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Abstract 
 

Environmental pollution from dye waste is one of the environmental problems that is of concern today. One 

method that is effective, reliable, and does not require a large cost is photodegradation. In this study, a 

TiO2/porous ceramic (TiO2/PC) photocatalyst was used which was synthesized by the sol-gel coating method. 

The resulting photocatalyst was then characterized using XRF, XRD, SEM, and SAA which were then 

applied to the photodegradation process of methyl orange (MO) dyestuffs. Optimization of photodegradation 

conditions of MO dyes using porous TiO2/PC catalysts was carried out using the Response Surface 

Methodology (RSM) method by Central Composite Design (CCD). The characterization results showed that 

the TiO2 phase was in the rutile phase with a level of 10.35%. The resulting photocatalyst has pores on the 

surface covered by TiO2 with a shrinking pore volume after impregnation from 0.076637 cm3/g to 0.064943 

cm3/g with an average pore diameter from 4.51187 nm to 4.49999 nm. The optimal condition of degradation 

of MO dye occurred at pH 6, an initial concentration of 25 mg/L for 120 minutes, with a percentage of 

degradation of 89.54% and can be used up to four cycles. Thus, TiO2/PC photocatalysts have the potential to 

be used in the process of processing MO dye waste. 
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1 Introduction 

The availability of safe drinking water and 

clean water sanitation are the main resources to 

ensure human well-being. However, the rapid 

development of industry has caused water 

pollution in the environment. One of the largest 

wastes that is directly discharged into the 

environment is dye [1,2]. Dye waste that is 

discharged into the environment without further 

processing is toxic with potential carcinogenic and 

genotoxic effects [3]. One of the dyes that is 

widely used on an industrial scale and cannot be 

naturally decomposed is methyl orange (MO) dye 

[4]. This is because MO dye contains a benzene 

group so it has carcinogenic properties and takes a 

long time to degrade [5]. 

Therefore, a method to degrade MO dyes is 

required. Several methods that have been used in 

wastewater treatment processes are adsorption, 

coagulation, precipitation, photodegradation, ion 

exchange, and electrochemistry [6]. Among these 

methods, photodegradation is a method that is 

widely used because it uses photocatalysts that can 

be mass-produced, are effective, and reliable in 

processing dye waste [7]. In general, the 

photocatalysts used are metal oxides, such as ZnO 

[8], TiO2 [9], Fe2O3 [10], PbO [11], and CuO [12]. 

Among these photocatalysts, TiO2 is the most 

widely studied because it has several advantages, 

including having a small band gap. This 

characteristics are able to facilitate the occurrence 

of photoreduction and photo-oxidation reactions 

through the process of electron excitation from the 

valence band and conduction band with the help 

of UV light [9]. Through this mechanism, •OH and 

•O2
- radicals are formed which will then degrade 

the complex dye structure into a simpler structure 

[7]. 

Several previous studies reported that the 

efficiency and effectiveness of TiO2 catalysts can 

be improved by using catalyst supports. Several 

materials that have been used as catalyst supports 
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for the photodegradation process are zeolite, 

alumina, silica, and activated carbon [13,14]. 

However, the catalyst supports are in powder 

form, a separation stage is still needed after the 

degradation process. Therefore, in this study we 

tried to use advanced materials in the form of 

pellets which are superior and preferred by the 

industry because they are easy to separate and can 

be used repeatedly. The use of TiO2/porous 

ceramic catalysts has several advantages, namely 

easy to reuse because they are easy to separate, 

have high resistance, and the TiO2 leaching 

process on the catalyst surface can be avoided 

[15,16]. The advanced pellet-shaped material used 

in this study is porous ceramics. The use of porous 

ceramics in catalytic reactions has been studied in 

recent years, including in the H2 synthesis process 
[17], styrene synthesis [18], biodiesel production 

[19] and phenol degradation [10]. The porous 

ceramics used in this study are prototypes that 

have been produced in previous studies that were 

synthesized from natural clay and cassava starch 

by gelcasting [20]. 

