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Titanium slag is a by-product of iron extraction from Ilmenite ore. Titanium slag has a high TiO, content, so it is a suitable
material for preparing TiO,. This study investigated the influence of the slag particle size on the ability to synthesize TiO,
by the hydrothermal alkalisation method. Three groups of titanium slag powder with average particle sizes from 18 um
to 108 um were alkalised with a 10M NaOH solution to separate TiO, by the hydrothermal method. The mixing ratio by
mass between the slag and the 10M NaOH solution is 1:1.5. The hydrothermal reaction was carried out at 180 °C for
7 hours. The products were analysed for their mineral, chemical, and microstructural properties using X-ray diffraction,
X-ray fluorescence, scanning electron microscopy with energy-dispersive detector. The results show that the particle size
significantly influences the efficiency of the TiO, chemical extraction from the titanium slag. The formed TiO, is of high purity,
and the main mineral composition is anatase. The anatase polymorph of TiO, has the potential application as a photocatalyst

and an antibacterial material.

INTRODUCTION

Titanium (Ti) is a mineral discovered in 1791 by
William Gregor while analysing black magnetic sand
from Menachan in Cornwall (England) [1]. Titanium is
one of the rare metals with many precious properties.
Titanium makes up about 0.63 wt. % of the earth’s crust.
The common oxide form of titanium is titanium dioxide
(TiO,). About 95 wt. % of the titanium used is in the form
of titanium dioxide (TiO,) [2]. TiO, has three polymorph
forms: anatase, brookite, and rutile. These allotropes
differ by the arrangement of the [TiO4]* octahedra [3].

TiO, is a commonly used chemical in many
industries. Anti-corrosion materials for paints [4], fillers
in the paper industry [5], and increased colour fastness
for printing inks [6], etc. can be mentioned as some TiO,
applications. TiO, is also a popular raw material for the
ceramic industry [7]. Besides the typical applications
mentioned above, TiO, is also widely used in high-tech
fields such as electronic components [8], piezoelectric

ceramic materials [9], components in the optical fibres
[10], and increased brightness for LED screens [11],
etc. In addition, TiO, with the anatase polymorph is a
very popular material for photocatalytic and bactericidal
applications [12].

TiO, is usually produced from the primary raw
material of ilmenite (FeTiO;) or from rutile (TiO,) ores by
different chemical methods. Among them, chlorination
is the most common method that is applied. DuPont
developed the first chlorination method more than
70 years ago in 1950. A. Adipuri et al. also chlorinated
a mixture of iron and titanium at 1450 °C for 180 minutes
to obtain pure TiO, [13]. Sulfuric acid is a chemical
compound used to prepare TiO, from ilmenite and rutile
ores. K. Zhu et al. found that the Ti(IV) and Fe(II)
separation efficiency by this method is 99.88 wt. % and
99.90 wt. %. The purity of Ti(IV) and Fe(III) solutions
are 98.75 wt. % and 99.18 wt. %, respectively [14]. In
addition, high-temperature fluorination [15] and solution
fluorination are also used to prepare TiO, [16].
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The above acidification methods are often highly
toxic and cause equipment corrosion. To solve the above
problem, the application of the alkaline dissolution
method to prepare TiO, is being studied and used [17].
In the alkaline dissolution method, the TiO, in the raw
materials is dissolved in a strong alkaline solution in
normal conditions [18] or in an environment with high
temperature and pressure [19].

With the alkaline dissolution method, the
technological parameters greatly determine the ability
to synthesise TiO,. In this study, we investigate the
influence of titanium slag particle size on the ability
to synthesise TiO, by the alkaline dissolution method.
It is carried out at high temperatures and pressure. The
efficiency of the reaction stages to synthesise TiO, was
tested by techniques such as X-ray diffraction, Fourier
transform infrared spectroscopy, X-ray fluorescence
spectroscopy, scanning electron microscopy, and energy-
dispersive X-ray spectroscopy.

EXPERIMENTAL

Materials

The used titanium slag with its chemical composition
is presented in Table 1. Three different particle size
groups were used to investigate the influence of the slag
particle size on the ability to participate in the alkaline
dissolution reaction. The average particle sizes of these
three groups are 23.35 um, 63.07 pm, and 81.06 pum,

Table 1. Chemical composition of the titanium slag (wt. %).
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Figure 1. Particle size distribution chart of the three titanium
slag groups.

respectively, with the symbols T1, T2, and T3. The
particle size distribution charts of the three groups are
depicted in Figure 1.

