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Abstract 

In this study, two different Al2O3-TiO2 and SiO2-TiO2 hybrid TiO2 particles were synthesised by using silica (SiO2) and 

alumina (Al2O3) to suppress the photocatalysis of TiO2. Key variables such as the concentration of the hybridization 

material (C), heating temperature (Th), and calcinating temperature (Tc) were selected with performance measured by 

photodegradation rate. The Taguchi L9 orthogonal array, a systematic approach used in the design of experiments 

(DOE), confirmed A333 (Al2O3-TiO2) achieved 99% photodegradation suppression with photodegradation rate reduced 

significantly from 0.01305 min−1 to 0.00009 min−1 and improved yellowing resistance by 63%, while S323 (SiO2-TiO2) 

achieved 75% suppression with photocatalysis activity decreased from 0.01305 min−1 to 0.0033 min−1 and 42% improved 

resistance. X-ray Diffraction (XRD) analysis showed A333 had a higher rutile phase (40.1% vs. 10.2% for S323), and 

Fourier Transform Infra Red (FTIR) and Field Emission Scanning Electron Microscopy (FESEM) analyses revealed 

A333's rougher surface and lower surface area compared to S323 and pure TiO2. Overall, A333 effectively suppressed 

photocatalysis and improved yellowing resistance of epoxy thin film. 
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1. Introduction 

TiO2 is an excellent photocatalyst that 

possesses high photocatalytic activity, non-

toxicity, high stability within a wide range of pH, 

low cost, and fast electron transfer to molecular 

oxygen [1]. TiO2 has been widely used in a variety 

of consumer and industrial applications for 

decades, such as colorant in substances, 

cosmetics, water treatment, the pharmaceutical 

industry, electrochemical electrodes, capacitors, 

solar cells, food additives, and toothpaste [2]. TiO2 

also can act as a colorant as it scatters visible light 

to whiten the surrounding substances due to its 

high refractive index and it can increase the 

refractive index of polymeric materials to increase 

the transmittance of light where it can be useful 
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for optical applications such as light emitting 

diode (LED) encapsulants [3]. According to Huang 

et al. [4] incorporating TiO2 into a LED 

encapsulant could improve the properties and 

efficiency of LEDs by increasing the refractive 

index of the encapsulant. Also, by incorporating 

TiO2 particles in the encapsulant, it increases the 

thermal conductivity, therefore improving the 

thermal stability and the reliability of the LED 

[5]. 

However, one of the common problems 

encountered by the LED industry by using TiO2 as 

the filler is the performance of LEDs could 

deteriorate from reliability problems such as 

polymeric encapsulant discoloration. This is 

because since TiO2 has a wide band gap (3.2 eV), 

it absorbs UV light where the free radicals with 

high reactivity will be produced from the 

photocatalysis process. When free radicals 

encounter the polymeric fillers, they can initiate a 
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chain reaction that breaks down the molecular 

structure of the polymeric compound which can 

lead to a loss of its physical and mechanical 

properties [6–8]. This process is known as 

photodegradation. Besides, free radicals can react 

with oxygen in the air, creating peroxide and other 

reactive species that can lead to discolouration, 

embrittlement, and cracking of the polymeric 

material in the LED [9]. Consequently, the 

suppression of the photocatalytic activity of TiO2 

is believed to be able to inhibit the generation of 

free radicals that will degrade the surrounding 

organic compound, which eventually will improve 

the performance of LED in the long run.  

Suppression of the photodegradation can be 

achieved via modification on TiO2 particles in the 

polymeric materials. The most common polymeric 

materials used in the making of the encapsulant 

are silicone and epoxy [8]. Silicone possesses 

superior optical and thermal properties while 

epoxy resin has a lower price, stronger mechanical 

properties, longer lifetime, and weaker UV-aging 

resistance [10]. With a good combination of ease of 

manufacturing, mechanical stabilities, and UV 

resistance, the modified epoxy could become more 

useful in applications involving LED 

encapsulants. Hence, TiO2 could be hybridized by 

many materials to alter its photocatalytic 

performance. Optical transparency and its 

insulating properties inhibit the transportation of 

electrons and holes [11], which suppress the 

formation of free radicals. Hybrid TiO2 particles 

exhibit well-planned physicochemical 

characteristics as a result of fusing the distinctive 

behaviors of the constituent chemicals. The 

structural, textural, acid/base, and catalytic 

properties of pure TiO2 particles could be 

significantly impacted by the addition of an 

external element [12].  

TiO2 could be hybridized by many materials 

such as SiO2, Al2O3, chitosan, graphene oxide, 

hematite, and carbon to alter its photocatalytic 

performance [13–18]. A significant impact on the 

degradation efficiency to the TiO2 particles 

through the incorporation of SiO2 and Al2O3 has 

been discovered due to their optical transparency 

and their insulating properties to inhibit the 

transportation of electrons and holes [11]. 

Besides, the wide bandgap of SiO2 (7.62– 9.70 eV) 

and Al2O3 (7.0–7.6 eV) [19–21] is believed to be 

able to widen the bandgap of TiO2, which could 

inhibit the migration of photogenerated charged 

carriers. 

This article focuses on developing Al₂O₃-TiO₂ 
and SiO₂-TiO₂ hybrid particles via sol-gel 

methods to reduce TiO₂'s photocatalytic activity. 

