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Nowadays, immobilized photocatalyst clay beads have attracted considerable 

research interest due to their outstanding properties, including enhanced 

stability, easy recovery and reuse, and reduced secondary pollution. In this 

study, novel titanium dioxide/zinc oxide composites were synthesized via the 

sol–gel method and immobilized on clay beads using the dip-coating process. 

Various titanium dioxide/zinc oxide ratios were used to obtain different 

composites. For the immobilization procedure, four titanium dioxide/zinc oxide 

layers were coated on clay beads, dried in the oven at 100°C for 30 min, and 

subsequently calcined at 2°C/min up to 500°C. The coated beads were 

characterized using Scanning Electron Microscopy (SEM) and Energy Dispersive 

Spectroscopy (EDS). Photocatalytic degradation experiments were conducted 

to test their performance using methylene blue as a model pollutant. The 

highest methylene blue degradation efficiency was achieved with pure 

titanium dioxide-coated clay beads. All titanium dioxide/zinc oxide composites 

maintained their photocatalytic performance after five consecutive 

recyclability experiments. This work aims to demonstrate a reproducible, 

scalable, and economic immobilization procedure for single and composite 

photocatalysts on clay beads with outstanding photocatalytic performances 

for wastewater treatment. 
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1. Introduction

There has been an ongoing interest in the 

photocatalytic application of semiconductors for a 

wide range of applications, including water 

disinfection [1], organic photodegradation [2], 

water purification [3], and epoxidation of alkenes 

[4]. According to Slama [5], the direct discharge of 

dye effluents from textile industries could trigger 

serious environmental problems due to their 

organic load and toxicity. Textile dyes such as 

methylene blue (MB) contain benzene rings with 
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carcinogenic properties, posing risks to both 

human health and the environment [6]. According 

to Zamel and Khan [7], MB exposure can cause eye 

burns that may result in permanent damage to 

human and animal eyes. Thus, the photocatalytic 

application of semiconductors offers a promising 

strategy for mineralizing toxic substances into 

harmless end products [8]. 

The most common photocatalysts, TiO2 and ZnO, 

are widely used due to their non-toxic nature, anti-

bacterial properties, relatively high activity, and 

good physical and chemical stability [9, 10]. Each 

photocatalyst has its own intrinsic advantages; for 

instance, ZnO exhibits a higher absorption 

efficiency across a larger fraction of the solar 

spectrum when compared to TiO2 [11], but it is more 

susceptible to photocorrosion [12]. On the other 

hand, TiO2 has a lower charge mobility compared 

to ZnO, which leads to a higher recombination rate 

of electron–hole pairs [13]. Therefore, it is possible 

to assume that a heterojunction formed by both 

TiO2 and ZnO might combine some of the appealing 

properties of both oxides.  

For instance, Lun Pan et al. reported the synthesis 

of ~1 µm TiO2 spheres decorated with nanometric 

ZnO clusters by a solvothermal method for the 

photocatalytic isomerization of norbornadiene 

[14]. Their results showed that higher 

photoactivities were obtained with the TiO2/ZnO 

composite spheres compared to just using either 

pure TiO2 or ZnO. Meanwhile, Ahsan Habib et al. 

[15] showed that by synthetizing ZnO/TiO2 powders 

at different molar ratios for the photocatalytic 

degradation of dyes, their results showed higher 

degradations when both photocatalysts were 

mixed, with the most performing sample at a molar 

ratio of 3:1 ZnO/TiO2. In addition, TiO₂/bentonite 

composites modified with ZnO showed enhanced 

performance with an optimal ZnO loading, 

achieving 95% methyl orange degradation [16]. 

Former examples are powdered photocatalysts 

that can be easily applied in slurry reactors. 

