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Titanium dioxide (TiO2) is important in many industrial fields. Industrial TiO2 is mainly produced from ilmenite and rutile 

ore, two abundant global resources. Studies have shown that the calcination method with NaOH can help prepare TiO2 

from titanium slag. In this study, the effect of reaction temperature between titanium slag and sodium hydroxide (NaOH) 

was investigated in the process of separating TiO2 from titanium slag. The formed product was evaluated for TiO2 content, 

Fourier Transform Infrared Spectroscopy, X-ray diffraction, and Scanning Electron Microscopy to evaluate the properties. 

The results showed that the reaction temperature had a significant effect on the TiO2 content of the product after separation. 

The TiO2 content decreased with increasing reaction temperature. The decrease in content is due to increased hydroxyl 

groups in the product. At a reaction temperature of 700 °C, the product had the highest TiO2 content of 96.78 wt.%. The 

results also indicated that the product's main allotropic form of TiO2 is rutile. 
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1. INTRODUCTION 

Titanium dioxide is a material with special chemical 

and physical properties, most notably high whiteness, 

chemical durability, and UV resistance. TiO₂ has three main 

crystal forms: anatase, rutile, and brookite, of which rutile 

and anatase are the most widely used [1]. TiO2 has a very 

high refractive index, even exceeding that of diamond, 

making it an effective whitening and brightening agent in 

many applications. TiO2 is widely used in the paint, plastic, 

paper, and cosmetics industries [2 – 4]. In particular, in 

paints, TiO2 is used as a white pigment to enhance light 

reflectance, helping protect the surface from UV rays [5]. 

Additionally, TiO2 is utilised in photocatalytic technology, 

where it serves as an effective catalyst in water and air 

treatment processes [6, 7]. 

There are many methods to fabricate TiO2, the most 

popular of which are the sulfate and chloride methods [8, 9]. 

Both methods use titanium ore, such as ilmenite, as input 

material. The sulfate method involves dissolving the ore in 

sulfuric acid to produce titanium sulfate and then 

precipitating TiO2 from the solution. The chloride method 

uses high temperature and chlorine gas to convert the ore 

into titanium tetrachloride (TiCl4), which is then oxidized to 

produce TiO2. In addition, TiO2 fabrication methods can 
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also include hydrothermal methods, in which TiO2 particles 

are formed under high temperature and pressure conditions, 

or sol-gel methods, which produce ultrafine TiO2 particles 

through hydrolysis and condensation processes [10, 11]. 

The sulfate and chloride processes are the primary 

industrial methods for titanium extraction, but both suffer 

from significant drawbacks, including the reliance on acidic 

digestion and high-temperature chlorination. In addition to 

the acid method, TiO2 can be synthesized by alternative 

approaches such as the sol-gel method [12] and the 

hydrothermal method [13]. As an alternative, alkaline 

treatment at elevated temperatures has been applied as a 

fundamentally different route, operating under fundamental 

conditions. In this process, titanium compounds are first 

converted into insoluble sodium titanates (e.g., Na2TiO3), 

which can subsequently be separated and hydrolyzed to 

yield titanium hydroxide (TiO(OH)2). A key advantage of 

the alkaline method is its ability to handle complex. Under 

strongly alkaline conditions, resistant mineral structures are 

decomposed, while common impurities such as silica (SiO2) 

and alumina (Al2O3) are converted into soluble sodium 

silicates and aluminates that can be easily removed by 

washing. These features make the alkaline method 
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particularly promising for valorizing industrial byproducts, 

such as titanium slag [14]. 

Titanium slag is a by-product obtained from the process 

of producing titanium metal. TiO2 currently does not have 

an effective treatment method. With a relatively high TiO2 

content, titanium slag can be used as a raw material to 

prepare TiO2. Nowadays, research on the preparation of 

TiO2 from titanium slag has been widely conducted, 

focusing on chemical and physical methods to improve 

efficiency and purity. The preparation process usually 

begins by grinding titanium slag to create a fine powder and 

then treating it with sulfuric acid or hydrochloric acid 

[15, 16]. This treatment helps dissolve impurities and 

release TiO2. Some studies have shown that using catalysts 

and different temperature and pressure conditions can 

improve the efficiency of TiO2 separation from slag 

[14, 17]. In addition, the pyrolysis method is also being 

studied to recycle titanium slag and recover TiO2 efficiently. 

Recent studies have also focused on optimizing the process 

and minimizing environmental impacts, such as reusing 

chemical solutions and reducing emissions generated during 

production [14, 18]. 