Analysis method

The laser method was used to analyse the particle
size distribution of the raw materials. A Horiba LA-920
laser analyser was used with the analytical conditions set
according to ASTM D4464.

X-ray diffraction (XRD) was used for the mineral
identification of the products. A Brucker D2 PHARSER
XRD analyser was used. Analysis conditions were set as
a scan range from 10 — 75°, with a scan step of 0.02, in
mode C.

X-ray fluorescence (XRF) was used to determine
the chemical composition of the samples. An ARL
ADVANT'X XRF analyser from Thermo Fischer was
used.

Scanning electron microscopy method (SEM)
combined with energy dispersive X-ray spectroscopy
(EDX) was used to analyse the microstructure and
distribution of elemental composition on the sample
surface. A Jeol JSM-IT 200 analyser was used.

Procedure

The synthesis of TiO, from titanium slag is carried
out through three stages including:

Stage 1 — Separating TiO, from the titanium slag:
RED slag powder is mixed with NaOH in a mass ratio
1:1.05. Water was added to ensure that the NaOH
concentration reached 10 M. The mixture was stirred at
90 °C for 1 hour. Next, the mixture was submitted to
the hydrothermal treatment in an autoclave at 180 °C
for 7 hours. The product, after autoclaving, was filtered
to separate the liquid and solid phases. The solid phase
part was washed with distilled water. After drying, the
chemical composition was determined by XRF and XRD
methods to evaluate the ability to separate TiO,. The
solution was kept to perform the TiO, recovery reaction.

Stage 2 — Precipitating TiO(OH),: The solution,
after the hydrothermal autoclave, was reacted with a
50 % sulfuric acid solution. An acidic solution is added
until a solution reaching a pH of 6 - 7 is obtained. The
process was carried out with a magnetic stirrer at 90 °C
with a stirring speed of 1200 rpm. Then, distilled water is
added to the mixture in a ratio of water/solution equal to
3/1 and was stirred for 2 hours. The precipitation reaction
from the solution was used to obtain TiO(OH),. The pre-
cipitate was washed and filtered using a centrifuge. The
minerals formed were determined by the XRD method.

Stage 3 — Calcination of TiO(OH), at 400 °C for
2 hours obtain to form TiO, powder. The chemical and
mineral composition of the TiO, powder after being
calcined was determined by XRD, XRF, SEM, and EDX
methods.
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RESULTS AND DISCUSSION

Stage 1 — Separating TiO, from the titanium slag

The titanium slag samples after the hydrothermal
autoclaving at 180 °C for 7 hours were analysed by
XRD and XRF to evaluate the properties of the residue
remaining after the reaction. The results of the XRD
analysis are presented in Figure 2, in which RM (raw
materials) is the symbol of the starting material. The
results of the XRD analysis in Figure 2 show that there are
similar minerals in the samples. With the RM sample, the
XRD chart shows the presence of the minerals ilmenite
(FeTiO,) and titanium dioxide (TiO,). For the samples
after the hydrothermal autoclave, the XRD pattern
indicates the presence of the minerals ilmenite (FeTiO;),
titanium dioxide (TiO,), and hematite (Fe,0;). The peaks
of ilmenite appeared at diffraction positions of 24.35,
32.57, 40.33, and 48.75° [20]. The peaks of the mineral
titanium dioxide are present at diffraction positions of
24.35, 36.91, 48.01, and 55.03° [21]. Moreover, the
mineral hematite appeared at the diffraction positions of
33.19, 57.66, and 64.08° [22].
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Figure 2. The XRD patterns of the titanium slag residue

However, there was an apparent change in
the intensity of the samples before and after the
hydrothermal reaction. In the T1, T2, and T3 samples,
the intensity of the peaks related to TiO, and FeTiO,
were reduced compared with that of the RM sample -
especially the peaks associated with the TiO, minerals.
The intensity decrease is evident at diffraction positions
of 22.45, 32.57, 36.91, 48.01, and 55.03°. In contrast to
the intensity reduction of the above peaks, some peaks
related to hematite are clearly observed (33.19, 57.66,
and 64.08°). This result proves that TiO, in the titanium
slag participated during the hydrothermal process and
caused the peaks of this mineral to decrease on the XRD
patterns. The chemical reaction Equations (1, 2) describe
the reaction process of TiO, with the NaOH solution in a
hydrothermal environment. Thanks to the decrease in the

intensity of the TiO, peaks and the formation of Fe,O;
from the reaction (1), the peaks of Fe,O; increase in the
T1, T2, and T3 spectra.

