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Abstract 

Titanium dioxide (TiO2) particles were synthesized by the sol-gel method (SG) and sol-gel low-temperature 
method (SG-L), utilizing titanium isopropoxide as the precursor. Subsequently, the particles underwent heat 
treatment with sodium hydroxide 10M, resulting in samples denoted as SG-H and SG-L-H samples, 
respectively. The purpose of this study is to compare these synthesis methods in terms of the stability and 
photocatalytic activity of TiO2 catalysts. To determine the optimal synthesis method for generating highly active 
TiO2, the obtained catalyst samples were characterized by a variety of techniques, including thermogravimetric 
analysis (TGA), differential scanning calorimetry (DSC), X-ray diffraction (XRD), Brunauer-Emmett-Teller 
(BET), and UV-vis spectroscopy measurements. The results demonstrated that the structure and phase of 
catalysts depend on the synthesis conditions. The surface area measurements indicated values of 0.95, 18.95, 
82.65, and 168.59 m2/g for SG, SG-H, SG-L, and SG-L-H, respectively. Furthermore, the degradation 
efficiency of methylene blue under xenon lamp illumination was recorded at 87%, 91%, 97%, and 94% after 
150 minutes, according to a pseudo-first-order reaction. These results suggest that the sol-gel                           
low-temperature method is particularly effective in producing high purity, large specific surface area, and good 
decomposition of organic dye. 

Keywords: Hydrothermal, sol-gel, sol-gel low-temperature, TiO2 particles. 

 

1. Introduction1 

Titanium dioxide (TiO2) is one of the most 

significant nanomaterials that has received a lot of 

interest because of its wide applications. In particular, 

TiO2 has demonstrated tremendous potential in 

photocatalysts because of its chemical stability and 

lack of toxicity [1]. TiO2 has three phases including 

brookite, anatase, and rutile. The anatase phase has the 

ability to decolorize faster than the other phases [2]. 

Therefore, many researchers focus on the synthesis of 

high-purity anatase TiO2 catalysts. 

There are many methods to synthesize anatase 

TiO2 catalyst materials, such as the sol-gel method, 

hydrothermal method, precipitation method, etc. The 

process of synthesizing nanomaterials by the sol-gel 

method includes four steps: hydrolysis, 

polycondensation, drying, and thermal decomposition 

[3]. This is a common method for the synthesis of 

metallic oxides and mixtures of metallic oxides. 

Although the obtained material has high homogeneity 

and purity, its bond formation and wear resistance are 

not good [4]. Another method is hydrothermal, which 

has been illustrated to be very efficient and convenient 

for the preparation of TiO2 and exhibits good catalytic 

activity for dye degradation [5]. In comparison to the 
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sol-gel method, the hydrothermal method-generated 

photocatalyst has a higher crystallinity, greater surface 

area, and stronger absorption [5]. However, the 

hydrothermal method uses chemicals at high 

concentrations and high temperatures for a long time, 

which is expensive for materials and harmful to the 

environment. Thus, there are some restrictions on 

traditional synthesis. Therefore, a number of studies 

have been conducted to investigate the optimal TiO2 

synthesis conditions that can achieve the highest 

degradation efficiency [1]. However, there is a lack of 

studies comparing the effects of synthesis conditions 

on the TiO2 phase and its activity. 

This work presents the synthesis and 

characterization of TiO2 nanoparticles prepared by the 

sol-gel method (SG) and sol-gel low-temperature   

(SG-L) from titanium isopropoxide (TTIP) precursor. 

In addition, SG and SG-L samples were further treated 

using the hydrothermal method to evaluate their 

stability. The aim of our research is to compare the 

structure and photoactivity of TiO2 particles obtained 

from these methods for the degradation of organic dye 

using methylene blue (MB) as a target pollutant. The 

crystallinity and phase identification were examined 

by X-ray diffraction (XRD). The scanning electron 
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microscopy (SEM) analysis showed the morphology 

of TiO2 nanoparticles while the energy dispersive       

X-ray spectroscopy (EDX) analysis showed the 

elemental composition. The comparison of the 

characterization of samples was determined by 

Thermogravimetric Analysis (TGA), Differential 

Scanning Calorimetry (DSC), and Brunauer-Emmett-

Teller (BET). The activity of the catalyst was 

evaluated through its ability to degrade MB in order to 

find an optimal method of TiO2 synthesis. Finally, the 

kinetics of MB removal were studied. 