The Taguchi method can optimize synthesis 

parameters by minimizing variance and 

examining factor interactions using orthogonal 

arrays. The optimal hybrid particles can be 

incorporated into thin epoxy films to assess their 

effectiveness in resisting UV-induced 

discoloration. 

 

2. Material and Method 

2.1 Materials 

Tetrabutyl orthotitanate, TBT ≥ 97% purity 

(Fluka Analyticals, Sigma-Aldrich, Co.), 

Tetraethyl orthosilicate, TEOS 99% purity (Fluka 

Analyticals, Sigma-Aldrich, Co.), Aluminium 

Chloride, AlCl3 99% purity (BDH), Hydrochloric 

acid, HCl (Merck), Epoxy resin, Rhodamine B 

(RhB) dye (Merck). All reagents were used as 

purchased and without further purification. 

 

2.2 Synthesis of Hybrid TiO2 Particles 

The TiO2 sol was prepared by the hydrolysis 

of tetrabutyl orthotitanate (TBT) [22,23]. Ethanol 

was used in a molar ratio of 25:1 relative to the 

TBT solution. It was added drop by drop into the 

TBT (10.2267 g, 8.5223 g, and 6.8178 g) under 

continued stirring for 30 min and 2 mL of 

hydrochloric acid (HCl) was added drop by drop to 

the mixture while stirring for an additional 30 

min. Hydrolysis was then initiated by adding de-

ionized water to the solution and stirring for 2 h. 

The de-ionized water was added according to a 

35:1 molar ratio of de-ionized water to ethanol. 

The solution was aged overnight to complete all 

the reactions before it was stirred again for 

another 1 h. This solution was indicated as 

Solution A. 

In the process of synthesising Al2O3-TiO2, 

aluminium chloride (AlCl3) was used as the 

precursor for Al2O3 [4]. Selected amounts of AlCl3 

(4.1849 g, 5.2311 g, or 6.2773 g) were added into 

100 g of deionised water and stirred for 1 h until 

it was fully dissolved. Then, it was mixed with 

Solution A and the mixture was heated on the 

hotplate at (55, 100, and 145 °C) for 1 h, the real-

time temperature of the mixture was observed by 

using the thermoset to ensure the temperature 

was accurate [23,25]. The precipitates were found 

at the bottom of the beaker. The mixture was 

centrifuged at 3000 rpm for 15 min to remove the 

excess solution and washed by using deionised 

water 3 times to obtain the precipitates. Next, the 

precipitates were then dried in the oven for 13 h 

at 70 °C and cooled to room temperature. The 

dried sample was sent to the furnace for 

calcination at different temperatures (700, 800, 

and 900 °C) with a heating rate of 2.5 °C/min and 

a soaking time of 1 h [26]. Next, the sample was 

cooled to room temperature. The final product was 

ground with ethanol as a grinding medium to 

obtain the micro and nanoparticles.  

The process of synthesising SiO2-TiO2 was 

identical to the above. The only difference was the 

amount of TBT (16.5332, 16.1923, and 15.8514 g), 



 

 

 

Bulletin of Chemical Reaction Engineering & Catalysis, 19 (3), 2024, 395 

Copyright © 2024, ISSN 1978-2993 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Symbol Process parameters Units 
Levels 

1 2 3 

C Concentrations mol% 40 50 60 

Th Heating temperature °C 55 100 145 

Tc Calcinating temperature °C 700 800 900 

 

 

 

Al2O3-TiO2 SiO2-TiO2 
Experiment 

runs 

Controllable synthesis parameters 

C (mol%) Th (°C) Tc (°C) 

A111 S111 1 1 1 1 

A122 S122 2 1 2 2 

A133 S133 3 1 3 3 

A212 S212 4 2 1 2 

A223 S223 5 2 2 3 

A231 S231 6 2 3 1 

A313 S313 7 3 1 3 

A321 S321 8 3 2 1 

A332 S332 9 3 3 2 

replacing AlCl3 with tetraethyl orthosilicate 

(TEOS) (5.5481, 6.9351, and 8.3221 g), and 

replacing 100 g of deionised water to 20 ml of 

ethanol as a solvent for TEOS [27,28]. The pure 

TiO2 particles were synthesised by using the 

synthesis parameters that produced the lowest 

photocatalytic performance of hybrid TiO2  

 

2.3 Incorporation of Hybrid TiO2 Particles into 

Epoxy Thin Film 

For the preparation of the thin epoxy film, 3 g 

of epoxy resins were first mixed with 1 g of 

hardener solution. Then, it was mixed with 0.005 

g of synthesised hybrid TiO2 particles in a beaker. 

The uniform dispersion of the particles was 

achieved by ultrasonication, then the mixture was 

transferred to the silicone mould. Finally, the 

resin was cured in the oven at 40 °C overnight to 

obtain the thin film. The thin films were cut into 

half to make a comparison before and after the 5 

h of UV irradiation. 