Photocatalytic slurry reactors are commonly used 

at laboratory-scale or pilot-scale. Their main 

advantage is the high surface area of the powdered 

photocatalyst and the high mass transfer between 

the pollutants and the photocatalyst. However, 

their large-scale implementation is hindered by the 

post-treatment steps needed to retrieve the 

powdered-based photocatalyst from the water 

[17]. Moreover, powdered photocatalysts might 

cause light scattering that inhibits photocatalytic 

degradation rates [18]. Alternatively, 

photocatalyst immobilization on a solid support 

can overcome these disadvantages, allowing the 

recovery and reuse of the photocatalyst.  

A wide variety of materials, such as glass [19], 

chitosan gel beads [20], clay beads [21], activated 

carbon [22], and calcium alginate beads [23], have 

been used as support materials. Glass materials 

often require surface pretreatment due to poor 

surface area and low durability [24]. Based on 

Wasidi’s [25] research, chitosan gel beads are 

susceptible to swelling and dissolution under acidic 

conditions, which may result in structural 

instability and a progressive decline in adsorption 

performance. Repeated use of activated carbon in 

photocatalysis leads to residue accumulation, 

causing surface fouling that blocks active sites and 

lowers catalytic efficiency [26]. Among the 

aforementioned materials, clay beads have 

emerged as promising supports due to their low 

cost, low toxicity, high chemical stability, and 

mechanical strength [27, 28]. The properties of the 

support material can enhance the performance of 

a photocatalyst, as demonstrated by Manova, 

Aranda [29], who used the clay beads as a support 

for Degussa P25. However, despite these 

advantages, the development of stable and 

efficient TiO2/ZnO composite immobilization on 

clay beads has not been systematically explored. 

This creates the necessity to investigate the 

photocatalytic efficiency and reusability of clay 

bead-supported photocatalysts. 

Hence, the present work demonstrates the 

synthesis of two sets of TiO2/ZnO composites 

supported on clay beads via the sol–gel dip coating 

method, offering a novel approach to enhance the 

photocatalytic degradation efficiency and 

reusability of immobilized photocatalysts. The first 

set involved a TiO2 sol mixed with a ZnO sol, while 

the second set was a TiO2 sol mixed with a 

commercially available powdered ZnO. The 

composites were characterized, and their 

photocatalytic performance was assessed. Finally, 

the reusability of the TiO2/ZnO coated clay beads 

was evaluated by performing consecutive 

photocatalytic experiments. 
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2. Materials and methods 

2.1. TiO2/ZnO composites sol preparation 

A detailed preparation procedure for both sets of 

composites is shown in Figure 1. For all the 

experiments, the TiO2 sol was prepared at room 

temperature by dissolving titanium (IV) 

isopropoxide (Aldrich, 97%) in 2-propanol (Sigma-

Aldrich, 99.5%).  

The solution was continuously stirred for two hours 

to obtain the precursor solution. Then, a solution of 

distilled water and acetic acid (Sigma-Aldrich, ≥ 

99.7%) was poured into the precursor solution at a 

speed of 1 drop/s under continuous stirring. Next, 

the solution was continuously stirred for 10 min to 

attain a yellow transparent sol. Later, 

acetylacetone (Emsure) was added and mixed for 

30 min to increase the mixture stability.  

The ZnO sol was prepared as follows: initially, zinc 

acetate dihydrate (HmbG Chemicals) was 

dissolved in ethanol (HmbG Chemicals, 95%) and 

stirred for 5 minutes at 70°C to obtain the precursor 

solution. Then, distilled water, ethanol, and 

diethanolamine (Emsure) were dropped into the 

precursor solution at a speed of 1 drop/s under 

vigorous stirring. The solution was continuously 

stirred for two hours to attain a transparent ZnO 

sol. Then, the prepared TiO2 sol was directly added 

into the ZnO sol at different volume ratios of 

TiO2:ZnO of 1:0, 3:1, 1:1, 1:3, and 0:1. For the second 

set of experiment, the fixed volume of TiO2 sol was 

mixed with different amounts (1 to 5 g) of a 

commercially available powdered ZnO (R&M 

Chemicals) to obtain different ratios of TiO2:ZnO. 