2. Materials and Methods 

2.1. Materials 

Titanium isopropoxide (TTIP, 97%), Sodium 

hydroxide (NaOH, pellets, ≥ 98%), and Acetic acid 

(CH3COOH, > 99%) were purchased from Sigma 

Aldrich. Nitric acid (HNO3, 69%), Methylene blue 

(MB), and Hydrochloric acid (HCl, 37%) were 

provided by Merck. Ethanol absolute (C2H6O, 99.7%) 

was obtained from GHTech, China. 

2.2. Methods 

2.2.1. The methods for the synthesis of TiO2  

Sol-gel method 

The sol-gel method is commonly employed to 

synthesize TiO2 due to its benefits, including high 

purity, relatively low processing temperatures, and the 

ability to control stoichiometry [6, 7]. The synthesis 

process in this study was as follows (Fig. 1): First, a               

sol-solution was obtained by slowly pouring the 

mixture containing ethanol and TTIP into distilled 

water. The pH of the solution was controlled at around 

2 by HNO3. In the next step, the sol-solution was 

agitated at room temperature for 4 hours to produce a 

white gel. After centrifuging, the obtained gel was 

dried at 120 oC for 8 hours. Finally, the gel was 

calcined at 800 oC for 5 hours with a heating rate of            

5 oC/min to obtain TiO2 particles, denoted as SG.  

 

Fig. 1. Schematic overview of TiO2 synthesis using 

sol-gel method (SG) 

 

Sol-gel low-temperature method 

In the recent years, the low-temperature sol-gel 

method has been developed for synthesizing TiO2 [8]. 

TiO2 particles in this research were prepared by the 

sol-gel low-temperature method, as shown in Fig. 2, 

and the synthesis process was as follows: First, the   

sol-solution was prepared by mixing TTIP, acetic acid, 

and distilled water at 0 to 5 oC. The reaction conditions 

were kept at a low temperature of about 5 oC. Then, the 

sol solution was stirred for 2 hours at room temperature 

to make a gel. After drying for 48 hours at 80 oC, the 

gel was crushed and then calcined at 450 oC for 5 hours 

at a heating rate of 2 oC/min. After synthesis, the TiO2 

photocatalyst was designated as SG-L. 

 

Fig. 2. Schematic overview of TiO2 synthesis using   

sol-gel low-temperature method (SG-L) 

 

Hydrothermal method 

After synthesizing from the two mentioned 

processes (SG and SG-L), the catalyst powders were 

placed into a hydrothermal autoclave with                           

a 10M NaOH solution and heated to 150 oC for 48 

hours [9]. The resulting precipitate was washed with 

1M HCl and distilled water. Finally, the catalyst was 

dried at 80 oC for 3 hours. As a result of the thermal 

destruction process conducted for each sample SG and 

SG-L, samples SG-H and SG-L-H were obtained. The 

hydrothermal procedure is summarized in Fig. 3. 

 
Fig. 3. Schematic overview of TiO2 synthesis using 

hydrothermal method (SG-H and SG L-H) 

 

2.2.2. The methods for characterization of TiO2 

Thermogravimetric analysis (TGA) and 

Differential Scanning Calorimetry (DSC) of the 

catalyst samples were performed using a NETZSCH 

STA 449F5 calorimetric analyzer in a temperature 

range of 25 oC - 450 oC for precursor, synthesized by 

the sol-gel low-temperature method and 25 oC - 850 oC 

for precursor, synthesized by the sol-gel method under 

an air stream at a heating rate of 1 oC/min.  

X-ray diffraction (XRD) data was recorded under 

the conditions of Cu Kα radiation (40 kV, 35 mA) and 

XRD powder patterns were acquired on X'Pert Pro 

equipped (PANalytical) equipment. The crystallite 

size was determined from XRD data by the following 

Scherrer equation [10]: 
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𝐷 =
𝑘𝜆

𝛽.𝑐𝑜𝑠𝜃
                              (1) 

where k is the Scherrer constant (close to 0.9), 𝜆 is the 

X-ray wavelength (nm) of Cu Kα, 𝛽 is the full width at 

the half-maximum intensity of the peak in radians, and 

𝜃 is the Bragg diffraction angle. 