 

2.4 Characterisations  

The morphology and elemental evaluation of 

the hybrid TiO2 particles were done through field-

emission scanning electron microscope (FESEM) 

(ZEISS SUPRA 35VP) and Energy Dispersive X-

Ray spectrophotometer (EDX) analysis. The 

crystal phase and orientation of the samples were 

identified by using X-Ray Diffraction (XRD) 

(Bruker D2 Phaser model) using Cu Kα radiation 

(0.15406 nm) with a scanning range from 10° to 

90° of 2θ at 30 kV. The presence of the chemical 

bonds in the samples were identified by using 

FTIR spectroscopy. The zeta potential of the 

samples were measured by using the Malvern 

Zetasizer Nano series by dispersing 0.05 g of the 

sample in 60 ml of ultrapure water via 

ultrasonication. Zetasizer can identify the 

stability of particle dispersion, aggregation, or 

flocculation of the particles. A precise surface area 

and porosity distribution of solid materials were 

measured via BET analysis. A degassing 

procedure is required in BET to eliminate any 

moisture that may be physically bound to the 

surface. The degassing procedure is carried out for 

8 h in a vacuum condition at 350 °C. 

 

2.5 Evaluation of Photocatalytic Activities 

The photocatalytic activities of synthesised 

hybrid TiO2 particles (Al2O3/TiO2 and SiO2/TiO2) 

were evaluated using RhB dye as the organic dye. 

The synthesised sample (0.05 g) was added into 

the 5 ppm of RhB dye solution. The mixture was 

then stirred under UV radiation conditions inside 

a light chamber. The RhB solution with 

synthesised samples were stirred for 30 min under 

dark conditions and then exposed to UV 

irradiation for 90 min. The degradation efficiency 

of RhB solution was analysed using a UV-Vis 

spectrometer (Varian Cary 50) with a wavelength 

range from 800 nm to 400 nm. The rate constant 

of the photodegradation was presented by using 

the Pseudo-First-Order Kinetic Model and the 

photodegradation efficiencies of the samples were 

calculated by Equation (1) as follows: 

 

0

0

100%
C C

E
C

−
=      (1) 

 

Table 2. Experimental plan of the Taguchi method for Al2O3-TiO2 and SiO2-TiO2. 

Table 1. Synthesis parameters of Al2O3/TiO2 and SiO2/TiO2. 
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where, C0 and C represent the solution 

concentration or absorbance before and after 

degradation, respectively. 

 

2.6 The Taguchi Method 

The Taguchi statistical method is employed to 

look at how different parameters affect the mean 

and variance of a process. The Taguchi method 

uses the mixed-level fractional factorial designs to 

conduct the fewest experiments feasible while 

staying within the parameters of the factors and 

levels permitted. In this research, the Taguchi 

statistical method is used to optimise the 

synthesis parameters to suppress the 

photocatalytic activity of hybrid TiO2. The 

synthesis process has 3 factors with 3 levels each. 

Table 1 shows the range of each controllable 

variable and their levels for synthesizing hybrid 

TiO2 particles using Al2O3 and SiO2. 

The design of the Taguchi method was a 

Taguchi L9 orthogonal array for performing the 

experiments. The design of L9 orthogonal array is 

shown in Table 2 [29]. It was applied to both 

synthesis processes of Al2O3-TiO2 and SiO2-TiO2. 

After conducting the experiments, the rate of 

photodegradation of each sample was obtained to 

measure the signal-to-noise (S/N) values of the 

process. Then, the confirmation test was carried 

out by comparing the experimental S/N ratio of 

the sample synthesised via the optimum 

parameter and its predicted S/N ratio [30].  S/N 

calculations were further elaborated in the section 

3.3.  

 

2.7 Evaluation of the Yellowing of Epoxy Film 

The epoxy thin films incorporated with 

optimum hybrid TiO2 particles (Al2O3/TiO2 and 

SiO2/TiO2) obtained from the confirmation test of 

the Taguchi method were inserted into the UV 

chamber to be irradiated by the UV light for 5 h to 

study the effect of hybrid TiO2 particles on the 

resistance of epoxy film towards UV radiation. 

The yellowness index of the thin films was 

calculated to study the degree of yellowness. The 

degree of yellowing was measured by using the 

Yellowness Color index measurement of standard 

Tristimulus values according to the International 

Commission on Illumination (CIE) to measure the 

RGB (Red, Green, Blue) value of the epoxy film. 

The calculation of RGB values was further 

discussed in section 3.4.   

 

3. Results and Discussion 

3.1 Characterization of Hybrid TiO2 

3.1.1 XRD analysis 
Figure 1 illustrates the X-ray diffraction 

(XRD) patterns of pure TiO2 particles and the 

hybrid TiO2 particles with optimum synthesis 

parameters (A333 and S323). For the pure TiO2, 

the diffraction peaks at 2 = 27.477, 36.138, 

41.306, 44.111, 56.716, 62.870, 64.152, 

69.121, 76.679, 82.485, 84.401, and 89.725 

correspond to (110), (011), (111), (120), (220), 

(002), (130), (031), (022), (231), (040), and (222) 

tetragonal rutile phase of TiO2 (ICSD 98-004-

6226). The peaks at 2 = 38.314, 53.344, and 

68.052 correspond to (112), (105), and (116) 