2.2. Catalyst immobilization 

The TiO2/ZnO coated clay beads were prepared by 

the dip-coating method. Clay beads classified as 

light expanded clay aggregates (LECA) were used 

as a solid support for catalyst immobilization. Clay 

beads were washed a few times with water and 

acetone for 10 minutes before being dried in an 

oven at 100°C. Then, the clean clay beads were 

immersed in the freshly prepared TiO2/ZnO sol at a 

speed of 1 mm/s.  

Next, the dip-coated beads were allowed to air-dry 

for 5 minutes in the fume hood. Later, the coated 

clay beads were shifted to an oven at 100°C for 30 

minutes. This procedure was repeated before the 

beads were placed into a furnace for calcination.  

The conditions were 2°C/min up to 500°C and 1 h 

dwell time.

 

Fig. 1. Flowchart for the preparation of the TiO2/ZnO composites. 
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The samples were left to cool down naturally. The 

procedure was repeated to acquire four TiO2/ZnO 

layers, with a calcination step every two layers. The 

same preparation procedure was used for the set of 

samples prepared using the TiO2 sol and the 

powdered ZnO.  

2.3. Characterization 

Scanning Electron Microscopy (model: JSM-6360 

LA; JEOL) was used to obtain the morphology of the 

bare clay beads and the TiO2/ZnO coated clay 

beads. Prior to the analysis, the samples were 

sputtered with gold (JFC-1600 Auto fine coater). An 

acceleration voltage of 20 kV was applied for the 

imaging of all samples. The surface elemental 

composition of the samples was acquired via EDS. 

2.4. Photocatalytic degradation experiments 

Photocatalytic experiments were conducted in a 

500 mL column-shaped glass reactor equipped 

with a 13 W UV lamp (WK-X2) placed vertically 

inside the reactor (Figure 2).  

The light source was positioned at the centre of the 

solution to ensure uniform irradiation. A limitation 

of this study is the absence of a direct irradiance 

measurement (mW·cm⁻²); however, lamp type, 

position, and reactor geometry were kept 

constants for all tests to ensure comparability.  

A total volume of 500 mL of methylene blue (MB) 

solution (25 mg/L) was used, with a fixed amount 

of TiO₂/ZnO-coated clay beads. The suspension was 

continuously agitated at 1500 rpm using a 

magnetic stirrer to maintain homogeneous mixing 

and prevent sedimentation. All the experiments 

were carried out at room temperature (25 + 20C). 

The photocatalytic reactions were conducted for 

180 min, and aliquots (5 mL) were withdrawn at 

predetermined time intervals. The concentration of 

MB was determined by UV-Vis spectrophotometry 

(UV-1800; Shimadzu) at the maximum absorption 

wavelength of 664 nm. The photocatalytic 

performance was evaluated in terms of 

degradation kinetics and degradation efficiency 

studies. The degradation rate followed pseudo-

first-order kinetics and was calculated by the 

following equation: 

ln (C/Co) = –k × t  (1) 

The degradation efficiency was calculated as 

follows: 

% Degradation = [C0–Ct] / C0 × 100% (2) 

where k is the pseudo-first-rate kinetic constant, 

Co is the initial concentration, and C is the 

concentration of methylene blue at time, t. 

 

Fig. 2. Experimental setup of the photocatalytic reactor.  

2.5. Statistical analysis 

A two-way analysis of variance (ANOVA) without 

replication at P < 0.05 was used to analyse the 

results using Microsoft excel package 2021. 