Among the methods of synthesizing TiO2 from titanium 

slag, calcination is the method that often gives the highest 

TiO2 separation reaction efficiency. There have been many 

studies on the calcination method, but not many studies have 

investigated the influence of the reaction temperature 

between titanium slag and the agent on the properties of the 

formed TiO2 product. In this study, titanium slag was mixed 

with sodium hydroxide and reacted at different 

temperatures. After the reaction, the product was 

hydrolyzed and calcined to obtain the finished TiO2. The 

properties of the finished TiO2 were investigated through X-

ray fluorescence, X-ray diffraction, Fourier Transform 

Infrared Spectroscopy, and Scanning Electron Microscopy. 

The results give us conclusions about the TiO2 product 

obtained at different calcination temperatures. This study 

contributes to improving the TiO2 production process from 

titanium slag and aims for sustainable chemical industry 

development. 

2. EXPERIMENTAL METHOD 

2.1. Materials 

In this study, titanium slag was the primary raw material 

used, an essential by-product of removing iron from 

ilmenite ore. The titanium slag sample was collected from 

the Binh Thuan province, Vietnam. The chemical 

composition of titanium slag is shown in Table 1 and was 

determined by the X-ray Fluorescence method. 

Table 1. The chemical composition of titanium slag, wt.% 

TiO2 SiO2 Na2O Fe2O3 Al2O3 ZrO2 Others 

92.01 2.44 1.59 1.12 1.09 0.91 0.84 

In addition, supporting chemicals include NaOH and 

hydrochloric acid (HCl), both high-quality products from 

Merck, meeting stringent standards for chemical 

experiments. Sodium hydroxide is used in solid powder 

form with a purity of over 99 % to ensure the stability and 

accuracy of experimental reactions. Meanwhile, 

hydrochloric acid, a 35 % solution, optimizes efficiency and 

stability in chemical processing stages. 

2.2. Procedure 

In the study, titanium slag was treated through the 

following preparation steps: The initial titanium slag was 

washed, dried, and then ground using a planetary mill at a 

rotation speed of 400 rpm for 10 minutes. The particle size 

of the slag powder after grinding was determined by laser 

diffraction, resulting in an average particle size of 3.54 µm. 

 

Fig. 1. Thermal conditions for calcining a mixture of titanium slag 

and sodium hydroxide 

The ground titanium slag powder was mixed with 

NaOH at titanium slag/NaOH ratios of 1/1. The mixture, 

after mixing, was calcined in an air environment at 

temperatures of 700, 800, 900, 1000, and 1100 °C, with a 

heating rate of 5 °C/min. The dwell time at the highest 

temperature was 60 minutes. The heat treatment mode and 

sample symbols are described in Fig. 1. 

After calcination, the mixture was washed with distilled 

water to remove excess NaOH and other soluble 

compounds, with a distilled water to solid phase ratio of 5:1 

(volume). The washing process was carried out at 60 °C on 

a magnetic stirrer, heating it for 10 minutes. The solid part, 

after washing, continued to be hydrolyzed with 25 % HCl 

solution at 60 °C and distilled water at 90 °C. This process 

was carried out in a heated magnetic stirrer, with a stirring 

speed of 300 rpm for 120 minutes, to create TiO(OH)2. The 

solid product, after hydrolysis, was dried at 120 °C and 

calcined at 900 °C to obtain TiO2. The calcined TiO2 was 

analyzed for chemical composition, functional group 

composition, phase structure, and microstructural 

characteristics. The goal was to evaluate the effect of the 

mixture ratios on the properties of the finished TiO2. 

2.3. Analytical methods 

The chemical composition of the TiO₂ products was 

analyzed by X-ray fluorescence (XRF) to assess purity at 

different mixture ratios. Measurements were performed 

using an ARL ADVANT’X spectrometer (Thermo), with 10 

g of each sample prepared in powder form. As with any 

analytical method, quantitative XRF is subject to potential 

uncertainties. In this study, the main sources of uncertainty 

arise from matrix effects, where fluorescence signals are 

influenced by variations in elemental composition, and 

particle size effects, related to morphological differences 

between powders. The reported TiO2 wt.% values were 

calculated based on the total elemental titanium content, 
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providing a reliable basis for comparing relative purity 

trends across samples, which was the central objective of 

this analysis. 