tetragonal anatase phase of TiO2 (ICSD 96-900-

8217). For A333, the peaks at 2 = 25.156, 

37.385, 47.782, 53.344, 54.752, 68.052, and 

74.397 correspond to (101), (004), (200), (105), 

(211), (116), and (215) tetragonal anatase phase of 

TiO2 (ICSD 96-900-8217). The peaks at 2 = 

27.477, 36.138, 56.716, 62.870, 64.152, 

69.121, and 82.458 correspond to (110), (011), 

(220), (002), (130), (031), and (231) tetragonal 

rutile phase of TiO2 (ICSD 98-004-6226). For 

S323, the peaks at 2 = 25.156, 37.385, 47.782, 

53.344, 68.052, and 74.397 correspond to (101), 

(004), (200), (105), (116), and (215) tetragonal 

anatase phase of TiO2 (ICSD 96-900-8217). The 

peaks at 2 = 5.697 and 27.404 correspond to 

(200) and (110) tetragonal cristobalite phase of 

SiO2 (ICSD 96-901-6250). The peaks at 2 = 

62.870, 69.121, and 82.485 correspond to (002), 

(031), and (231) tetragonal rutile phase of TiO2 

(ICSD 98-004-6226). In addition, the Rietveld 

refinement was carried out to study the 

percentage of phases in A333 and S323. A333 has 

a higher rutile percentage (40.1% vs 10.2%) and 

lower anatase percentage (36.5% vs 71.6) than 

S323. The higher percentage of the rutile phase 

has contributed to the better suppression of A333 

than S323 because rutile is a weaker phase of TiO2 

in terms of photocatalytic activity [31]. Figure 1. XRD patterns of pure TiO2, A333 and 

S323. 
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3.1.2 FTIR analysis 
Figure 2 demonstrates the FTIR spectrum of 

pure TiO2 particles and the hybrid TiO2 particles 

with optimum synthesis parameters (A333 and 

S323). The peak at 510 cm−1 for all samples 

corresponds to the Ti−O vibration [32], which 

confirms the presence of the TiO2 particles in the 

sample. For pure TiO2, the peaks at 451 cm−1 

correspond to the stretching vibrations mode of 

the Ti−O [33]. For A333, the peaks at 433 cm−1, 

1130 cm−1, 1355 cm−1, 1722 cm−1, and 3618 cm−1 

correspond to the stretching vibrations mode of 

the Al−O, Al−O−H, Al=O, Ti−OH, and −OH bond 

bands, respectively [32,34,35]. For S323, the 

peaks at 790 cm−1, 970 cm−1, 1072 cm−1, 1620 cm−1, 

and 3721 cm−1 correspond to the stretching 

vibrations mode of the Si−O−Si, Si−OH, Si−O−Si, 

−OH, and Si−OH bond bands, respectively 

[32,33,36]. 

 

3.1.3 FESEM and EDX analysis 
Figure 3 shows the FESEM image and EDX 

results of pure TiO2, A333, and S323. The surface 

morphology of the samples was observed under 

the magnification of 30kX via FESEM. The pure 

TiO2 particles appeared to be spherical shapes, 

while the particles of A333 and S323 appeared to 

be irregular shapes. The pure TiO2 particles 

tended to agglomerate and formed the micro-size 

particles, while the smaller particles in A333 and 

S323 tended to adhere to the larger particles due 

to the weak stability of the particles that caused 

aggregation. The agglomeration and aggregation 

of the particles were due to the adhesion of the 

particles to each other by weak forces, which 

reduced the surface area of the particles [37]. The 

surface of the S323 appeared to be less rough than 

A323 and pure TiO2, it indicates that the 

hybridization of the TiO2 with SiO2 could produce 

a smoother particle surface than Al2O3. The 

surface roughness and the agglomeration of TiO2 

particles could reduce the amount of accessible 

hydroxyl group (HO•) at the surface of the 

particles [37]. It could reduce the number of free 

radicals generated and subsequently reduce the 

photocatalytic performance of the particles. The 

EDX results show that pure TiO2 has 61.73% and 

38.27% atomic percentage of O and Ti, 

respectively, which corresponds to the chemical 

formula of TiO2. For A333, the atomic percentage 

Figure 2. FTIR spectrum of pure TiO2, A333 and 

S323 

Figure 3. FESEM image and EDX results of (a) 

pure TiO2, (b) A333, and (c) S323. 

(c) 

(b) 

(a) 
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Sample Zeta potential (mV) Standard deviation (mV) 

A111 19.5 5.56 

A122 16.5 4.67 

A133 -6.43 7.09 

A212 31.9 6.29 

A223 26.2 6.76 

A231 23.2 7.38 

A313 33.5 5.26 

A321 24.5 7.30 

A332 19.7 10.3 

A333 -19.4 5.25 

TiO2_S -18.2 5.95 

 

 

 

Sample Zeta potential (mV) Standard deviation (mV) 

S111 -29.2 5.96 

S122 -36.2 6.05 

S133 -26.3 4.91 

S212 -30.6 4.21 

S223 -28.0 5.36 

S231 -24.2 4.81 

S313 -17.4 5.48 

S321 -29.2 5.80 

S332 -40.5 6.46 

S323 -34.7 5.35 

TiO2_S -18.2 5.95 

of O, Al, and Ti are 63.02%, 25.01%, and 11.97% 

respectively. The theoretical atomic percentage of 

Al in 60 mol% of Al2O3 and 40 mol% of TiO2 is 

28.57%, which was close to the experimental 

atomic percentage of 25.01%. For S323, the atomic 

percentage of Ti, Si, and O was 65.75%, 13.86%, 

and 20.39% respectively. The theoretical atomic 

percentage of Si in 60 mol% of SiO2 and 40 mol % 

of TiO2 is 32.96%, which was different to the 

experimental atomic percentage of 13.86%. In 

conclusion, the EDX results have shown that the 

elemental composition of the samples was close to 

the theoretical values. 

