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1. Introduction
Titanium dioxide pigment (TiO2) has high chemical and 

thermal stability, is non-toxic, has corrosion resistance, and a 
high optical refractive index. Therefore, this pigment has been 
widely used in a variety of areas including paint, paper, plastic, 
and cosmetics, among others, due to its remarkable qualities [1].

There are more than 100 different minerals containing more 
than 1% TiO2. Among them, ilmenite and rutile are the minerals 
of choice in industry. Ilmenite accounts for more than 90% of 
the Ti metallurgy industry uses [2]. The ilmenite FeTiO3 is one 
of the primary raw materials for titanium-containing material 
and iron production. Vietnam has large titanium ore deposits 
with approximately 650 million tons of heavy minerals located 
mostly along the middle coast of Vietnam spreading from Thanh 
Hoa province to Ba Ria - Vung Tau province [3]. Recently, the 
Vietnamese titanium industry processed high grade ore and 
titanium slag with around 80% TiO2 content. Despite this, TiO2 
pigment has not yet been processed in Vietnam [4, 5]. 

There are two commercial processes for recovering TiO2 
including the sulfate process and chloride process [1, 2]. 
In the past decade, a new process called the “molten alkaline 
process” was investigated for the synthesis of TiO2 pigment [6-
15]. Titanium slags were used as raw materials containing ~80% 
TiO2. Recently, some metallurgists used ilmenite ore (FeTiO3) to 
replace titanium slag in molten alkaline processes [14, 15]. 

The exploratory research of TiO2 pigment production using 
ilmenite as raw materials through the molten alkaline process 
has been proposed as a new method for obtaining high quality 
TiO2 and also to reducing the amount of waste, save raw 
materials, energy, and time.

In this study, TiO2 pigment was prepared from Ha Tinh 
ilmenite ore concentrate (IOC) via the molten alkaline process.
2. Experimental procedure

Ha Tinh IOC was used as a raw material; its chemical 
composition was analysed by X-ray Fluorescence (XRF-Viet 
Space 5008P) as shown in Table 1 which contains 54.19% TiO2. 
The X-ray diffraction (XRD- Bruker D8-Advance) analysis of 
the ilmenite concentrate (Fig. 1) indicates that the main titanium 
components are FeTiO3, TiO2, Fe2Ti3O9, and Fe2O3.
Table 1. Chemical compositions of Ha Tinh IOC.

Component Content (wt. %)
TiO2 54.19
FeO 34.16
SiO2 4.01
Al2O3 4.28
MnO 2.82
Nb2O3 0.17
ZrO2 0.32
Other 0.05
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Fig. 1. X-Ray diffraction pattern of Ha Tinh IOC. 

TiO2 was produced from IOC by the alkaline molten salt 
process. IOC mixed with NaOH were roasted in nickel crucibles 
inside a muffle furnace. The alkaline roast was then leached 
in water to remove both the excess NaOH as well as soluble 
impurities such as silicate and aluminate. After the first leaching, 
the water-leached sample was subsequently subjected to 
hydrochloric acid leaching. The solution was then subjected to 
hydrolysis, and precipitation was calcinated as shown in Fig. 2.

Fig. 2. The experimental procedure.

The selection of roasting temperature depends on raw 
materials, thus, the roasting temperature was studied at 600-
800oC, which is higher than that for titanium slag or upgrading 
ilmenite at about 500oC based on previous research [9, 10]. 
The IOC (54.19% TiO2) was first roasted in the molten NaOH 
system at various temperatures ranging from 600 to 800°C 
with the NaOH/IOC mass ratio varied within 0.8-1.2 for 1 
hour. The roasted product was then leached in water and later 
in HCl 20% at 50ºC for 2 hours. The TiOCl2 solution was 
hydrolysed at 95oC for 2 hours. The precipitation resulting 
from the hydrolysis process was then calcinated at 800oC.

3. Results and discussion 
The IOC was roasted in the NaOH molten system to prepare 

Na2TiO3. The main goal of the alkaline roasting process is to 
destroy the very strong and compact crystal structures of pure 

Ti minerals (rutile, anatase, or synthetic rutile) as these minerals 
are extremely resistant to direct acid leaching in comparison 
with ilmenite, which contains much higher amounts of iron 
oxides that facilitate its acid digestion [16]. TiO2 is converted 
to Na2TiO3 through the alkaline roasting process for separation 
of Ti from Fe and other impurities that formed like NaFeO2, 
Na2AlO2, Na2SiO3, etc [2]. The roasting reactions occurred by 
the following chemical reactions:

4FeTiO3 + 12NaOH + O2 = 4Na2TiO3 + 4NaFeO2 + 6H2O  (1)

TiO2 + 2NaOH = Na2TiO3 + H2O                (2)

Fe2O3 + 2NaOH = NaFeO2 + H2O                      (3)

SiO2 + 2NaOH = Na2SiO3 + H2O                   (4)