SEM on a JEOL JCM-7000 BENCHTOP SEM 

was used to analyze the morphology and structure of 

the catalyst particles.  

In this study, the surface area of each sample was 

measured by the Brunauer-Emmett-Teller (BET) 

method on a Micromeritics Gemini VII 2390 analyzer. 

The UV-Vis spectra of the samples were obtained 

using an Avantes UV-Vis spectrometer. For UV-Vis 

Diffuse Reflectance Spectroscopy (UV-DRS), the 

catalyst sample was analyzed. This technique employs 

BaSO4 as a standard diffuse reflectance material to 

represent the absorption wavelength range of the 

catalysts. Consequently, the band gap of the samples 

was determined. Additionally, for UV-Vis 

measurements, a liquid sample of MB solution was 

utilized to assess the concentration of the MB solution 

before and after photocatalysis. 

2.2.3. Investigation of the photocatalytic performance 

of TiO2 

The degradation of MB solution at 10 ppm          

(50 mL) was used to assess the photocatalytic capacity 

of the catalyst powder. Samples of 0.01 g TiO2 powder 

were taken for the catalyst evaluation. To fully enable 

the absorption of the catalyst samples, the MB solution 

containing the catalyst was first agitated in the dark for 

40 minutes. The mixture was then stirred for 2 hours 

while being illuminated. A 300 W xenon lamp that 

contained 5% UV light, was employed as the light 

source in this study since it emits visible radiation. 

Every 20 minutes, a solution sample was obtained, 

then all catalysts were centrifuged. Utilizing an 

Avantes UV-vis spectrometer, the absorbance at        

664 nm was measured to determine the MB solution’s 

concentration (C). A calibration curve can be used to 

determine the concentration of the MB solution. This 

approach’s guiding principles adhere to the        

Lambert-Beer law [11]: 

𝐴 = 𝜀𝐶𝐿                                (2) 

where L is the length of the path, C is the concentration 

of the solution, and ε is the molar absorptivity (or 

extinction coefficient). We can calculate the MB 

degradation efficiency (DE) by the following formula 

[2]: 

 DE (%) = 
𝐶0−𝐶𝑡

𝐶𝑡
 ×  100                (3) 

in which C0 is the initial concentration of MB (ppm), 

Ct is the concentration of MB at time t (ppm), and t is 

the contact time in minutes. The concentrations of the 

MB solution were determined by extrapolating the 

absorbance (A) at 664 nm using the calibration curve.  

3. Results and Discussion 

3.1. Characterization of Catalysts 

To study the thermal transformation process and 

phase transition temperature during catalyst 

calcination, the dry powder samples before calcination 

were analyzed by using thermogravimetric (TGA). 

The samples used in this analysis were two dry powder 

samples before calcination: pre-SG (Fig. 4) and         

pre-SG-L (Fig. 5). 

 
Fig. 4. TGA and DSC chart of pre-SG 

 

 

Fig. 5. TGA and DSC chart of pre-SG-L 

 

For pre-SG, the TGA thermogram can be divided 

into three stages (Fig. 4), including first stage               

(50 - 70 oC), second stage (70 - 350 oC), and third stage 

(350 - 800 oC). In the first stage, there is a constant 

mass loss of about 12%. This is due to the removal of 

water from the titania gel. In the second stage, it can 

be seen the additional mass loss of 10%, and there is 

no peak in the DSC line. However, in the last stage, 

there is an exothermic peak at around 550 oC in the 

DSC thermogram and the mass loss is minor. It is 

supposed to be related to the transformation of the 

titania from anatase to the rutile phase [12]. Therefore, 

it can be assumed that at the second stage where there 

may have been an anatase phase formation at about 
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300 oC [13], then when the calcination temperature 

increased to 800 oC, the entire anatase phase 

transformed into the rutile phase. 