3. Results and discussion 

3.1. Synthesis and characterization of the 

TiO2(sol)/ZnO(sol)-coated clay beads 

A series of TiO2/ZnO composites were successfully 

prepared by the direct mixing of a TiO2 sol with a 

ZnO sol at different volume ratios, as described in 

Figure 1. SEM-EDS was used to obtain information 

about the morphological features and to acquire 

the elemental composition of both the bare clays 

beads and the TiO2(sol)/ZnO(sol) coated beads; the 

results are shown in Figure 3 and Table 1, 

respectively. The SEM micrographs of the bare clay 

beads show a rough and non-porous surface 

(Figure 3a). Meanwhile, the EDS analysis (Table 1) 

indicated the presence of a wide variety of 

elements, K, Mg, Ca, Al, Fe, Si, and O. These results 

are expected because clays consist of tetrahedral 

silica sheets and octahedral sheets of either 

gibbsite, Al(OH)3 or brucite, Mg(OH)2, stacked 

upon each other [30]. The rest of the elements are 

commonly found on clays [31]. Figure 3b shows the 

TiO2 crystalline structures obtained over the 

surface of the bare clay beads after the calcination 

process. The micrograph shows complete coverage 

of the clay bead´s surface and the formation of 
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crystalline structures. The EDS analysis (Table 1) 

detects the signal of titanium and oxygen from the 

TiO2, as well as the signal of some elements that 

form the clay beads. A previous report on the 

synthesis of TiO2 by the sol–gel route using 

acetylacetone as a stabilizing agent showed the 

formation of crystalline structures of anatase TiO2 

[32], similar to the ones obtained in the present 

work.  

The SEM micrographs of the coated clay beads 

produced by mixing the TiO2(sol) and the ZnO(sol) at 

different ratios are illustrated in Figure 3c to Figure 

3e. The micrographs show a complete change in 

the morphology of the coated clay beads, as the 

amount of ZnO increased. Firstly, it was observed 

that the formation of the TiO2 crystal structure was 

inhibited by the incorporation of ZnO [33]. The EDS 

analysis of the different TiO2(sol)/ZnO(sol) samples 

confirmed the presence of both ZnO and TiO2 over 

the surface of the clay beads. Furthermore, the 

SEM micrograph of the pure ZnO coated clay beads 

(Figure 3f) shows the formation of ZnO 

nanoparticles that were evenly distributed over the 

surface of the clay bead. For this sample, the EDS 

analysis detected the signal of zinc and oxygen 

from the ZnO, and the signal of other elements 

that form the clay beads. 

3.2. Synthesis and characterization of the 

TiO2(sol)/ZnO(powdered)-coated clay beads 

Another set of TiO2/ZnO composites was prepared 

by direct mixing of TiO2 sol with different amounts 

of commercially available ZnO powder (from 1 to 5 

g). The obtained solution was coated on the bare 

clay beads, as described in Section 2.2. 

The SEM micrographs of the TiO2(sol)/ZnO(powdered) 

are displayed in Figure 4a to Figure 4e. Images show 

a similar morphology for all the samples, which is 

characterized by a compact structure and the 

formation of cracks. Table 2 shows the EDS analysis 

of each sample.  

The results showed that the mass percentages of 

Zn increased with the amount of powdered ZnO 

added. The EDS analysis confirmed the presence of 

Ti, O, and Zn, along with elements from the clay 

beads, indicating successful immobilization of 

TiO₂/ZnO composites on clay beads. Similar 

findings has been reported, where EDS validated 

the uniform distribution of active elements within 

hybrid nanocomposites [34]. 

3.3. Photocatalytic activities of TiO2(sol)/ZnO(sol) 

coated clay beads 

The performance of the coated clay beads obtained 

by the TiO2(sol)/ZnO(sol) and the TiO2(sol)/ZnO(powdered) 

was assessed by the photocatalytic degradation of 

methylene blue (MB). The photocatalytic 

experiments were conducted for three hours, and 

the results are displayed in Figure 5a and 5b. The 

pure TiO2-coated clay beads outperformed all the 

TiO2/ZnO composites, achieving a degradation 

efficiency of 96.8%. Comparable efficiencies have 

also been reported using a rod-like 

[Cu(phen)₂(OAc)]PF₆ complex, which exhibited 

90.1% MB photocatalytic degradation performance 

under visible light irradiation [35]. The degradation 

performances of all TiO2(sol)/ZnO(sol) coated clay 

beads ranged from 65% to 83%.  