The functional group composition was determined by 

Fourier Transform Infrared Spectroscopy (FTIR). The 

equipment used was NICOLET 6700 from Thermo. The 

sample was analyzed in powder form, using a KBr binder, 

with a scan range from 480 to 4000 cm-1. The scan step was 

set to 0.21 cm-1. The FTIR results provide information on 

the functional group composition in the product after 

calcination. 

The mineral phase composition of TiO2 was determined 

by X-ray diffraction (XRD). The equipment used was D2 

PHASER from Bruker. The diffraction angle was 

investigated from 15° to 75°, with a scan step of 0.02°. The 

sample analyzed was in powder form, helping to determine 

the allotropic form of the TiO2 product. The XRD diagram 

was also used to calculate the crystallite size of rutile 

minerals through the Bragg equation [17]. 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
 , (1) 

where λ is the wavelength of x-ray beam (Cu Kα, with 

λ = 1.5418 Å); β is the full width at half maximum (FWHM 

in rad); θ is the Bragg's angle (in rad). 

The microstructure of TiO2 was observed by Scanning 

Electron Microscopy (SEM). The equipment used was JSM-

IT 200 from Jeol, with a measurement voltage of 10 kV, a 

distance to the sample of 11.3 mm, and a magnification of 

10.000 times. The SEM results provide detailed information 

on the form of the microstructure of the product. 

3. RESULTS AND DISCUSSION 

The first step in the process of recovering TiO2 from 

titanium slag is to carry out the reaction between titanium 

slag and NaOH at high temperature. NaOH helps remove 

other impurity components present in titanium slag. 

Impurities such as SiO2, Al2O3, and ZrO2 will react with 

NaOH at high temperature to form soluble salts and are 

removed during the washing process of the product after 

calcination [20 – 23]. In addition, NaOH also reacts with the 

titanium slag component and separates TiO2 from the slag 

structure. The reaction between NaOH and titanium slag at 

high temperature can be described through chemical Eq. 2 

and Eq. 3 [24]. Na2TiO3 and NaFeO2 are insoluble salts. In 

which, Na2TiO3 can be separated through the hydrolysis 

process. Thanks to that, TiO2 can be recovered from 

titanium slag. 

4FeTiO3 + 12NaOH + O2 → 4Na2TiO3 + 6H2O + 4NaFeO2 (2) 

TiO2 + 2NaOH → Na2TiO3 + H2O  (3) 

Fig. 2 shows the evaluation results of the TiO2 content 

of the samples when calcining the semi-finished product 

after hydrolysis at 900 °C. The results show the 

effectiveness of separating TiO2 from titanium slag using 

NaOH calcination. The content of TiO2 increased after 

separating TiO2 from titanium slag. 

The change of the sample through the synthesis steps 

can also be observed through the color of the sample after 

the stages. Initially, the slag was black (Fig. 3 a); after 

calcination with NaOH, the sample was green (Fig. 3 b), and 

finally, the calcined product after hydrolysis was white TiO2 

(Fig. 3 c). 

 

Fig. 2. The SiO2 content of the product 

The results in Fig. 2 show a clear trend: the TiO2 content 

in the final product decreases as the reaction temperature 

between titanium slag and NaOH increases, dropping from 

96.78 % at 700 °C to 93.56 % at 1100 °C. This result can be 

thoroughly explained by examining the physical and 

chemical changes throughout the synthesis process, as 

revealed by FTIR, XRD, and SEM analyses. If the 

temperature continued to increase from 900 °C to 1100 °C, 

the TiO2 content in the product decreased sharply from 

96.36 % to 93.56 %. Besides creating Na2TiO3 salt, which 

is beneficial for TiO2 recovery, NaOH also reacts with other 

impurities in the slag. Thanks to that, impurities were 

removed. The rapid decrease in TiO2 content at reaction 

temperatures above 900 °C also shows that 900 °C may be 

the limiting temperature for the reaction between NaOH and 

titanium slag. Suppose it is desired to increase the purity of 

TiO2 in the product further. In that case, other parameters, 

such as increasing the heat retention time or changing the 

particle size composition of the initial material, can be 

considered. 