In the laboratory-scale photodegradation 

process, it is carried out in aqueous solutions, so 

that optimum conditions are needed for industrial 

application. One way to determine optimum 

conditions is to use Response Surface 

Methodology (RSM). Several experimental plans 

such as 3k factorial, Doehlert, Box-Behnken, and 

Central Composite Design (CCD) have been used 

for this process [21]. Among these models, CCD 

is the most commonly used method to control 

optimal conditions and the influence of each 

independent variable, which is considered an 

advantage of this statistical method [22]. Based on 

literature studies that have been carried out, 

several independent variables that affect the 

photodegradation process are solution pH, 

irradiation time, and catalyst dose. 

Several previous studies have used CCD-

based RSM to optimize the efficiency of 

photodegradation of various types of dyes from 

aqueous solutions [23,12]. However, previous 

studies have never used TiO2 photocatalyst 

supported by porous ceramics in the form of 

pellets. Thus, its application in the process of 

optimizing the photodegradation of MO dyes 

using TiO2/porous ceramics is a new innovation 

that will be discussed in this paper. To the best of 

our knowledge, this is the first report to combine 

pelletized TiO₂/porous ceramic photocatalysts 

with RSM optimization for the photodegradation 

of methyl orange dye. This study offers a scalable, 

reusable, and efficient system for industrial 

wastewater treatment applications. 

   

2 Method 

The research consists of impregnation of 

TiO2 into porous ceramic, characterization of 

TiO2/porous ceramic, and optimization of 

photodegradation conditions of methyl orange 

dye. The porous ceramics used were prototypes 

that had been produced in our previous research 

with a cassava starch percentage of 6% [15,20,24]. 

The impregnation method was carried out using 

the sol gel coating method. The metal oxide 

precursor used was titanium nitrate salt (Ti(NO3)4) 

dissolved in 50 mL of distilled water, then 5 mL 

of ethylene glycol was added and stirred for 1 

hour. Furthermore, one porous ceramic pellet was 
added to the solution. The impregnation process 

was carried out under vacuum conditions as 

shown in Fig. 1. The impregnated ceramics were 

then calcined at a temperature of 400oC. The 

resulting catalyst was labeled TiO2/PC. 

 
Figure 1 The illustration of impregnation process 

at vacuum condition 

The resulting TiO2/PC catalyst was then 

analyzed for metal oxide content using X-Ray 

Fluorescence (XRF, Shimadzu EMX-720/800 

HS), crystal phase analysis using X-Ray 

Diffractometer (XRD, Shimadzu 7000), surface 

morphology analysis using Scanning Electron 

Microscope (SEM, JEOL JCM 6063LA), and 
Surface Area Analyzer (SAA, Quantachrome 

Nova 4200e). 

Optimization of photodegradation conditions 

was carried out using Design Expert® 13.0.5.0 

software with the RSM method through CCD 

design. In this study, three independent variables 

(input factors) were used which are factors that 

affect the photodegradation process of MO dyes 

and have been studied by several previous studies, 

namely pH, irradiation time, and catalyst dose. 

The dependent variable is the percentage of 
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degradation obtained from the calculation of the 

difference in dye concentration before and after 

the degradation process. The dye solution was 

loaded into the photodegradation reactor as shown 

in Fig. 2. It was stirred at 100 rpm during the 

irradiation process using UV lamp (Philips TUV 

15W/G15 T8 -  280 nm). Separation was carried 

out using centrifugation at a speed of 7000 rpm for 

15 min, then the absorbance of the remaining dye 

was measured using a Shimadzu UV–Vis 

Spectrophotometer. 

The recycling test was carried out by 

separating the pelletized TiO₂/PC from the dye 

solution, then the catalyst was washed in methanol 

and stirred for 1 hour, and dried at 100 ◦C for 12 
hours. 

 
Figure 2 The illustration of reactor for 

degradation MO using TiO2/PC 

 

3 Result and Discussion  

The photocatalyst synthesis method used in 

this study is the wet impregnation method of 

Ti(NO3)4 precursors into porous ceramics in a gel 

coating. The sol-gel coating method is a method 

that aims to grow a thin layer on the surface of 

porous material evenly. The sol-gel coating 

method begins by mixing TiO2 with HCl which 

will become a TiCl4 solution, then adding a 

solution resulting from mixing NH4OH solution 

and (NH4)2SO4 solution as a source of OH ions and 

the result of this mixing will form a Ti(OH)4 

solution which will later fill the pores and coat the 

ceramic surface. The reaction that occurs is shown 

in Eq. 1. 

