involves the incorporation of surfactants into composites, which can 
modify the optical properties, structure, and morphology of the material, thereby 
improving its ability to degrade methyl orange. In this study, the composite was 
synthesized using the precipitation method. The highest degradation efficiency 
of 44% was achieved at 50 minutes for a methyl orange concentration of 30 mg/L, 
with a composite ratio of 1:1:0.3 and an HDTMA-Br concentration of 2 CMC. The 
addition of HDTMA-Br enhanced the photocatalytic performance by reducing 
electron–hole recombination, resulting in a band gap energy of 2.87 eV within the 
visible light range (1.77–3.1 eV). 

 

1. Introduction 

Textile industry wastewater contains dyes with 
aromatic structures that are difficult to degrade naturally 
and are harmful to the environment. One commonly used 
dye is methyl orange (MO), which exhibits high stability 
and low biodegradability. Due to its solubility in water, 
MO is challenging to separate from aqueous solutions 
using conventional purification or water treatment 
methods [1]. An alternative and practical approach for 
treating such wastewater is photodegradation, which 
utilizes photocatalysts. The photodegradation 
(photocatalytic degradation) process decomposes dye 
pollutants into simpler, less harmful compounds through 
photoinduced oxidation–reduction reactions [2]. 
Photodegradation typically employs photocatalysts 
composed of semiconductor materials [3]. 

Photocatalysis using TiO2 and ZnO semiconductors 
has attracted widespread attention due to their high 
photocatalytic activity, excellent thermal, chemical, and 
biological stability, long lifespan, non-toxicity, and low 
cost [4]. ZnO is stable, non-toxic, and acts as an electron 
donor in the photocatalytic process. The photocatalytic 
activity of TiO2 can be increased by the addition of copper 
metal (Cu), which broadens visible light absorption and 
promotes more efficient electron–hole separation. Using 
visible light is also safer than UV light, which can cause 
skin irritation, premature aging, and increase cancer risk. 
Thus, visible-light-driven photocatalysis not only 
enhances performance in photodegradation applications 
but also supports safer and more sustainable operation 
[5]. Various attempts have been made to control 
composite properties such as optical properties, 
structure, and morphology. One approach is to add 
surfactants. 
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The use of surfactants in the synthesis of metal 
oxides has attracted considerable attention as an effective 
strategy for controlling material surface properties. 
Particle stability and nanoscale size are crucial factors 
that determine their potential applications. In this study, 
the cationic surfactant hexadecyltrimethylammonium 
bromide (HDTMA-Br) was employed as a stabilizing 
agent. The presence of a stabilizer prevents particle 
coalescence, thereby promoting the formation of 
uniformly distributed nanoparticles [6]. 

HDTMA-Br possesses a positively charged head 
group, enabling strong electrostatic interactions with the 
composite surface. Its long alkyl chain imparts 
hydrophobic characteristics, enhancing surface 
modification efficiency compared to shorter-chain 
surfactants. Previous research demonstrated that 
HDTMA-Br can improve the surface properties of zeolite, 
such as porosity and morphology, resulting in 66% 
removal of navy solophenyl dye within 78 minutes [7]. 

Minimized agglomeration leads to uniform particle 
distribution, maximizing the contact area between 
photocatalysts and pollutants. Particle aggregation and 
agglomeration significantly influence the optical 
properties of materials and, consequently, their ability to 
absorb and scatter incident radiation, which directly 
affects photocatalytic activity [8]. Therefore, a stabilizer 
is essential to ensure particle stability and uniform 
dispersion, thereby optimizing light absorption by the 
photocatalyst. To further evaluate this, the photocatalytic 
activity of the HDTMA-Br–modified TiO2/ZnO/CuO 
composite synthesized via the precipitation method was 
examined for MO degradation. The characteristics of the 
modified composite were analyzed using XRD, SEM, PSA, 
UV-Vis DRS, and FTIR techniques. 

2. Experimental 

2.1. Materials 

The materials used in this study included distilled 
water, methyl orange dye (Merck), zinc chloride (ZnCl2; 
Merck) as a ZnO precursor, titanium dioxide (TiO2; 
Merck), copper nitrate (Cu(NO3)2; Merck), the cationic 
surfactant hexadecyltrimethylammonium bromide 
(HDTMA-Br; Merck), sodium hydroxide (NaOH; 0.1 M; 
Merck), and potassium bromide (KBr; Merck). 