 

3.1.4 Zeta Potential Analysis 
Most of the Al2O3-TiO2 particles have shown 

positive zeta potential with 16.5 mV to 33.5 mV, 

while the pure TiO2 particles, A133, and A333 

Table 4. The average zeta potential of SiO2-TiO2 and pure TiO2 produced by different synthesis. 

Table 3. The average zeta potential of Al2O3-TiO2 and pure TiO2 produced by different synthesis 

parameters. 

Figure 4. Scatter plot of rate constant vs zeta 

potential of Al2O3-TiO2 and pure TiO2 particles. 

Figure 5. Scatter plot of rate constant vs zeta 

potential of SiO2-TiO2 and pure TiO2 particles. 
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Sample Total surface area (m2/g) Average particle size (nm) 

Pure TiO2 208.8179 356.6 

A333 5.2067 486.4 

S323 26.2950 1002 

 

 

 

 

Sample 

Removal efficiency after 

90 min of UV irradiation 

(%) 

Pseudo-First-Order Kinetic Modelling 

Rate of photodegradation, 

K1 (min−1) 

Coefficient of determination, 

R2 

A111 60.76590 0.00614 0.99682 

A122 34.46239 0.00453 0.99850 

A133 20.75167 0.00251 0.99543 

A212 20.32839 0.00281 0.98721 

A223 10.03197 0.00119 0.99890 

A231 24.6665 0.00304 0.99069 

A313 18.16928 0.00232 0.99585 

A321 39.64129 0.00551 0.99940 

A332 7.496520 0.00093 0.98906 

TiO2_S 73.19104 0.01305 0.98607 

have shown negative zeta potential with −18.2 

mV, −6.43 mV, and −19.4 mV respectively as 

shown in Table 3. Also, all SiO2-TiO2 particles 

showed negative zeta potential ranging from 

−17.4 mV to −40.5 mV can be observed in Table 4. 

The positive zeta potential indicated the high 

stability of the particles to resist agglomeration as 

there was electrostatic repulsion between 

particles, while the negative zeta potential 

indicates the low stability of the particles [38]. 

Figure 4 and Figure 5 shows the scatter plots of 

rate constant vs zeta potential of the hybrid and 

pure TiO2 particles. Pearson’s correlation 

coefficient (r) was calculated by using it to show 

the correlation coefficient between the zeta 

potential and the rate of photodegradation. The 

correlation coefficient ranges from -1 to 1, where -

1 indicates a strong negative correlation, 0 

indicates no correlation, and 1 indicates a strong 

positive correlation. For Al2O3-TiO2 and SiO2-

TiO2, Pearson’s r was -0.31532 and -0.15152 

respectively, which indicates that there is a slight 

negative correlation between the rate constant 

and zeta potential for the hybrid and pure TiO2 

particles. It could be concluded that the degree of 

agglomeration of the particles has no significant 

impact on the rate of photodegradation for the 

hybrid TiO2 particles. Similar results were 

obtained by Tyukavkina et al. [17], where the 

sample had the lowest agglomeration and particle 

size among all the samples possessed the ability 

to suppress photocatalytic activity. Therefore, the 

degree of agglomerations did not have a 

significant impact on the performance of the 

photocatalytic activity. 

 

3.1.5 BET Surface Area Analysis 

The BET total surface area and the particle 

size of pure TiO2, A333 and S323 particles are 

shown in Table 5. Pure TiO2 has shown the 

highest total surface area among all (208.8179 

m2/g), A333 has shown the lowest total surface 

area among all (5.2067 m2/g), and S323 has a total 

surface area of 26.2950 m2/g. As measured in the 

previous section, the rate of photodegradation of 

A333 is the lowest, followed by S323 and pure 

TiO2. It was observed that the rate of 

photodegradation of the particles decreased with 

the total surface area of the particles. It might be 

due to a larger number of surface-active sites for 

the reaction to take place [39]. Normally, the total 

surface area of the particles will be higher when 

the particle size is smaller, thus increasing the 

photocatalytic activity of the photocatalyst [40]. 

However, the total surface areas of the particles in 

this study were not affected by the particle size. 

The particle size of S323 was almost 2 times larger 

than A333, but the total surface area of S323 was 

almost 5 times larger than A333. It might be due 

to the total pore volume of the S323 being larger 

than A333, which created more total surface area 

in the particles. Similar results were obtained by 

Hosseini et al. [41], where two particles of similar 

particle size were observed, but different pore 

volumes showed different total surface area. 

Which concluded that the particles with higher 

pore volume have a higher total surface area. 

From the BET analysis, it can be concluded that 

Al2O3-TiO2 and SiO2-TiO2 suppressed the 

photocatalytic activity due to their lower surface 

area than pure TiO2. 

Table 5. BET surface area analysis of pure TiO2, A333 and S323 particles. 