The TGA thermogram for pre-SG-L is shown in 

Fig. 5 with 3 stages: from 50 oC to 250 ºC, from             

250 oC to 350 ºC, and from 350 ºC to 450 ºC. A steady 

mass loss of 10% occurs in the first stage. The 

elimination of water from the titania gel is to blame for 

this. In the next stage, an additional 20% mass loss 

occurs and has an endothermic peak at 300 oC in the 

DSC graph. It is assumed to be connected to the 

titania's transition from the amorphous to the anatase 

phase. In the final stage, there is little mass loss. Thus, 

it can be seen that the calcination temperature affects 

the formation of TiO2 phases [14]. The anatase phase 

forms at around 300 °C, while the rutile phase forms 

at around 600 °C. 

 
Fig. 6. The X-ray diffraction spectra of TiO2, 

synthesized by the different methods 

 

The X-ray diffraction (XRD) technique was 

employed to investigate the crystalline phases, crystal 

structure and purity of the synthesized TiO2 samples in 

the scattering angle range (20° ≤ 2θ ≤ 80°). The     

wide-angle X-ray scattering of the SG and SG-H 

samples exhibited diffraction peaks at 2θ positions of 

27.45°, 36.1°, 41.2°, 54.4°, 56.6° and 69.1°, 

corresponding to the (110), (101), (111), (211), (220), 

and (002) planes, respectively. The strong intensity at 

27.45° indicated good crystallization, characteristic of 

the rutile phase and the diffraction peaks matched with 

the Joint Committee on Powder Diffraction Standard 

(JCPDS) card number 21-1276. On the other hand, the 

X-ray diffraction patterns of the SG-L and SG-L-H 

samples revealed diffraction peaks characteristic of the 

anatase phase. The strong X-ray diffraction intensity at 

25.32° corresponded to the (101) plane, indicating the 

formation of the tetragonal TiO2 anatase phase and the 

diffraction peaks agreed with the JCPDS card number 

21-1272. No diffraction peaks related to impurities or 

other phases were detected, demonstrating the high 

purity of the samples. Both anatase and rutile phases 

typically evolve from TiO6 via octahedral 

rearrangement. It is widely accepted that phase 

rearrangement through edge-sharing favors the 

formation of the rutile phase (i.e., above 520°C), while 

the anatase phase is favored through rearrangement via 

corner-sharing below 520 °C [13]. The mean 

crystallite size of SG, SG-H, SG-L, and SG-L-H was 

calculated to be 24.37, 24.36, 9.81, and 7.89 nm, 

respectively (Table 1), using (1). 

Table 1. Summary of results about the characterization 

of catalysts 

Sample SG SG-H SG-L SG-L-H 

Phase Rutile Rutile Anatase Anatase 

BET (m2/g) 0.95 18.95 82.65 168.59 

Crystallite 

size (nm) 

24.37 24.36 9.81 7.89 

Eg (eV) 2.97 3.38 3.30 3.44 

 

3.2. Morphology of Catalysts 

 
Fig. 7. SEM images of TiO2 samples with x1000 

magnification (a-d) and x5000 magnification (e-h) 

(with SG, SG-H, SG-L, and SG-L-H, respectively) 

 

The morphology of TiO2 catalyst particles was 

investigated by scanning electron microscopy (SEM) 

as illustrated in Fig. 7. All samples exhibited a      

micro-particle morphology. The morphology of rutile 
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TiO2, which includes the SG and SG-H samples, is 

illustrated in Fig. 7a, b, e, and f. In contrast, the 

morphology of anatase TiO2, including the SG-L and 

SG-L-H samples, is depicted in Figures 7c, d, g, and h. 

After hydrothermal, the particles tend to cluster 

together and decrease the size. The images of the four 

obtained samples are consistent with the XRD 

analysis, in which the samples (SG and SG-H) with 

dominant rutile phase show the formation of larger 

grain structures than the samples (SG-L and SG-L-H) 

with the dominant anatase phase. To further confirm 

the change in surface area after hydrothermal, the 

surface area measurement was conducted. 

 
Fig. 8. EDS spectrum of synthesized TiO2 by different 

methods: (a) SG, (b) SG-H, (c) SG-L, (d) SG-L-H 

 

The elemental analysis of the synthesized TiO2 

particles was carried out and the results are shown in 

Fig. 8. The results show the strong signal intensities of 

Ti and O, indicating that the sample primarily contains 

TiO2. There are also some small signals in the range of 

1-3 eV with weak intensities, which may indicate noise 

during the analysis or a weak signal of impurities 

during the synthesis process. However, these do not 

affect the photoactivity of catalysts. To confirm that, 

let us follow the results of some photoactivity 

experiments performed on all TiO2 samples in the next 

section.  