The instruments employed were a Fourier Transform 
Infrared Spectrophotometer (FTIR; Shimadzu IR Prestige 
21), oven (Wisconsin Oven), Particle Size Analyzer (PSA; 
Horiba Scientific SZ-100Z), centrifuge (Hermle Z206A), 
UV–Visible Spectrophotometer (Genesys 150), UV–Vis 
Diffuse Reflectance Spectrophotometer (DRS; Shimadzu 
UV-2450), furnace (Neycraft), Scanning Electron 
Microscope (SEM; Hitachi SU3500), ultrasonic bath 
(Elma), and X-ray Diffractometer (XRD). 

2.2. Preparation of TiO2/ZnO/CuO Composite 
Photocatalyst Modified by HDTMA-Br Surfactant 
Using Sol-Gel Method 

The TiO2/ZnO/CuO composite photocatalysts were 
prepared in various molar ratios, as listed in Table 1. TiO2 
(1 mol; 3 g), ZnCl2 (1 mol), and Cu(NO3)2 (1 mol) were 

mixed in a molar ratio of 1:1:1 and dissolved in 600 mL of 
distilled water. Subsequently, 0.1 M HDTMA-Br was 
added at concentrations corresponding to 0, 2, and 5 
times the critical micelle concentration (CMC) value 
(HDTMA-Br = 0.94 mmol·L−1 or 342.6 mg·L−1) [8]. The 
resulting solution was stirred magnetically for 10 minutes 
to ensure homogeneity. 

Afterward, 0.1 M NaOH was added dropwise to the 
mixture under continuous stirring. The resulting 
precipitate was centrifuged at 4000 rpm for 10 minutes 
and washed three times with HDTMA-Br solution. The 
washed precipitate was then dried in an oven at 100°C, 
followed by calcination at 450°C for 3 hours to obtain the 
TiO2/ZnO/CuO composite photocatalysts. 

2.3. Characterization of FTIR, PSA, SEM, UV-Vis DRS, 
and XRD 

FTIR spectroscopy was performed using KBr pellets 
prepared with a sample-to-KBr ratio of 1:99. The spectra 
were recorded in the range of 4000–400 cm−1 with a 
resolution of 4 cm−1. PSA was conducted to confirm the 
nanoscale size of the composites. For measurement, 
approximately 2 mg of the composite powder was 
dispersed in 20 mL of dispersant, sonicated for 30 
minutes, and analyzed using a Dynamic Light Scattering 
(DLS) instrument (Horiba Scientific SZ-100Z) at 25°C. 

The surface morphology of the nanocomposites was 
examined using SEM (magnification 3.00 µm, 
accelerating voltage 15 kV). The phase composition was 
identified by XRD analysis using a step size of 0.05° and 
an integration time of 0.5 s over a 2θ range of 20°–80° to 
determine the diffraction patterns. Optical 
characterization was performed using UV–Vis DRS with 
BaSO4 as the reference standard in the wavelength range 
of 200–1100 nm. The reflectance data (%R) were 
converted into Kubelka–Munk (F(R)) values, and the 
photon energy (hν) was calculated from the 
corresponding wavelength. The band gap energy was then 
estimated from the Tauc plot. 

2.4. Optimization of TiO2/ZnO/CuO Composite 
Composition, HDTMA-Br Surfactant 
Concentration 

2.4.1. Photodegradation of MO Solution with Variation 
of Irradiation Time 

The photodegradation of MO solution was carried out 
under both UV and visible light irradiation at room 
temperature. A total of 20 mg of the TiO2/ZnO/CuO 
composite photocatalyst was added to 20 mL of MO 
solution with a concentration of 30 mg·L−1, followed by 
magnetic stirring to ensure uniform dispersion. The 
mixture was then ultrasonicated for 15 minutes to 
enhance homogeneity. 

Table 1. Comparison of TiO2/ZnO/CuO molar ratios 

TiO2 ZnO CuO 

1 1 0.3 

1 1 1 

1 0.3 1 
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Subsequently, the solution was irradiated using a 
40 W visible light lamp and a 40 W UV lamp for 50 minutes 
in a black reactor with dimensions of 20 × 40 × 20 cm. 
After irradiation, the suspension was centrifuged to 
separate the TiO2/ZnO/CuO composite from the MO 
solution. The absorbance of the resulting filtrate was 
measured using a UV–Visible spectrophotometer at the 
maximum wavelength of 463 nm. The percentage of dye 
degradation was calculated using Equation (1). 