Table 6. Removal efficiency and rate constant of Pseudo-First-Order Kinetic Modelling of Al2O3-TiO2 

produced by different synthesis parameters. 
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Sample 

Removal efficiency after 

90 min of UV irradiation 

(%) 

Pseudo-First-Order Kinetic Modelling 

Rate of photodegradation, 

K1 (min−1) 

Coefficient of determination, 

R2 

S111 98.76284 0.03938 0.95177 

S122 96.21673 0.03495 0.99467 

S133 88.88429 0.02359 0.99584 

S212 96.31167 0.03565 0.99828 

S223 37.41583 0.00557 0.99253 

S231 95.75585 0.02977 0.97082 

S313 45.25445 0.00633 0.99194 

S321 66.29067 0.01167 0.99624 

S332 56.89244 0.00948 0.99028 

TiO2_S 73.19104 0.01305 0.98607 

3.2 Photocatalytic and Kinetic Studies of Hybrid 

TiO2 

The photocatalytic performance of hybrid 

TiO2 particles synthesised using different 

synthesis parameters in degrading RhB dye 

solution was studied. Noted that the samples were 

named after the synthesis parameters, for 

example, A111 represented by TiO2 hybridised by 

Al2O3 and was synthesised by the parameters 

following C1, Th1, and Tc1, where C = concentration 

of the hybridization materials, Th = heating 

temperature, and Tc = calcinating temperature. 

Table 6 and Table 7 summarise the removal 

efficiency (%) after 90 min of UV irradiation, the 

rate of degradation of Pseudo-First-Order Kinetic 

Modelling (min−1), and the coefficient of 

determination of Al2O3-TiO2 and SiO2-TiO2 hybrid 

particles. 

Figure 6 shows the kinetic plot and the rate of 

photodegradation of the hybrid TiO2 particles in 

RhB dye solution under 90 min of UV irradiation. 

A332 and S223 achieved the highest removal 

efficiencies of 60.765% and 98.762%, respectively 

after 90 min of UV irradiation. They also had a 

rate of photodegradation of 0.00614 min−1 and 

0.03938 min−1, respectively. On the other hand, 

A111 and S111 achieved the lowest removal 

efficiencies of 7.497% and 37.416%, respectively 

after 90 min of UV irradiation. They also recorded 

a rate of photodegradation of 0.00093 min−1 and 

0.00557 min−1, respectively. When compared to 

the pure TiO2 particles with 73.191% removal 

efficiency and 0.01305 min−1 rate of 

photodegradation, all samples of Al2O3-TiO2 have 

obtained a lower rate of photodegradation than 

pure TiO2. 

On the contrary, only 4 samples of SiO2-TiO2 

obtained a lower rate of photodegradation than 

pure TiO2, which were S223, S313, S321, and 

S332. It was observed that with higher 

concentrations of SiO2, the rate of 

photodegradation would be suppressed. When the 

concentration of SiO2 was low, the rate of 

photodegradation would be enhanced. It could be 

Table 7. Removal efficiency and rate constant of Pseudo-First-Order Kinetic Modelling of SiO2-TiO2 

produced by different synthesis parameters 

Figure 6. Kinetic plot of Pseudo first order of (a) Al2O3-TiO2 and (b) SiO2-TiO2. 

(a) (b) 
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Exp. runs 

Controllable synthesis parameters  Experimental results 
S/N ratios of 

results C Th Tc  
Rate constant 

(Rc) 

Rate constant 

prime (Rc’) 

1 1 1 1  0.00614 614 -55.76337 

2 1 2 2  0.00453 453 -53.12196 

3 1 3 3  0.00251 251 -47.99347 

4 2 1 2  0.00281 281 -48.97413 

5 2 2 3  0.00119 119 -41.51094 

6 2 3 1  0.00304 304 -49.65747 

7 3 1 3  0.00232 232 -47.30976 

8 3 2 1  0.00551 551 -54.82303 

9 3 3 2  0.00093 93 -39.36966 

 

 

 

Exp. runs 

Controllable synthesis parameters  Experimental results 
S/N ratios of 

results C Th Tc  
Rate constant 

(Rc) 

Rate constant 

prime (Rc’) 

1 1 1 1  0.03938 3938 -71.90551 

2 1 2 2  0.03565 3565 -71.04119 

3 1 3 3  0.01167 1167 -61.34142 

4 2 1 2  0.03495 3495 -70.86894 

5 2 2 3  0.00557 557 -54.91710 

6 2 3 1  0.02977 2977 -69.47558 

7 3 1 3  0.00633 633 -56.02807 

8 3 2 1  0.02359 2359 -67.45456 

9 3 3 2  0.00948 948 -59.53617 

concluded that a smaller amount of SiO2 could 

improve the rate of photodegradation while a 

higher amount of SiO2 could suppress the rate of 

photodegradation. For both hybrid particles, the 

highest rate of degradation was achieved with all 

the synthesis parameters of level 1, which were 40 

mol% of hybridization materials, 55 °C of heating 

temperature, and 700 °C of calcinating 

temperature. The high photodegradation rate 

could be due to the higher amount of the anatase 

phase resulting from the lower calcinating 

temperature of 700 °C as shown in Figure 6.  

The coefficient of determination is the 

measure of the goodness of fit (R2) of a model, 

which ranges from 0 to 1. A value that is closer to 

1 indicates that it has better fits. The R2 for both 

tables range from 0.95177 to 0.99940, which 

indicates all of them have good fitness. 

 

3.3 The Taguchi Method 

The optimization of the synthesis parameters 

of Al2O3-TiO2 and SiO2-TiO2 were performed by 

using the Taguchi Method. The rate of 

photodegradation of each sample was obtained 

and converted to the signal-to-noise (S/N) ratios 

that represented the quality of the product. The 

S/N ratios were calculated based on the rate of 

photodegradation of the samples. The ratio of 

mean to standard deviation is known as the S/N 

ratio. Taguchi coined the terms "signal" and 

"noise," which refer to the response's desired value 

(mean) and undesirable value (standard 

deviation), respectively. Taguchi categorises the 

S/N ratio into three groups based on the reaction 

requirements: medium-the-better, bigger-the-

better, and smaller-the-better [30].  In this study, 

a smaller rate of photodegradation is desirable. 