 

NH4OH      NH4
+ OH-  

 

4(NH4
+ OH-) + TiCl4        Ti(OH)4+4NH4Cl 

Equation (1) 
 

The mixture is stirred using a magnetic stirrer 

for 6 hours at a temperature of 85oC which aims to 

accelerate the process of forming Ti(OH)4. The 

stirring and heating process aims to make the 

solution in the sol-gel phase which will then form 

a thin layer on the ceramic surface. Then it is 

dipped in the solution while still stirring for 5 

minutes then calcination is carried out at a 

temperature of 600 oC for 3 hours to oxidize 

Ti(OH)4 into TiO2. 

3.1 Characterization of TiO2/PC 
Characterization using XRF was used to 

determine the levels of metal oxides contained in 

porous ceramics both before TiO2 impregnation 

and after TiO2 impregnation. The results of XRF 

analysis are shown in Table 1, proving an increase 

in TiO2 levels from 0.92% to 10.35%. 
 

Table 1 XRF Instrument Analysis Results of 

Porous Ceramic Metal Oxide Content Before and 

After Impregnation 

Metal 

Oxides 

Content (%) 

PC TiO2/PC 

SiO2 78.08 60.31 

Fe2O3 7.65 10.33 

Al2O3 4.84 - 

K2O 3.82 2.99 

ZnO 2.11 0.023 

CaO 1.38 11.16 

TiO2 0.92 10.35 

 

The next analysis uses XRD which aims to 

study the structure of TiO2 crystals found in 

porous ceramics. Based on the XRD diffractogram 

in Fig. 3 shows that porous ceramics after being 

impregnated with TiO2 have a peak intensity value 

of 2θ 26.7o. When compared with the standard 

TiO2 rutile data base (JCPDS Card Number 75-

1537) with a peak intensity value of 2θ 27.34o and 

the standard TiO2 anatase data base (JCPDS 

Number 21-1272) with a peak intensity value of 

2θ 25.23o, it can be concluded that the result of this 

study is that the TiO2 crystal phase that has been 

successfully impregnated is the rutile and anatase 

phase. 

 
Figure 3 The diffractogram of PC and TiO2/PC 
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Morphological characterization of porous 

ceramics was carried out using the Scanning 

Electron Microscopy (SEM) instrument, shown in 

Fig. 4. The morphology of the PC indicates the 

presence of open pores and closed pores scattered 

on the surface of the PC with heterogeneous 

shapes. After TiO2 impregnation, it shows that the 

morphology of the ceramic has changed the shape 

of the pores from a large size to a smaller size, 

which indicates that the ceramic pores are covered 

by a TiO2 catalyst [10]. 

 
Figure 4 Morphology of (a) PC and (b) TiO2/PC using SEM with 2000x magnification 

 

The next analysis is the characterization of 

microstructures in the form of pore 

characterization of PC and TiO2/PC. The results of 

pore characterization were carried out based on N2 

gas adsorption, surface area and pore volume were 

carried out using the BET method and the average 

pore diameter was used using the BJH method, 

shown in Fig. 5 with the results of interpretation in 

Table 2. Based on the analysis, TiO2 was obtained 

which falls into the category of mesopore with a 

diameter between 2-50 nm. Based on the 

adsorption-desorption curve, the characteristics of 

TiO2 are close to type IV isotherms and H1 type 

hysteresis loops based on the IUPAC 

classification, the material exhibits characteristics 

of mesoporous structures with an indication of 

cylindrical pore shape.

 

 
Figure 5 (a) N2 gas Adsorption-Desorption Curve and (b) BJH Curve 

 

Based on Table 2, there is an increase in the 

value of the surface area of BET in ceramics that 

have been impregnated with TiO2 compared to 

porous ceramics before impregnation along with 

the reduction in the value of the pore volume and 

the average pore diameter. This shows that the 

smaller the pore diameter size and the volume of 

the pores, the greater the surface area value. TiO2 

affects the value of surface area when applied as a 

material [10,15,16]. In addition, the decrease in 

pore volume also proves the successful 

impregnation of TiO2 into porous ceramics. 
 