Brunauer-Emmett-Teller (BET) surface area 

measurement was performed on the catalyst samples 

to compare specific surface areas and predict their 

adsorption capacity. The results of the surface area are 

shown in Table 1. As a result, the adsorption ability of 

catalysts is improved because of increasing their 

specific surface area by the hydrothermal treatment. 

The SG-L catalyst sample synthesized at           

low-temperature gives a good specific surface area 

(82.65 m2/g), which is larger than the sample (SG) 

synthesized by the traditional sol-gel method. From the 

observation of SEM images and BET results, it can be 

seen that the TiO2 particles after hydrothermal 

treatment have a smaller particle size and a larger 

specific surface area. Hydrothermal treatment often 

increases the surface area. As a result, the adsorption 

process of pollutants onto the catalyst is faster and the 

photocatalytic activity is improved. UV-DRS 

measurement and the photocatalytic degradation of 

MB dye were conducted to clarify this further. 

Fig. 9 shows the UV-DRS of TiO2 samples. All 

of samples represent the TiO2 absorption band in the 

ultraviolet region (about 375 nm). 

 

 

Fig. 9. UV‐DRS of TiO2 samples 

 
Additionally, we determined the optical band gap 

energy of TiO2 samples from the Tauc’s equation [15]: 

(αhν)1/2 =A(hν - Eg)                         (4)   

in which α is the absorption coefficient, hν is the 

photon energy, Eg is the optical bandgap energy, and A 

is a constant depending on the nature of the material. 

In the Tauc plot in Fig. 10, the optical band gap 
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energies of the SG, SG-H, SG-L, and SG-L-H TiO2 

particles were to be 2.97, 3.38, 3.33, and 3.44 eV, 

respectively. It can be seen that the optical band gap 

decreased with an increase in crystallite size. 

 
Fig. 10. Tauc plots obtained from Tauc’s equation, 

(αhν)1/2 as a function of energy (hν) to determine the 

indirect bandgap energies of TiO2 samples 

 

3.3. Photoactivity of Catalysts 

 

Fig. 11. Degradation efficiency MB of TiO2 samples 

under the illumination of Xenon lamp 

 

Fig. 11 shows the ability of TiO2 samples to 

adsorb MB molecules on their surface in the absence 

of light exposure and to exhibit photocatalytic activity 

under illumination.  

The catalyst particles synthesized via the 

hydrothermal method demonstrated significantly 

higher adsorption capabilities compared to the two 

samples that were not hydrothermally treated. The 

increase in specific surface area enhanced the MB 

adsorption capacity. Specifically, the order of specific 

surface area is SG < SG-L < SG-H < SG-L-H, which 

corresponds to the increase in MB adsorption capacity 

of SG and SG-L (<5%) compared to SG-L-H and      

SG-H (about 20%). In terms of the photocatalytic 

process, the bandgap energy of the SG-L and SG-L-H 

samples (as determined by UV-DRS) is lower than that 

of SG and SG-H, leading to better MB degradation 

efficiency on SG-L than SG and SG than SG-H. In 

many previous studies, the bandgap energy on TiO2 

with the anatase phase is found to be lower than that of 

the rutile phase, which is consistent with the phase 

composition results on XRD patterns [16]. This aligns 

with SEM imaging predictions and BET 

measurements, which indicated an increased catalyst 

surface area following hydrothermal treatment. 