The calculation of the S/N value of smaller the 

better by using Equation (2). 

 

( )21
10log

S value for smaller the better
N

R
n

=

 
−  

 


  (2) 

 

where, n is the number of replications for each 

combination of factor levels and R is the observed 

data for each response. 

In this case, the smaller the photocatalytic 

activity is better, which means the noise needs to 

be minimized and the signal needs to be 

maximized. Therefore, the lower S/N ratio 

indicates better performance. Taguchi method is 

created to reduce the impact of outside influences, 

such as fluctuations in raw materials or ambient 

conditions, to strengthen processes and products.  

Table 8. Experimental plan and results, and the calculated S/N ratios of Al2O3-TiO2. 

Table 9. Experimental plan and results, and the calculated S/N ratios of SiO2-TiO2. 
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Symbol Synthesis parameters 
Mean S/N ratio 

Level 1 Level 2 Level 3 Max-Min Rank 

C Concentration of the hybridization 

materials (mol %) 

-50.03 -48.98 -47.17 2.86 3 

Th Heating temperature (°C) -50.68 -49.82 -45.67 5.01 2 

Tc Calcinating temperature (°C) -51.15 -49.42 -45.60 5.55 1 

 

 

 

Symbol Synthesis parameters 
Mean S/N ratio 

Level 1 Level 2 Level 3 Max-Min Rank 

C Concentration of the hybridization 

materials (mol %) 

-70.08 -65.14 -58.97 11.11 1 

Th Heating temperature (°C) -66.32 -62.38 -67.57 3.95 3 

Tc Calcinating temperature (°C) -67.57 -67.15 -59.47 8.11 2 

Besides, the Taguchi method uses a methodical 

way to carry out tests with a limited number of 

trials. When compared to conventional 

experimental design methods, which may call for 

more experiments, this helps us to save time, 

resources, and money. 

 

3.3.1 Effect of synthesis parameters on the rate 

of photodegradation of the hybrid TiO2 particles 

Table 8 and Table 9 show the experimental 

plan, experimental results, and the calculated S/N 

ratios of Al2O3-TiO2 and SiO2-TiO2. The rate 

constants were multiplied by 10000 to obtain all 

S/N ratios with negative values. The higher S/N 

ratio represents the minimum variation difference 

between the desirable output and the measured 

output. The lowest S/N ratios were achieved by 

A332 (C = 60 mol%, Th = 145 °C, and Tc = 800 °C) 

and S223 (C = 50 mol%, Th = 100 °C, and Tc = 800 

°C). 

 

3.3.2 Optimum condition for synthesis of the 

hybrid TiO2 particles 

Table 10 and Table 11 show the S/N ratio of 

the hybrid TiO2 particles, whereas the main 

effects plot for S/N ratios obtained in the Minitab 

software tool is shown in Figure 7. The mean S/N 

ratios were obtained according to the level of the 

variable, a higher ranking of the variable 

indicates a greater sensitivity of the system to 

changes in the parameters. For Al2O3-TiO2 and 

SiO2-TiO2 particles, the highest ranking of the 

variable was Tc and C, respectively. The lowest 

ranking of the variables for Al2O3-TiO2 and SiO2-

TiO2 were C and Th, respectively. The highest S/N 

ratios were bolded in both mean S/N ratio 

response tables of the hybrid TiO2 particles, which 

show the predicted optimum synthesis 

parameters of the samples. For Al2O3-TiO2, it was 

C = 70 mol%, Th = 145 °C, and Tc = 900 °C. For 

SiO2-TiO2, it was C = 70 mol%, Th = 100 °C, and Tc 

= 900 °C. The predicted optimum process 

parameters for Al2O3-TiO2 particles were 

represented by C3 – Th3 – Tc3, while SiO2-TiO2 were 

represented by C3 – Th2 – Tc3. 

 

3.3.3 Confirmation test 

The hybrid TiO2 particles were produced by 

using the predicted optimum synthesis 

parameters. For example, A333 was produced 

Table 11. Mean S/N ratio response table for SiO2-TiO2. 

Table 10. Mean S/N ratio response table for Al2O3-TiO2. 

Figure 7. Main effects plot for S/N ratios of (a) 

Al2O3-TiO2, and (b) SiO2-TiO2. 

(a) 

(b) 
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 Initial synthesis parameter 
Optimal synthesis parameters 

Prediction Experiment 

Level C3 – Th3 – Tc2 C3 – Th3 – Tc3 C3 – Th3 – Tc3 

Rate constant (Rc) 0.00093 - 0.00009 

Rate constant prime (Rc’) 93 - 9 

Removal efficiency at 90 mins (%) 7.49652 - 0.92650 

S/N ratio (dB) -39.36966 -40.99500 -19.08485 

Improvement in S/N ratio (dB) 21.91015 - - 

 

 

 

 Initial synthesis parameter 
Optimal synthesis parameters 

Prediction Experiment 

Level C2 – Th2 – Tc3 C3 – Th3 – Tc3 C3 – Th3 – Tc3 

Rate constant (min−1) 0.00557 - 0.00330 

Rate constant prime (Rc’) 557 - 330 

Removal efficiency at 90 min (%) 37.41583 - 21.88500 

S/N ratio (dB) -54.91710 -52.42778 -10.37030 

Improvement in S/N ratio (dB) 44.54680 - - 

using the parameters of C3 – Th3 – Tc3, and S323 

was produced using the parameters of C3 – Th2 – 

Tc3. Figure 8 shows the UV-Vis absorbance spectra 

of RhB dye solution degraded by A333 and S323. 