The best performance was achieved for the sample 

with the composition of 50:50 TiO2(sol)/ZnO(sol), 

achieving a degradation efficiency of 83%. The 

photodegradation process was fit for a pseudo-

first-order kinetics with the apparent rate 

constant, k, of the TiO2, and the 50:50 TiO2/ZnO 

coated beads were 18.2 × 10–3 min–1 and 10.1 × 10–3 

min–1, respectively. Figure 5a illustrates the 

apparent rate constant, k, for all TiO2 (sol)/ZnO (sol) 

composites. 

3.4. Photocatalytic activities of TiO2 (sol)/ZnO 

(powdered) coated clay beads 

Photocatalytic degradation experiments using a 

fixed amount of TiO2 were also performed, while 

varying the loading of a commercially available 

powdered ZnO (1–5 g). The aim of this set of 

experiments was to evaluate the effect of the 

concentration of ZnO on the photocatalytic 

performance; the results are shown in Figure 5b. 

TiO2-coated clay beads had higher degradation 

efficiencies than the TiO2(sol)/ZnO(powdered)-coated 

beads, which had degradation efficiencies ranging 

from 65% to 88%. The most performing composite 

corresponded to the sample prepared by adding 3 

g of powdered ZnO to the TiO2 sol. The lowest 

photocatalytic degradation rate recorded was 6.5 

× 10–3 min–1 for the composite TiO2:1 g ZnO. A 

slightly higher apparent rate constant, k, was 

observed for all composites prepared using 

powdered ZnO compared to the samples 

synthesized using ZnO sol.
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Fig. 3. SEM micrographs of the: a) bare clay beads and the coated clay beads with TiO2(sol)/ZnO(sol) at different 

volume ratios of: b) 1:0; c) 3:1; d) 1:1; e) 1:3; and f) 0:1. 

Table 1. EDS analysis of the bare clay beads and coated by TiO2(sol):ZnO (sol). 

 K Mg Ca Al Fe Si Ti Zn O 

Bare clays beads 2.03 1.02 1.44 9.07 21.50 22.17 - - 41.74 

TiO2(sol):ZnO(sol) ratio: 

100:0 0.66 - 0.75 2.43 6.86 5.75 43.19 - 40.06 

75:25 0.74 - 0.40 4.50 6.16 6.19 36.69 5.47 39.19 

50:50 0.63 - 0.73 2.47 8.1:1 5.32 27.33 19.79 34.58 

25:75 1.81 - 0.96 9.32 10.60 19.33 4.55 23.02 40.61 

0:100 1.30 - 2.29 7.28 12.22 16.37 - 23.40 36.07 

Table 2. EDS analysis of the bare and coated clay beads with TiO2(sol):ZnO(powdered). 

 K Mg Ca Al Fe Si Ti Zn O 

Bare clays beads 2.03 1.02 1.44 9.07 21.50 22.17 - - 41.74 

TiO2(sol):ZnO(powdered)  

TiO2:1 g  1.30 - 0.68 1.89 1.97 3.53 42.63 5.12 42.88 

TiO2:2 g 0.94 - 1.05 1.49 1.76 2.40 28.56 13.76 50.05 

TiO2:3 g 1.53 - 0.22 1.34 1.66 2.80 34.75 16.13 41.56 

TiO2:4 g 1.03 - 0.33 1.03 2.35 1.73 46.41 17.87 29.25 

TiO2:5 g 2.03 - 1.17 2.02 3.84 4.17 32.04 19.23 35.50 

 

b) 

d) 

a) 

c) 

e) f) 

20kV X 2500 20kV X 2500   

20kV X 2500 20kV X 2500 

20kV X 2500 20kV X 2500 



 T. Krishnan et al./ Advances in Environmental Technology 12(3) 2026, 328-340. 334 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. SEM analysis of the coated clay beads with different TiO2(sol)/ZnO(powdered) by adding different amounts of 

ZnO at: a) 1 g; b) 2 g; c) 3 g; d) 4 g; and e) 5 g.