 % Degradation = 
(C0 −C𝑡)

C0
 × 100% (1) 

Where, C0 is the initial concentration of MO dye 
before irradiation, Ct is the concentration of the dye at a 
given time. 

3. Results and Discussion 

3.1. Synthesis of TiO2/ZnO Composite Photocatalyst 

In this study, the TiO2/ZnO/CuO composite was 
synthesized using the precipitation method. ZnCl2 was 
used as the ZnO precursor, while Cu(NO3)2 served as the 
CuO precursor. Each precursor was reacted in an alkaline 
environment by adding NaOH solution until the pH 
reached 12, leading to the formation of precipitates. The 
pH of the growth solution significantly influences the 
morphology, crystal quality, and optical properties of the 
resulting material. Previous studies have reported that pH 
plays a critical role in chemical precipitation processes, as 
hydroxide ions (OH−) are directly involved in the 
formation of metal hydroxide intermediates [9]. Research 
by Ardiansyah and Wahyuni [10] demonstrated that ZnO 
synthesized at pH 12 produced purer particles with fewer 
impurities compared to synthesis at pH 7. 

The addition of HDTMA-Br served to control the rate 
of reduction and minimize particle aggregation. The polar 
head groups of HDTMA-Br interact with water molecules, 
thereby stabilizing the particles and preventing 
agglomeration. After drying in an oven, a bright turquoise 
composite was obtained, as shown in Figure 1(a). 
However, after calcination at 450°C for 3 hours, the 
composite color changed to gray, as shown in Figure 1(b). 
According to Alawiyah and Maharani [11], calcination acts 
as the final step to remove residual organic molecules and 
to convert amorphous Ti–O–Ti bonds into crystalline 
TiO2. Additionally, calcination eliminates impurities and 
unreacted precursor residues that cannot be removed at 
lower temperatures, thereby enhancing surface area and 
improving crystallinity [12]. As a result, a gray-colored 
composite powder was successfully obtained. 

3.2. Characterization of TiO2/ZnO/CuO Composites 

3.2.1. FTIR Profile of Photocatalyst Products 

FTIR analysis was performed to identify the 
functional groups present in the composite and to 
evaluate the successful synthesis of both unmodified and 
HDTMA-Br–modified TiO2/ZnO/CuO composites. Based 
on the photodegradation results of TiO2/ZnO/CuO 
composites with a molar ratio of 1:1:0.3 and those 
modified with HDTMA-Br at 2 CMC, the modified 
composite demonstrated superior photocatalytic activity. 

The FTIR spectra of both samples are presented in Figure 
2. 

The FTIR spectrum of the unmodified composite 
(black curve) showed no characteristic absorption peaks 
in the wavelength range of 2915–2850 cm−1, which 
correspond to the C–H stretching vibrations of the 
HDTMA-Br surfactant [13]. In contrast, the modified 
composite (HDTMA-Br 2 CMC) exhibited distinct 
absorption peaks within this range, confirming the 
presence of C–H groups originating from the alkyl chains 
of HDTMA-Br. This observation aligns with previous 
studies [14], indicating that the –CH3 and –CH2– groups 
of the HDTMA-Br surfactant were successfully attached 
to the composite surface, thus verifying the success of the 
surface modification process. 

Both unmodified and modified composites exhibited 
similar absorption bands at approximately 1600 cm−1, 
which correspond to Ti–O–Ti stretching vibrations in 
TiO2 [15]. The absorption bands observed at 750–760 cm−1 
and around 500 cm−1 are attributed to Zn–O [16] and Cu–
O [17] stretching vibrations, respectively. Additionally, 
the broad absorption band around 3500 cm−1 indicates the 
presence of hydroxyl (O–H) groups on the composite 
surface [17]. These results suggest that the modification 
with HDTMA-Br successfully introduced surfactant 
functional groups onto the composite surface without 
eliminating the primary functional groups of TiO2, ZnO, 
or CuO. 

 

Figure 1. Physical form of TiO2/ZnO/CuO composite 
(a) before calcination and (b) after calcination 

 

 

Figure 2. FTIR spectra of TiO2/ZnO/CuO composites 
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Figure 3. SEM images of (a) TiO2/ZnO/CuO composite 
and (b) HDTMA-Br–modified TiO2/ZnO/CuO composite 

3.2.2. SEM Characterization 

SEM characterization was performed to observe the 
surface morphology of the unmodified and HDTMA-Br–
modified TiO2/ZnO/CuO composites, as shown in Figure 3. 
The unmodified composite (Figure 3a) exhibited a coarse 
and irregular surface due to particle agglomeration, 
indicating poor dispersion. After surface modification 
with HDTMA-Br (Figure 3b), the composite showed 
reduced clumping and a more uniform morphology. This 
suggests that the positively charged HDTMA-Br 
surfactant improved particle dispersion by reducing 
electrostatic attraction among particles and promoting a 
more controlled structure. 