 

Fig. 3. Synthesis stages of the sample: a – titanium slag; 

b – titanium slag after reaction with NaOH; c – calcined 

product after hydrolysis 

The results in Fig. 2 show that the TiO2 content in the 

product decreases with temperature. However, their purity 

is only about 93.56 % to 96.78 %. This result may be due to 

impurities mixed into the sample during the TiO2 recovery 

process from titanium slag or some components not 

removed after the calcination process. To clarify this issue, 

the FTIR method was used to observe the functional group 
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composition in the samples (Fig. 4). Fourier transform 

infrared spectroscopy results show that the spectral form of 

the samples is similar. Both samples have two vibration 

peaks. The first peak at 483 cm-1 is characteristic of the 

vibration of the Ti-O bond [25, 26]. Ti-O is the 

characteristic bond of titanium dioxide. This result again 

proves that TiO2 has been recovered from titanium slag by 

calcining slag and NaOH. The second vibration peak is at 

1629 cm-1. The vibration peak shows the presence of the Ti-

OH bond [27, 28]. The hydroxyl group  

(-OH) is a chemical water bound in the structure of 

TiO(OH)2. Many studies have shown that TiO(OH)2 is a 

product of the hydrolysis of Na2TiO3 salt [29, 30]. 

The presence of TiO(OH)2 also indicates that the 

calcination process to remove the hydroxyl group in 

TiO(OH)2 has not taken place completely. The particle size 

of Ti(OH)2 plays a significant role in the presence of 

residual hydroxyl groups at elevated temperatures. Higher 

initial reaction temperatures (700 – 1100 °C) enhance the 

efficiency of Na2TiO3 salt formation, promoting the 

crystallization of larger TiO(OH)2 particles during the 

subsequent hydrolysis step. 

These larger and more densely packed TiO(OH)2 

particles complicate the final dehydration step required to 

form TiO2. As a result, samples prepared at higher reaction 

temperatures retain more hydroxyl groups, leading to the 

decrease in TiO2 content observed in Fig. 2. Therefore, 

900 °C can be regarded as the optimal temperature for this 

reaction; beyond this point, the adverse effects of particle 

growth outweigh the benefits of increased reaction 

efficiency between NaOH and titanium slag. This 

relationship between temperature and particle size is 

supported by XRD crystallite size calculations (see Fig. 5 

and Table 2). 

 

Fig. 4. FTIR analysis results of the samples 

Besides FTIR, X-ray diffraction was also used to 

evaluate the phase composition of the product. Fig. 5 shows 

the XRD patterns of the samples calcined at 900 °C after 

hydrolysis. Similar to the analysis on the FTIR spectrum, 

the XRD patterns show that the main component in the 

product is mainly TiO2. This once again proves that the TiO2 

content in the samples in Fig. 2 only ranges from 93.56 % 

to 96.78 wt.%, not entirely due to impurities in the sample 

but due to the existence of TiO(OH)2 in the composition 

after calcination. The XRD analysis (Fig. 5) reveals that the 

sample consists of rutile (JCPDS card no. 21-1276) and 

anatase (JCPDS card no. 21-1272) phases. 

 

Fig. 5. The XRD patterns of the samples 

Table 2. The sizes of rutile crystals, nm 

Dimensions 700 °C 800 °C 900 °C 1000 °C 1100 °C 

D(110) 1.81 2.76 3.19 3.89 3.97 

D(101) 1.85 2.82 3.26 3.97 4.23 

D(200) 1.87 2.85 3.29 4.01 5.34 

D(111) 1.88 2.87 3.32 4.04 4.46 

D(210) 1.9 2.89 3.35 4.07 5.24 

D(211) 1.98 3.02 3.49 4.24 3.89 

D(220) 2.00 3.05 3.53 4.29 4.37 

D(002) 2.06 3.14 3.63 4.43 4.60 

D(310) 2.06 3.17 3.66 4.46 4.83 

D(112) 2.14 3.26 3.77 4.59 4.00 

𝑫̅ 1.96 2.98 3.45 4.20 4.49 

Rutile is shown at the diffraction positions 27.64°, 

36.28°, 39.38°, 41.43°, 44.39°, 54.48°, 56.91°, 62.92°, 

64.42°, and 69.2° [31, 32]. The diffraction peaks associated 

with rutile are markedly more intense and sharper than the 

anatase ones, indicating that rutile is the predominant 

crystalline phase. The formation of a predominantly rutile 

phase is particularly significant for practical applications, as 

rutile exhibits the highest refractive index and superior 

chemical stability among TiO2 allotropes. These 

characteristics render rutile the preferred material for white 

pigment in industries such as paints, plastics, and coatings, 

where high opacity and long-term durability are essential 

[33, 34]. Many studies have shown that the anatase allotrope 

will transform into rutile at ~600 °C [35]. Therefore, in the 

final step, TiO(OH)2 was calcined to create TiO2 at 900 °C, 

and the rutile allotrope was dominant. The anatase allotrope 

in the product is due to the incomplete allotropic 

transformation process. 