To validate the Taguchi predicted optimum 

synthesis parameters, the predicted S/N ratios (εp) 

were calculated using Equation (3) to estimate 

and verify the response at predicted optimum 

synthesis parameters of the hybrid TiO2 particles 

[30]. The results of the confirmation tests are 

shown in Table 12 and Table 13. The experimental 

S/N ratios were higher than the predicted S/N 

ratio for both samples. There is a high S/N ratio 

improvement for both hybrid TiO2 particles, which 

were 21.91015 dB and 44.5468 dB respectively 

compared to the initial synthesis parameters that 

yielded the lowest rate of photodegradation. It is 

noted that the removal efficiency of A333 at 90 

min was nearly zero, indicating almost 100% 

photocatalysis suppression. Therefore, the 

Taguchi predicted optimum synthesis parameters 

were taken to obtain the best photocatalysis 

suppression. 

 

( )1 0
1

x

p i
i

   
=

= + −    (3) 

 

where εp is the predicted S/N ratio, ε1 is the mean 

of total S/N ratio, ε0 is the mean of S/N ratio at 

optimum level, and x is the number of input 

process parameter. 

 

Table 13. Conformation test results for the rate constant of SiO2-TiO2. 

Table 12. Conformation test results for the rate constant of Al2O3-TiO2. 

Figure 8. UV-Vis absorbance spectra of RhB solution degraded by (a) A333, and (b) S323. 

(b) (a) 
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Particles 

incorporated 
Before UV light After UV light 

RGB values after 

UV light Yellowness 

index 
R G B 

None 

  

119 106 89 19.2524 

Pure TiO2 

  

200 182 135 26.5291 

A333 

  

154 155 136 9.7905 

S323 

  

102 97 82 15.3909 

3.4 Incorporation of Hybrid TiO2 into Epoxy Thin 

Film 
Table 14 demonstrates the image and yellow 

index of the epoxy films after irradiation of UV 

light for 5 h. The degree of yellowing was 

measured by using the Yellowness Color index 

measurement of standard Tristimulus values 

according to the International Commission on 

Illumination (CIE). The RGB values of the epoxy 

films were used to calculate the yellowness index 

of each epoxy thin film using Equation (4) to 

Equation (7) [42]. The highest value was obtained 

from the film incorporated by pure TiO2, followed 

by no particle incorporated, S323, and A333. It 

shows that pure TiO2 increased the degree of 

yellowing due to the photocatalytic activity that 

released free radicals which caused the 

discoloration of epoxy thin film. On the contrary, 

S323 and A333 reduced the degree of yellowing 

due to their ability to suppress photocatalytic 

activity, which reduced the number of free 

radicals that could degrade the epoxy thin film. 

Besides, it is believed that S323 and A333 

absorbed UV radiation, which further reduced the 

yellowing of the epoxy thin film caused by UV 

radiation. 

 

X= 0.4125R + 0.3576G + 0.1804B  (4) 

Y= 0.2127R + 0.7152G + 0.0722B  (5) 

Z= 0.0193R + 0.1192G + 0.9403B  (6) 

 

where, R is Red values, G is Green values, and B 

is Blue values. 

 

( )100
X Z

C X C Z
YI

Y

−
=    (7) 

where YI is Yellowness index, Cx is 1.3013, and Cz 

is 1.1498. 

 

4. Conclusion 

Hybrid TiO2 particles with Al2O3 and SiO2 

were synthesized using a sol-gel method and 

confirmed via the Taguchi L9 orthogonal array to 

find optimal synthesis parameters by evaluating 

photodegradation rates in RhB dye solution. The 

best parameters were C3–Th3–Tc3 for Al2O3-TiO2 

(A333) and C3–Th2–Tc3 for SiO2-TiO2 (S323). 

Confirmation tests showed that A333 and S323 

achieved 99% and 75% photocatalytic suppression 

with S/N ratio improvements of 21.9 dB and 44.6 

dB, respectively, using only 21 runs versus 57 

required for full factorial design. The 

photodegradation suppression of A333 shows 

reduced activity from 0.01305 min−1 to 0.00009 

min−1, while S323 achieved suppression with 

photocatalysis activity decreased from 0.01305 

min−1 to 0.0033 min−1. Particle characterization 

revealed that A333 had a higher rutile phase 

(40.1% vs. 10.2% for S323) and a rougher surface, 

leading to reduced photocatalytic activity 

compared to S323. XRD, FTIR, FESEM and BET 

analyses showed that A333's lower surface area 

and rutile phase contributed to decreased free 

radical generation. When the optimized hybrid 

(A333, S323) TiO2 particles obtained from the 

Taguchi confirmed test were incorporated into 

epoxy thin films and UV-irradiated, the 

yellowness indices were 9.8 for A333, 15.4 for 

S323, 19.3 for no particles, and 26.5 for pure TiO2. 

Thus, A333 and S323 effectively reduced 

yellowing in epoxy films by suppressing TiO2 

photocatalytic activity. 

Table 14. The image and yellow index of the epoxy films after irradiation of UV light. 
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