The photocatalytic activity of the TiO2 samples 

was evaluated by their ability to degrade MB under the 

influence of UV light from a Xenon lamp. As the 

exposure time increased, TiO2 received more light, 

resulting in an increased production of highly 

oxidative free radicals that effectively decomposed 

MB molecules. Approximately 97% of the initial dye 

was degraded by the single-phase anatase samples 

(SG-L, SG-L-H) and achieved the highest MB 

degradation efficiency within 150 minutes. In contrast, 

the single-phase rutile samples (SG, SG-H) only 

achieved approximately 87% MB degradation under 

the same period of illumination. Anatase TiO2 exhibits 

enhanced photoactivity compared to rutile in the 

degradation of organic pollutants and disinfecting 

water. This MB degradation efficiency result is 

consistent with the calculated band gap values for the 

catalysts, where catalysts with smaller band gap values 

require lower energy input (corresponding to light with 

larger wavelengths) to separate electrons (e-) from 

holes (h+), leading to the easy formation of important 

OH radicals. Additionally, the crystal structure of 

anatase provides a greater density of active surface 

sites, promoting stronger interactions with target 

molecules. This increased surface reactivity leads to 

improved catalytic efficiency, making anatase an 

attractive choice for processes involving pollutant 

degradation, water purification and air treatment. 

3.4. Kinetics of MB Degradation by TiO2 

The rate and kinetics of MB removal are 

compared using the zero-order (5), pseudo first-order 

(6), and pseudo second-order kinetic (7) models. 

Pseudo zero-order: 𝐶𝑡 = 𝑘0𝑡 + 𝐶            (5) 

Pseudo first-order: 𝑙𝑛
𝐶0

𝐶𝑡
= 𝑘1𝑡            (6) 

Pseudo second-order: 
1

𝐶𝑡
=

1

𝐶0
+ 𝑘2𝑡            (7) 

where C0 is the initial concentration of MB (ppm), Ct 

is the concentration of MB at time t (ppm), t is the 

contact time in minutes, and k0, k1, k2 are zero-order, 

first-order and second-order rate constant, respectively 

[17].  

 Fig. 12 corresponds to the kinetics model fitted 

for the pseudo zero-order, first-order, and              

second-order models at MB 10 ppm, respectively.  
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Fig. 12. Kinetic plot for MB degradation (a) zero-order 

(b) first-order (c) second-order models of TiO2 

samples 
 

Table 2 summarizes the rate constant K and its 

regression coefficient for the models under discussion. 

The pseudo-first-order model with the best regression 

gave a better fit compared to the zero-order and 

second-order models. Therefore, the removal rate of 

MB onto the TiO2 catalyst follows the pseudo           

first-order kinetic model as a function of the initial 

concentration of MB onto the TiO2 catalyst follows the 

first-order kinetic model as a function of the initial 

concentration of MB. According to Table 2, SG-L has 

the highest rate of reaction (K1 = 0.016) and the best 

photoactivity, which is suitable for the above results. 

4. Conclusion 

TiO2 nanoparticles were successfully synthesized 

using various approaches for the degradation of 

organic dye MB. The structural and phase 

characteristics of the catalyst particles were verified by 

XRD and SEM analysis. Notably, hydrothermal 

treatment significantly enhanced the specific surface 

area of the catalyst, increasing from 0.95 to 18.95 m2/g 

with the sol-gel method and from 82.65 to 168.59 m2/g 

with the sol-gel low-temperature, which has been 

proven through BET measurement. The photocatalytic 

decomposition of MB was applied to study the 

photoactivity of TiO2 catalyst samples. TiO2 anatase 

synthesized via the sol-gel low-temperature method 

and hydrothermal sol-gel low-temperature method 

exhibited the best photoactivity, achieving over 97% 

decomposition of MB after 150 minutes under the 

illumination of a Xenon lamp. In comparison, the TiO2 

rutile samples, produced through the sol-gel and 

hydrothermal sol-gel methods, exhibited a 

decomposition efficiency of approximately 87% under 

similar illumination conditions. Therefore, we 

conclude that the sol-gel low-temperature method is 

the most effective approach, as it not only produces 

highly active catalytic particles but is also 

straightforward and easy to implement. 
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Table 1. Kinetic parameters for photocatalytic removal of MB of TiO2 samples 

Order of reaction Paraments Units SG SG-H SG-L SG-L-H 

Pseudo zero-order K0 mg.L-1.min-1 0.045 0.044 0.049 0.043 

 R2  0.930 0.937 0.843 0.833 

Pseudo first-order K1 min-1 0.009 0.014 0.016 0.015 

 R2  0.924 0.979 0.975 0.993 

Pseudo second-order K2
 mg-1.L.min-1 0.003 0.005 0.007 0.006 

 R2  0.853 0.877 0.837 0.937 
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