Table 2 Analysis Results Surface Area Analyzer 

Sample 

BET 

Surface 

Area 

(m2/g) 

Pore 

volume 

(cm3/g) 

Average 

pore 

diameter 

(nm) 

PC 22.515 0.076637 4.51187 

TiO2/PC 22.6091 0.064943 4.49999 
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Furthermore, to determine the ability of 

TiO2/PC in producing radical ions to degrade MO 

depends on Eg. The Eg in this study was analyzed 

based on the UV-Vis spectrum, using the Tauc 

plots’ approach to find the relationship between the 

absorption coefficient (α) and incident photon 

energy (αhv) as shown in Eq. 2. 

 

αhv = A (hv - Eg)n         (Equation 2) 

where where α is the absorption coefficient, h is 

Planck's constant (6.626 × 10-34 J s), v is the 

frequency of light, c is the speed of light (3 × 108 

m/s), and λ is the wavelength of the spectrum.  

The results of the band gap (Eg) calculation 

analysis based on the Tauc plots’ of TiO2/PC are 

shown in Fig. 6. The calculation results of the Tauc 

plot approach show that Eg TiO2/PC is 2,861 eV. 

The Eg value obtained is lower than the results of 

previous studies that also used PC as a support for 

TiO2 catalysts with a higher calcination 

temperature [24]. This proves that the TiO2/PC 

produced in this study can be used for MO 

photodegradation. 

 
Figure 6 Band gap of TiO2/PC determined using 

UV–Vis spectrophotometer by Tauc plots’ 

approach 

 
3.2 Determination of Optimum Conditions for 

MO Photodegradation Using TiO2/PC 

The determination of the optimum conditions 

is carried out using the Design Expert software 

version 13.0.5.0 which also provides statistical 

data on the data collected. The model of the 

quadratic polynomial equation was found to match 

the experimental data and this model was 

subsequently used to determine the optimal 

conditions. The results of the ANOVA analysis 
were used to verify the model equations shown in 

Table 3. The results of the analysis obtained a p-

value of 0.0371 which shows a significant 

quadratic equation model. Table 3 shows that the 

pH and irradiation time parameters have a 

significant influence on the percent degradation 

shown by p< values of 0.05 (0.0443 and 0.0115). 

The initial concentration parameter has a p> value 

of 0.05 (0.1571) which indicates no significant 

effect on the percentage degradation. However, 

these three parameters are important free variables 

in the photodegradation process of MO dyes [21]. 

It is supported by further analysis using post hoc 

tests including Least Significant Difference (LSD) 

and Tukey's Honest Significant Difference (HSD) 

using a 95% confidence interval on the initial 

concentration treatment (for example, in runs 4 and 

9 with different initial concentrations, the same pH 

and irradiation time, 2.54 > LSD was obtained). 
A polynomial equation where Y is the percent 

degradation and the equation is predicted from the 

software after the degradation process on each 

variation is shown in Eq. 3. 

 

Y = 84.32 + 7.49A + 11.88B – 1.07C + 3.94AB + 

4.18AC – 1.95BC + 5.18A2 – 15.92B2 – 6.83C2  

(Equation 3) 

 

Table 3 Results of ANOVA analysis using the 

RSM method 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F-

value 

p-

value 
 

Model 3043.51 9 338.17 3.86 0.0371 Significant 

A-pH 448.80 1 448.80 5.12 0.0443  

B-Initial 

Concentration 
1129.79 1 1129.79 12.89 0.1571  

C-Irradiation 
Time 

9.18 1 9.18 0.1048 0.0115  

AB 62.09 1 62.09 0.7087 0.4321  

AC 70.06 1 70.06 0.7996 0.4057  

BC 15.25 1 15.25 0.1740 0.6911  

A² 107.28 1 107.28 1.22 0.3109  

B² 1014.26 1 1014.26 11.58 0.0145  

C² 186.80 1 186.80 2.13 0.1945  

Residual 525.70 6 87.62    

Lack of Fit 525.69 3 175.23 262.84 
< 

0.0001 

Not 

Significant 

Pure Error 0.0020 3 0.0007    

Cor Total 3569.21 15     

 