Al2O3 + 2NaOH = 2NaAlO2 + H2O                  (5)

MnO + 2NaOH + O2 = Na3MnO4 + H2O                     (6)

ZrO2 + 2NaOH = Na2ZrO3 + H2O                (7)

Nb2O3 + 2NaOH + O2 = 2NaNbO3 + H2O                     (8)

This study focuses on determining the effect of roasting 
temperature and mass ratio of NaOH/IOC on the efficiency 
of the roasting process. The roasting temperature was varied 
from 600 to 800°C with a 50oC increment along with using 
a NaOH/IOC mass ratio of 1/1 for 60 min. The results are 
shown in Table 2 and Fig. 3. The efficiency of decomposed 
TiO2 increases from 81.59 to 93.93% when increasing of 
temperature from 600 to 700oC because of the molten NaOH 
system. After that, the efficiency slightly decreased at a higher 
temperature of 800oC (93.58%).
Table 2. Effect of temperature on efficiency of TiO2 roasting.

Temperature (oC) Roasting efficiency of TiO2 (%)

600 81.59

650 84.81

700 93.93

750 93.93

800 93.58

Fig. 3. Effect of roasting temperature on roasting efficiency of TiO2 (%).



PHYSICAL SCIENCES | CHEMISTRY, ENGINEERING

17JUNE 2023 • VOLUME 65 NUMBER 2

In previous research, the effect of roasting temperature at 
500-550oC for 1-1.5 hours and TiO2/NaOH ratio of ~ 1-1.2 
for titanium slag raw materials were observed [5-11]. For 
IOC, the reactions between NaOH and ore were negligible at 
a temperature of 600oC, but these reactions strongly occurred 
when the temperature reached 700-800oC. The optimum 
roasting temperature was found to be 700oC, and it agrees well 
with the results of other works [12, 14].

To study the effect of NaOH/IOC mass ratios, the NaOH/
IOC ratios were varied within the range of 0.8, 0.9, 1, 1.1; and 
1.2. The results are summarized in Table 3 and collectively 
plotted in Fig. 4. The obtained results show that when the ratios 
changed from 0.8 to 1.0, the roasting efficiency of TiO2 increased 
from 83.73 to 93.93% while the efficiency remained constant at 
higher ratios of 1.1 and 1.2. The results can be explained by the 
fact that the molten NaOH system acts as a high temperature 
ionized solvent above 350°C, in which titanium dioxide and 
other titanium compounds have high solubility.

On other hand, NaOH melting provides O2-, and 
it combines with the oxygen in the air to oxidize titanium 
oxide (Ti2O3) to form Na2TiO3. Therefore, increasing NaOH 
content significantly increased the O2- content in solution, thus 
increasing roasting speed [8].
Table 3. Effect of NaOH/IOC mass ratio on roasting efficiency of TiO2.

NaOH/IOC mass ratio Roasting efficiency of TiO2 (%)

0.8 83.73

0.9 88.02

1.0 93.93

1.1 93.93

1.2 93.93

Fig. 4. Effect of NaOH/IOC mass ratio to roasting efficiency of TiO2. 

The product of roasting was analysed by XRD as shown 
in Fig. 5. This figure shows that the titanium exists in the 
form of sodium titanium oxide (Na2TiO3).

Fig. 5. X-ray diffraction pattern of IOC roasting production. 

The Na2TiO3 was leached in water to form a solid of 
H2TiO3 at 60oC for 10 min as shown in reaction 9: 

Na2TiO3 + 2H2O = H2TiO3 + 2NaOH                                                (9)

In this process, Mn, Al, and Si form a water solute that 
can be removed in a water solution [12]. The obtained solid 
was continuously leached in a hydrochloric acid solution to 
form a solution as shown in the following reaction:

H2TiO3 + 2HCl  =  TiOCl2 + 2H2O                                                                       (10)

This process transfers titanium from a solid into a 
solution. However, iron and other impurities were also 
dissolved. The leaching parameter was studied as a function 
of HCl concentration (15-20%), a temperature range of 20-
80oC, and leaching times from 30 to 150 min. The effect of 
HCl acid concentration on the efficiency of H2TiO3 is shown 
in Table 4 and Fig. 6. 

The efficiency of the leaching process increased from 
80.51 to 93.93% along with increasing HCl concentration 
from 15 to 20%. During the leaching process, the 15% 
HCl concentration can be hydrolysed into H2TiO3 to 
reduce the titanium content of the solution. At higher HCl 
concentrations, impurities can be dissolved in the solution 
that were probably caused by hydrolysis processes [15]. 
Based on the results, an HCl concentration of 20% was used 
for the hydrolysis process.
Table 4. Effect of HCl concentration on leaching efficiency of TiO2.

HCl concentration (%) Leaching efficiency of TiO2 (%)

15.0 80.51

17.5 91.25

20.0 93.93

22.5 89.10

25.0 83.20
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Fig. 6. Effect of HCl concentration on leaching efficiency of TiO2.