3.2.3. Characteristics of HDTMA-Br Modified 
TiO2/ZnO/CuO Composite by XRD 

XRD analysis was performed to identify the 
crystalline phases formed in the TiO2/ZnO/CuO 
composite. The XRD pattern (Figure 4) exhibits sharp and 
intense peaks, indicating that the synthesized material 
possesses a high degree of crystallinity (57.76%). Based 
on comparison with the International Center for 
Diffraction Data (ICDD), three major crystalline phases 
were identified: anatase TiO2 (ICDD 00-021-1272), zincite 
ZnO (ICDD 00-036-1451), and tenorite CuO (ICDD 00-
048-1548). The highest diffraction peak was observed at 
2θ = 25.38°, corresponding to the (101) plane of the 
anatase TiO2 phase. 

In addition, the diffraction peaks at 31.79°, 34.54°, 
and 36.28° correspond to the (100), (002), and (101) 
planes of the hexagonal wurtzite ZnO structure, 
respectively. A characteristic CuO peak was detected at 
38.68°, associated with the (111) plane of the monoclinic 
tenorite structure. These results confirm that the three 
semiconductor oxides coexist within a single multiphase 
composite system. 

 

Figure 4. XRD diffractogram of HDTMA-Br-modified 
TiO2/ZnO/CuO (1:1:0.3) composite 

The crystallite sizes calculated using the Debye–
Scherrer equation for TiO2, ZnO, and CuO in the HDTMA-
Br modified composite (2 CMC concentration) were 51 
nm, 33.1 nm, and 32 nm, respectively, with an average 
crystal size of 34.87 nm; an increase from 37 nm, 28 nm, 
and 26 nm in the unmodified composite. This increase 
may be attributed to the presence of HDTMA-Br, a 
cationic surfactant capable of forming micelle structures 
that facilitate controlled crystal growth. 

3.2.4. Particle Size of TiO2/ZnO/CuO Composite 
Analyzed by PSA 

PSA characterization was conducted to evaluate the 
effect of HDTMA-Br modification on the particle size of 
the composite. The analysis was performed using the DLS 
technique. As shown in Table 2, the polydispersity index 
(PI) decreased slightly from 1.148 to 1.122. However, since 
both values are greater than 0.1, the particle distribution 
of the composite remains polydisperse, indicating a high 
level of heterogeneity in particle size. Therefore, it can be 
concluded that the addition of HDTMA-Br surfactant 
slightly influences the particle size and distribution of the 
TiO2/ZnO/CuO composite. 

3.2.5. UV Vis DRS Characterization 

Characterization using UV–Vis DRS was conducted to 
determine the band gap energy of the HDTMA-Br-
modified composite using the Tauc plot method and the 
Kubelka–Munk function. The results are shown in Figure 
5. Before synthesis, TiO2, ZnO, and CuO have reported 
band gap energies of 3.2 eV, 3.4 eV, and 1.3–1.7 eV, 
respectively [18, 19, 20]. After combining these oxides, 
the resulting composite exhibited a band gap energy of 
2.87 eV, corresponding to approximately 432 nm (within 
the 400–450 nm range). This indicates that the modified 
TiO2/ZnO/CuO composite photocatalyst can effectively 
absorb visible light. 

For a material to be photoactive under visible light, 
its band gap should fall between 1.77 eV and 3.1 eV, 
equivalent to wavelengths of 700–400 nm. A smaller 
band gap allows absorption of a broader portion of the 
visible spectrum. The observed reduction in band gap is 
attributed to the formation of heterojunctions and strong 
interactions between TiO2, ZnO, and CuO phases, which 
modify the optical properties of the composite. Such 
interaction enhances photocatalytic performance by 
facilitating more efficient electron–hole pair generation 
during the photodegradation of MO dye. 