The experimental design obtained based on 

the range of free variables to the percent response 

of MO degradation is shown in Table 4. The 

percent degradation of MO ranged from 1.24% to 

89.54% in experimental tests at numbers 5 and 13, 

respectively. The percentage of methyl orange 

degradation at optimum conditions is higher than 

our previous research results which only used TiO2 
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of 61.78% and only used porous ceramics of 

54.56% [24]. It shows that the role of TiO2 active 

sites is greater than using only PC. However, the 

resulting percentage of degradation is lower than 

previous research using zeolite-supported 

CdS/TiO2/Ag2CO3 ternary-based composites 

successfully degraded MO by 91.6% at 10 mg/L 

for 160 min [25]. Furthermore, previous research 

showed a higher percentage of degradation also 

using cellulose nanocrystal templated TiO2 films 

with a percentage of MO degradation of 98.0% 

[26]. This is thought to be due to the small surface 

area of PC, but TiO2/PC shows extraordinary 

effectiveness because it can be used up to five 

cycles which have been studied in our previous 

research [24]. 

The condition of the photodegradation 

process with a minimum percent degradation 

occurs at pH 4.5, initial concentration of 1 mg/L 

without irradiation time. The photodegradation 

condition with the largest percentage of 

degradation occurred at irradiation time 120 

minutes, pH 6, and initial concentration of 25 

mg/L. 

 

Table 4 Percentage degradation of MO under various reaction conditions 
 Factor 1 Factor 2 Factor 3 Response  

Run A:pH 
B:Initial 

concentration 

C:Irradiation 

Time 
Degradation 

  mg/L Min % 

1 3 25 5 11.32 

2 4.5 13.5 62.5 23.54 

3 7 13.5 62.5 34.56 

4 3 2 120 25.67 

5 4.5 1 0 1.24 

6 4.5 13.5 62.5 25.46 

7 4.5 13.5 62.5 2.16 

8 4.5 13.5 62.5 24.76 

9 3 25 120 66.56 

10 3 2 5 7.98 

11 6 2 5 11.43 

12 4.5 13.5 159.2 76.89 

13 6 25 120 89.54 

14 4.5 13.5 62.5 77.64 

15 4.5 13.5 62.5 67.89 

16 4.5 32.8 62.5 73.87 

17 1.97 13.5 62.5 9.32 

18 6 25 5 22.13 

19 6 2 120 76.54 

 

The accuracy of the model is checked by the 

residual analysis plot shown in Figure 7, where a 

good fit with the formation of linear lines is shown 

in Fig. 7(a). The compatibility between the 

experimental results and the predicted results is 

shown in Fig. 7(b), showing that there is a 

suitability of the data along the slope line. Colour 

indicators ranging from wane blue to red on the 

chart show the lowest to highest MO degradation 

percentages [24]. An adequate model is also 

shown in Fig. 7(c) with a random residual pattern 

where all points are within the desired limit. 
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Figure 7 Curve (a) normal distribution of residuals (errors) (b) plot of predicted response variables and 

experimental results (c) residuals and run orders 

 

Based on the results of the statistical analysis 

performed and the resulting square model, a three-

dimensional diagram of the response procedure 

and a two-dimensional contour diagram are 

suitable for illustrating the response. Surface and 

contour procedure diagrams are used to establish 

the exact relationship between the response value 

and the degradation process conditions. In this 

diagram, the two effective factors of the variable 

and the other factor are selected as fixed and in the 

central code (0) to examine the simultaneous 

changes of the two factors and their influence on 

each other graphically [25]. The simultaneous 

interaction of percent degradation by varying 
initial concentration and pH is shown by the 3D 

surface response and contour plot in Fig. 8(a1-a2).  