Leaching temperature was studied as a function of 20, 
40, 60 and 80oC with 20% HCl for 60 min, and the results 
are presented in Table 5 and Fig. 7. 
Table 5. Effect of leaching temperature on leaching efficiency of TiO2.

Leaching temperature (oC) Leaching efficiency of TiO2 (%)

20 84.81

40 88.03

60 93.93

80 89.10

Figure 7 shows that the highest TiO2 content in solution 
reaches 93.93% at a temperature to 60oC. At the temperature 
above 60oC, the leaching efficiency of TiO3 decreased 
because of H2TiO3 hydrolysis. Thus, a leaching temperature 
of 60oC was selected for the next study.

Fig. 7. Effect of leaching temperature on leaching efficiency of TiO2.

The effect of leaching time on TiO2 leaching efficiency 
was investigated as a function of 30, 60, 120, 150 and 180 
min while the parameters of 20% HCl and 60oC were kept 
constant. The results obtained are shown in Table 6 and Fig. 
8. The leaching efficiency of TiO2 increased as the leaching 
time increased from 30 to 60 min, and this value remained 
constant at higher leaching times. 

Table 6. Effect of leaching time on leaching efficiency of TiO2.

Leaching time (min) Leaching efficiency of TiO2 (%)

30 88.56

60 93.93

90 93.39

120 93.93

Fig. 8. Effect of leaching time on leaching efficiency of TiO2.

The dissolved Ti can react with water molecules to form 
insoluble hydrate solutions through hydrolysis and precipitation 
of a hydrous titanium oxide compound. The product of low 
temperature hydrolysis (20-80oC) is Ti(OH)4 or TiO2.2H2O, 
however, that of higher temperatures (80-110oC) is TiO(OH)2 
or TiO2.H2O [12].

The TiOCl2 solution was hydrolysed at 95oC for 2 hours 
according to reaction (11):

TiOCl2 + 2H2O → TiO(OH)2 + 2HCl             (11)

The exact mechanism of the thermal hydrolysis of Ti 
solution is unclear, however, some have thought it to be the 
transfer of H+ ions from the hydration shell of Ti ions into the 
solution with subsequent coordination with OH- and colloidal 
aggregation [8, 12].  This hydrated compound is then calcinated 
to form a crystalline product. The type of TiO2 crystal depends 
on the acid used during the leaching process. The hydrolysis of 
chloride solutions yielded rutile upon calcination [12]. 

To obtain TiO2, the precipitation product of TiO(OH)2 
was calcinated at 800oC for 2 hours. The reactions can be 
represented by the following reaction (12):

TiO(OH)2 → TiO2 + H2O                          (12)

The chemical compound and phase content of the final 
product of TiO2 was analysed by XRF and XRD, respectively, 
as shown in Fig. 6 and Table 4. The final TiO2 product was 
a rutile crystal structure with a TiO2 content of 96.37 wt. % 
(Table 7, Fig. 9).
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Table 7. Chemical composition of TiO2 product.

Component Content (wt. %)

TiO2 96.37

FeO 1.02

SiO2 1.33

Al2O3 0.22

ZrO2 0.70

Nb2O3 0.35

Other 0.01

Fig. 9. X-ray diffraction pattern of the TiO2 product.

The molten alkaline process has been introduced to produce 
pure TiO2 from various titanium sources [12, 13]. A comparison 
of our results with the results of other research is shown in Table 
8. In the table, the 98.39% TiO2 was synthesized by the same 
process using raw materials of upgrading ilmenite (82% TiO2) 
[13]. S. Sanchez-Segado, et. al (2015) [15] observed a similar 
quality to our product (95% TiO2)  from Bomar IOC.
Table 8. Comparative study of TiO2 production.

Raw materials Production of TiO2 (%) Ref.

Ha Tinh IOC (54.19% TiO2) 96.37 This study

Upgrading ilmenite 82% TiO2 98.39 [13]

Bomar IOC 61% TiO2 95 [15]

4. Conclusions
This study was conducted to obtain a final TiO2 concentration 

of 96.37 wt. % from a Ha Tinh IOC (54.19% TiO2) by a molten 
alkaline process with roasting conditions of 700°C and a NaOH/
ilmenite ratio of 1:1. The roasted product was first leached in 
water at 60oC for 10 min and then in a solution of HCl 20% at 
50ºC for 2 hours. The TiOCl2 solution was hydrolysed at 95oC 
for 2 hours and then calcinated at 800oC to obtain a product 
containing up to 96.37% of TiO2. This result demonstrates that 
the molten alkaline process can be applied to the synthesis TiO2 
from the IOC of Vietnam. The molten alkaline process was used 
in the fabrication of TiO2 pigment by various raw materials from 
low grade TiO2 (ilmenites) to high grade TiO2 (slag, upgrading 
ilmenite). This process not only yielded high grade TiO2, but 
also used ilmenite ores in a direction in which the impurities, 
materials, time, and energy were reduced.
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