In addition to phase identification, the XRD patterns 

were employed to estimate the crystallite size of the rutile 

phase using Eq. 1. As summarized in Table 2, the average 

crystallite size of the final TiO2 product increased steadily 

with the initial reaction temperature, ranging from 1.96 nm 

at 700 °C to 4.49 nm at 1100 °C. This trend is directly 

related to the role of the Na2TiO3 intermediate. At higher 

reaction temperatures, Na2TiO3 formation becomes more 

efficient. During subsequent hydrolysis, the increased 

concentration of this precursor promotes the crystallization 

of TiO(OH)2 by favoring crystal growth over new 

nucleation. Consequently, larger TiO(OH)2 crystallites are 

obtained, which, after calcination, result in the larger TiO2 

crystallite sizes observed – consistent with the particle size 
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evolution revealed by SEM images. However, the rise in 

TiO(OH)2 particle size also made the dehydration process 

of forming TiO2 more difficult. This may be why the TiO2 

content in the samples with a reaction temperature of 

1000 °C and 1100 °C was significantly lower than the other 

samples (results in Fig. 2). 

In addition to phase composition, the microstructure of 

the samples was examined by SEM (Fig. 6) to assess 

particle morphology qualitatively. The SEM images 

corroborate the quantitative crystallite size data obtained 

from XRD (Table 2), demonstrating that particle size and 

agglomeration increased with increasing reaction 

temperature. These observations confirm the trend that 

higher temperatures promote more pronounced particle 

growth. The reason is that the amount of Na2TiO3 formed 

increased when the reaction temperature increased. Thanks 

to that, TiO(OH)2 crystallizes after hydrolysis, expanding 

the product's particle size. 

 

Fig. 6. The microstructure images of the samples: a – 700 °C; 

b – 800 °C; c – 900 °C; d – 1000 °C; e – 1100 °C 

SEM analysis (Fig. 6) provided critical insights into 

particle morphology and its direct correlation with the final 

TiO2 content. Significant morphological changes were 

observed as the reaction temperature increased from 700 to 

1100 oC: (1) particle size increased, and (2) agglomeration 

intensified, evolving from discrete particles at 700 – 800 °C 

to large, dense blocks at 1000 – 1100 °C. This 

morphological evolution is directly linked to the final TiO2 

purity. The formation of large agglomerated blocks inhibits 

complete dehydration of the TiO(OH)2 intermediate during 

calcination, resulting in greater retention of hydroxyl 

groups, as confirmed by FTIR analysis, and ultimately 

leading to the reduced TiO2 content observed at higher 

temperatures (Fig. 2). 

In addition, this phenomenon can be rationalized by 

considering both thermodynamic and kinetic factors. The 

initial reaction of titanium slag with NaOH is 

thermodynamically favored at elevated temperatures, 

facilitating the efficient formation of the Na2TiO3 

intermediate. In contrast, the subsequent dehydration of 

TiO(OH)2 to TiO2 is kinetically constrained, as the diffusion 

of water vapor from the interior of larger or more 

agglomerated particles is hindered, thereby retarding the 

complete conversion to crystalline TiO2. Therefore, the 

TiO2 content in the product decreases at higher sintering 

temperatures. 

4. CONCLUSIONS 

This study investigated the effect of the reaction 

temperature between titanium slag and NaOH in the 

calcination method of recovering TiO2 from titanium slag. 

The results show that temperature greatly affects the 

reaction efficiency between titanium slag and NaOH. The 

results of the TiO2 content analysis show that at the reaction 

temperature from 700 °C to 1100 °C, the TiO2 content in the 

product decreased from 96.78 % to 93.56 wt.%. The 900 °C 

can be considered as the limiting temperature for the 

reaction to separate TiO2 from titanium slag by NaOH. The 

results of the FTIR, XRD, and SEM analyses show that 

when the reaction temperature increases, the amount of 

Na2TiO3 created promotes the crystallization process of 

TiO(OH)2. TiO(OH)2 formed with large particle size 

hinders the dehydration process. As a result, hydroxyl 

groups existed in the product samples and reduced the TiO2 

contents. XRD analysis confirmed that rutile is the 

predominant allotropic form of the synthesized TiO2, 

representing the most thermodynamically stable phase. The 

dominance of rutile, characterized by its high refractive 

index and strong UV stability, renders the recovered product 

highly suitable for direct utilization as a high-performance 

pigment in paints, coatings, and ceramics. 
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