The results showed that there was no 

significant effect of the initial concentration on the 

performance of the TiO2/PC catalyst for MO dye 

degradation, as shown from the p-value in Table 3 

(0.1571, p > 0.05). Fig. 8(b1-b2) shows the 

relationship between pH and irradiation time, 

proving that these two variables affect the percent 

of MO degradation. This is supported by the data 

from the analysis in Table 3 which has a p value 

of > 0.05. The results of the study showed that the 

higher the irradiation time, the higher the 

percentage of MO degradation. This is suspected 

because the longer the interaction between the MO 

substance and the photocatalyst the more electron 

hole pairs (e- h+) the formation of •OH and •O2
- 

radicals which will further degrade the complex 

dye structure to a simpler structure. The results 

obtained are in line with previous studies that 

degraded the dye acid orange 7 using copper 

nanoparticles [7].  
The next analysis is the interaction between 

the initial concentration and irradiation time shown 

in Fig. b(c1-c2). The results of the study show that 

the higher the initial concentration of MO, the 

higher the percentage of MO degradation 

produced. The results obtained are in line with the 

results of previous studies that degraded tartrazine 

yellow dye using TiO2 [26] Thus, the optimum 

conditions obtained occurred at pH 6, an initial 

concentration of 25 mg/L for 120 minutes, with a 

degradation percentage of 89.54%.
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Figure 8 3D surface response interaction and contour plot of the influence of (a) pH and initial 

concentration, (b) pH and irradiation time, (c) initial concentration and irradiation time

To determine the role of electron-hole 

scavengers on the photodegradation performance 

of ZnO/MMT, experiments were carried out 

through degradation analysis at optimum 

conditions, namely at pH 6, initial concentration 

of 25 mg/L with an irradiation time of 120 

minutes. Fig. 9 shows that the addition of AgNO3 

acts as an electron scavenger which shows the 

highest photodegradation efficiency of up to 

93.78±0.46% while the performance of 



Pratiwi, D.E., et al./J. Kartika Kimia, May 2025, 8, (1), 108-118 

116 

TiO2/PC+CH3OH which acts as a hole scavenger 

produces a degradation percentage of 

80.21±0.86%. The results obtained indicate that 

the addition of AgNO3 as an electron scavenger 

can significantly optimize photodegradation 

activity. With the help of an electron scavenger, 

the charge recombination rate can be reduced, 

excited electrons can migrate and produce •OH 

and •O2
- radicals. As a result, •O2

- reacts with MO 

dye; thus reducing the concentration of dye in the 

system [21]. Conversely, the addition of a hole 

scavenger (CH3OH) shows lower photocatalytic 

degradation performance compared to an electron 

scavenger. 

 
Figure 9 Study of electron-hole scavenger of 

photodegradation MO using TiO2/PC 

 

 
Figure 10. The recyclability test of TiO2/PC for 

MO photodegradation 

 

In addition, a recycling test was also carried 

out by reusing the TiO2/PC photocatalyst. The 

results obtained are shown in Fig. 10, the resulting 

photocatalyst can be used up to four cycles. In the 

second and third cycles, there was a decrease to 

86.81±0.02% and 80.14±0.10%, respectively. The 

percentage of degradation decreased drastically in 

the fourth cycle with a percentage of degradation 

of only 75.64±0.08%. The number of cycles that 

can be used in this study is lower than the use of 

Fe2O3/PC pellet catalysts in the phenol 

degradation process [10]. 

This study has several limitations, where the 

concentration range tested on dye solutions is 

limited for 1-25 mg/L which is less applicable to 

the industrial sector that produces higher dye 

concentrations. Thus, it is very possible to 

improve the model in RSM either through Central 

Composite or Box-Behnken design. 

 

4 Conclusion 

TiO2/PC photocatalysts were successfully 

synthesized using the sol-gel coating method. The 

resulting photocatalyst showed that the TiO2 phase 

was in the rutile phase with a level of 10.35%. The 

synthesized TiO2/PC photocatalyst has a surface 

area of 22.6091 m2/g with a pore volume of 

0.064943 cm3/g and an average pore diameter of 

4.49999 nm. The optimum condition of 

degradation of MO dyes obtained from the CCD 

design occurred at pH 6, an initial concentration of 

25 mg/L for 120 minutes, with a degradation 

percentage of 89.54%. Therefore, therefore, the 

degradation strategy of MO dyes using TiO2/PC 

pellet photocatalyst can provide a new perspective 

on the textile industry wastewater treatment 

process. In addition, we conclude that TiO2/PC is 

one of the materials with good photocatalytic 

performance for MO degradation and is promising 

in applications such as photovoltaic devices, 

biomedical, and microbiology. 
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