Similar improvements in degradation efficiency 

using hybrid catalyst systems have been reported; 

for example, Rajabi et Al. [36] achieved an 82.9% 

removal rate for monoethylene glycol by Ag0/CuO-

doped in the presence of persulfate and ultrasonic 

waves. 

3.5.  Recycling performance of TiO2(sol)/ZnO(sol) and 

TiO2(sol)/ZnO(powdered)-coated clay beads 

The major advantages of immobilizing a 

photocatalyst are its reusability and easy retrieval 

from water. Therefore, supporting materials should 

meet specific requirements, such as high specific 

area, environmentally friendly nature, as well as 

strong and durable bonding with the catalyst [37]; 

clay beads could meet these requirements.  

Recyclability experiments were performed on all 

coated clay beads. Five consecutive photocatalytic 

degradation experiments were performed under 

the same conditions. Figure 5c demonstrates the 

results for the TiO2(sol)/ZnO(sol), while Figure 5d 

shows that for the TiO2(sol)/ZnO(powdered). On 

the other hand, Table 3 reports the average 

degradation efficiencies and average reaction 

rates for the five experiments.  

The five consecutive experimental results show 

similar degradation efficiencies. The highest 

average degradation rate of the pure TiO2-coated 

beads was 96.5 ± 0.58%, with an average reaction 

rate of 19.3 × 10–3 min–1 (Table 3). On the other 

hand, the average degradation efficiency of the 

pure ZnO(sol) coated clay beads was 76.8 ± 5.1%, 

with a k = 8.2 × 10–3 min–1, which is close to the 

average degradation efficiencies of all 

TiO2(sol)/ZnO(sol) composites (72.8%–77.4%). Figure 

a) b

) 

c) d) 

e) 

20kV X 2500 20kV X 2500 

20kV X 2500 20kV X 2500 

20kV X 2500 
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5d and Table 3 show the recyclability experiments 

for the TiO2(sol)/ZnO(powdered)-coated clay beads. 

These results indicate slightly higher degradation 

efficiencies were achieved by the 

TiO2(sol)/ZnO(powdered) (72.2%–87.1%) compared to 

the values obtained for the TiO2(sol)/ZnO(sol) (72.8%–

77.4%).  

The results indicate the coating procedure was 

successfully carried out, either by using the ZnO 

synthesized by the sol–gel method or by using the 

commercially available powdered ZnO, and that all 

composites managed to maintain their 

photocatalytic performances after five cycles. A 

limitation of this study is the absence of direct 

measurements of photocatalyst leaching. 

However, there is no turbidity or visible catalyst 

residues observed in the solution, suggesting 

negligible detachment. The clay beads also 

retained their structural integrity during reuse. 

These qualitative observations align with previous 

works, where TiO2 nanoparticles immobilized on 

mortar spheres maintained over 83% of aniline blue 

photocatalytic decolorization efficiency across 

twenty consecutive cycles [38]. 

3.6. Statistical analysis results of TiO2(sol)/ZnO(sol) 

and TiO2(sol)/ZnO(powdered)-coated clay beads 

A two-way analysis of variance (ANOVA) without 

replication at a 0.05 significance level was 

performed to describe the relationships between 

(1) TiO2: ZnO ratio and variation of time, and (2) 

methylene blue degradation efficiency. The results 

are presented in Table 4. The data (TiO2(sol)/ZnO(sol)) 

shows the p-value for the ratio = 2.98E-12 < 0.05 

= α (or F = 61.35 > 2.78 = F-crit) and the p-value for 

the time = 3.17E-18 < 0.05 = α (or F = 162.70 > 2.51 

= F-crit). 

So, at the 95% level of confidence, we conclude 

there is a significant difference between the 

TiO2(sol)/ZnO(sol) ratio and time with the methylene 

blue degradation efficiency. 