Table 2. Particle size and PI value of unmodified and 
HDTMA-Br-modified TiO2/ZnO/CuO (1:1:0.3) composites 

Parameter Unmodified Modified 

Z-Average 340.2 nm 357.5 nm 

Mean diameter 438.1 nm 441.3 nm 

Polydispersity 
Index (PI) 1.148 1.122 
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Figure 5. Band gap value of TiO2/ZnO/CuO (1:1:0.3) 
composite 

3.3. Optimization of TiO2/ZnO/CuO Composite 
Performance at Different HDTMA-Br 
Concentrations 

The photocatalytic performance of the HDTMA-Br–
modified TiO₂/ZnO/CuO composite for methyl orange 
degradation was tested under UV and visible light using a 
30 mg/L dye solution. As shown in Figure 6, the 
TiO2/ZnO/CuO composite modified with 0 CMC HDTMA-
Br exhibited lower degradation efficiency compared to the 
2 CMC and 5 CMC–modified composites under both UV 
and visible light, with the highest degradation of 24% 
achieved under UV light. These results indicate that the 
addition of HDTMA-Br significantly influences the 
photocatalytic activity of the composite. 

An improvement in degradation efficiency was 
observed at 2 CMC compared to 0 CMC; however, further 
increasing the surfactant concentration to 5 CMC reduced 
performance. This decline can be attributed to the 
excessive surfactant covering the active sites or forming 
aggregates that hinder charge transfer. The highest 
degradation efficiency (44%) was obtained for the 1:1:0.3 
composite with 2 CMC HDTMA-Br under UV light, 
suggesting that 2 CMC is the optimum surfactant 
concentration for enhancing photocatalytic activity. 
According to Stefan et al. [21], the addition of 2 CMC 
effectively forms an optimal bilayer structure that 
enhances photocatalytic performance. 

The photocatalytic process operates under specific 
optimal conditions that determine degradation 
efficiency. The presence of surfactants increases the 
interaction between the composite surface and methyl 
orange molecules, thereby improving degradation. In 
contrast, at higher CuO compositions (e.g., 1:1:1 and 
1:0.3:1), the 5 CMC HDTMA-Br concentration resulted in 
higher degradation under both UV and visible light, which 
can be attributed to differences in ZnO and CuO 
composition ratios. The results show that the best-
performing composite for methyl orange 
photodegradation was TiO₂/ZnO/CuO (1:1:0.3) with 2 CMC 
HDTMA-Br under UV light, achieving 44% degradation. 
The lower CuO content was more favorable, as higher CuO 
concentrations tend to promote electron–hole 
recombination, reducing photocatalytic efficiency. 

 

Figure 6. Photodegradation performance of 
TiO2/ZnO/CuO composite without surfactant under UV 

light 

The improvement in photocatalytic activity is 
attributed to the cationic surfactant (HDTMA-Br), which 
inhibits electron recombination by enhancing the 
generation of reactive oxygen species (ROS). These ROS 
act as strong oxidizing agents, decomposing organic 
pollutants during the photocatalytic process. 
Furthermore, the increase in crystallite size contributes 
to enhanced electron transfer and reduced electron–hole 
recombination, thereby improving photocatalytic 
activity. The modified composite also exhibits a narrower 
band gap in the visible region, enabling more efficient 
light absorption and charge separation. The positively 
charged HDTMA-Br molecules enhance photocatalytic 
performance by improving charge separation and 
optimizing the interaction between the photocatalyst and 
the dye. The improved performance of the surfactant-
modified composites can also be associated with the 
increased crystallite size, which enhances charge transfer 
efficiency and minimizes recombination [22]. 

Additionally, the presence of surfactants increases 
surface hydrophobicity and promotes better separation of 
electron–hole pairs. SEM analysis further confirms that 
HDTMA-Br modification leads to more uniform and 
stable particles by reducing agglomeration, resulting in 
improved and more consistent photocatalytic 
performance. 

4. Conclusion 

The TiO2/ZnO/CuO composite modified with 
HDTMA-Br was successfully synthesized, as confirmed 
by SEM and PSA analyses, which showed a slight 
improvement in particle dispersion and reduced 
agglomeration. FTIR confirmed the successful 
incorporation of HDTMA-Br without altering the main 
functional groups of the composite. The modified 
composite exhibited a band gap of 2.87 eV, making it 
active under visible light, and a crystallinity of 57.76% 
with an average crystallite size of 34.87 nm. The highest 
photocatalytic degradation efficiency of 44% was 
achieved for methyl orange (30 mg/L) after 50 minutes 
using the TiO2/ZnO/CuO (1:1:0.3) composite with 2 CMC 
HDTMA-Br under UV light. These findings indicate that 
HDTMA-Br modification effectively enhances surface 
properties and light absorption, although further studies 
are needed to investigate charge carrier dynamics in more 
detail. 
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