The data (TiO2(sol)/ZnO(powdered)) shows the p-value 

for the ratio = 5.37E-06 < 0.05 = α (or F = 10.77 > 2.53 

= F-crit) and the p-value for the time = 3.65E-18 < 

0.05 = α (or F = 95.23 > 2.42 = F-crit). So, at the 95% 

level of confidence, we conclude there is a 

significant difference between the 

TiO2(sol)/ZnO(powdered) ratio and time with the 

methylene blue degradation efficiency.  

Table 3. Average degradation efficiencies after five consecutive experiments and average degradation rates for the 

TiO2(sol)/ZnO(sol) and the TiO2(sol)/ZnO(powdered). 

TiO2(sol)/ZnO(sol) 

Average 

degradation 

efficiency/% 

Degradation 

rate/k*10–3 

min–1 

TiO2(sol)/ZnO(powdered) 

Average 

degradation 

efficiency/% 

Degradation 

rate/k*10–3 

min–1 

100:0 96.5 ± 0.6 19.3 TiO2: 1 g ZnO 72.2 ± 5.7 7.4 

75:25 72.8 ± 5.4 7.2 TiO2: 2 g ZnO 83.3 ± 0.5 10.1 

50:50 77.4 ± 7.0 8.4 TiO2: 3 g ZnO 87.1 ± 1.0 11.5 

25:75 74.5 ± 1.7 7.4 TiO2: 4 g ZnO 79.3 ± 0.7 8.2 

0:100 76.8 ± 5.1 8.2 TiO2: 5 g ZnO 77.9 ± 1.4 8.1 

 

Table 4. Two-way analysis of variance (ANOVA) without replication for the degradation efficiency. 

Source of Variation SS df MS F P-value F crit 

TiO2(sol)/ZnO(sol) 

Ratio 4305.354 4 1076.339 61.35076 2.98E-12 2.776289 

Time 17126.72 6 2854.454 162.7024 3.17E-18 2.508189 

Error 421.0563 24 17.54401 
   

Total 21853.13 34 
    

TiO2(sol)/ZnO(powdered) 

Ratio 1534.338 5 306.8676 10.77222 5.37E-06 2.533555 

Time 16276.14 6 2712.689 95.2257 3.65E-18 2.420523 

Error 854.6083 30 28.48694 
   

Total 18665.08 41         
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Fig. 5. Degradation experiments for the coated clay beads prepared with a) TiO2(sol)/ZnO(sol) and b) 

TiO2(sol)/ZnO(powdered). The recyclability experiments are conducted for: c) TiO2(sol)/ZnO(sol) and d) TiO2(sol)/ZnO(powdered). 

Degradation rate, k, is expressed as ×10–3 min–1. 

4. Conclusion 

Different TiO₂/ZnO composites were successfully 

synthesized via the sol–gel method and 

immobilized on clay beads using a dip-coating 

process. Among the composites, 

TiO₂(sol)/ZnO(powdered) was identified as the most 

effective hybrid photocatalyst. The porosity and 

adsorption properties of the clay beads enabled the 

deposition of multiple photocatalyst layers, while 

the addition of ZnO(powdered) increased the viscosity 

of the TiO₂ sol, facilitating uniform coating. 

Photocatalytic evaluation under UV irradiation 

showed that pure TiO₂ achieved the highest 

degradation efficiency of 96.5%, whereas 

TiO₂/ZnO-coated beads exhibited efficiencies 

between 65.7% and 88.0%. All the samples 

maintained their photocatalytic performance over 

five consecutive reuse cycles, indicating stable 

immobilization and minimal deactivation. A 

limitation of this study is the absence of direct 

measurements of photocatalyst leaching and 

coating integrity.  

Future work should include quantitative analyses of 

leaching and long-term structural stability to 

further validate the practical applicability of 

immobilized materials. Overall, the use of low-cost, 

mechanically stable clay-supported TiO₂/ZnO 
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composites with reliable reusability highlights their 

potential for cost-effective scale-up and practical 

implementation in large-scale wastewater 

treatment systems. 
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