FeTiO; + NaOH + H,0 — Fe, 05+ Na,O-nTiO,-mH,0O

)
TiO, + NaOH + H,0 — Na,O-nTiO, mH,0  (2)

Where n and m are coefficients

The results of the XRD patterns show the ability
of the hydrothermal environment to dissolve TiO, in the
titanium slag by NaOH. However, the XRD patterns did
not show a clear difference in the reactivity of the T1,
T2, and T3 samples. To further clarify this difference,
the post-reaction samples were analysed by XRF to
determine the remaining TiO, content in the slag. The
lower the TiO, content in the slag, the greater the ability
to dissolve TiO, to form Na,O-nTiO,-mH,0. The results
of determining the TiO, content in the slag after the
reaction are shown in Figure 3. Figure 3 shows that all the
samples have reduced TiO, contents after participating in
the hydrothermal reaction. The results again demonstrate
the reactivity of TiO, in the slag with the NaOH solution.
The results also show that the TiO, solubility reactivity
increases as the slag particle size decreases. As the
particle size decreases, the contact surface between the
solid phase (titanium slag) and the liquid phase (NaOH
solution) increases. Thanks to this, the ability to dissolve
TiO, is also increased. This conclusion also shows that
reducing the slag particle size is one of the methods that
can be applied to improve the efficiency of the TiO,
recovery reaction from the titanium slag.

95

)
£ L
5 90
5
N
o'sst
|_
L
°
t 91.21
S 80
= 87.53
H 85.55
: 82.85
L7510
- / /

70

RM Ti T2 T3
Samples

Figure 3. The TiO, composition of the titanium slag residue.

Stage 2 - Precipitating TIO(OH),

The precipitate in the second stage was washed
and dried. The dried samples were subjected to an
XRD analysis. Figure 4 shows the results of the XRD
patterns of the samples. The XRD patterns indicate that
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the primary mineral formed after precipitation from
the solution is titanium oxyhydroxide (TiO(OH),).
The characteristic diffraction peaks for TiO(OH), are
at 26.77, 32.28, 37.22, 48.35, and 55.32° [23]. Many
studies have shown that TiO(OH), is the precursor of
the TiO2 generation by different solution methods [24-
26]. The appearance of TiO(OH), in the solution after
precipitation also demonstrated the ability to extract
TiO, from the titanium slag by the alkaline dissolution
method. The similar XRD patterns of the samples also
show that the particle size of the titanium slag does not
significantly affect the precipitation of TiO(OH), from
the alkaline solution.
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Figure 4. The XRD patterns of the TiO(OH), powders.

Besides TiO(OH),, the XRD patterns show the TiO,
minerals at diffraction positions 25.22, 47.85, and 53.72°.
Except for the peak at position 25.42°, the appearance
of the remaining peaks is not clear. The appearance of
these peaks indicates the formation of TiO, microcrystals
during the precipitation process. TiO, microcrystals
react with water and are rapidly converted to TIO(OH),
according to reaction (3). Therefore, pyrolysis is
necessary for synthesising TiO, by the solution method.

TiO,* + H,0 — TiO(OH), 3)

Stage 3 — Calcination to form a TiO, powder

After precipitation, the TiO(OH), powder was
calcinated at 400 °C to separate the water and form TiO,.
Figure 5 shows the XRD analysis result of the TiO,
powder after calcination.

Similar to the XRD patterns in Figure 4, the
XRD patterns in Figure 5 also show the formation of
TiO(OH), and TiO,. However, the appearance of peaks
corresponding to these two minerals has changed. The
peaks corresponding to TiO(OH), are only present at
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Figure 5. The XRD patterns of the TiO, powders.

32.28 and 48.35° positions. This result proves that TiO,
was formed from the dehydrating reaction of TiIO(OH),
at 400 °C according to reaction (4). The appearance of
TiO, at the diffraction peaks at positions 25.22, 36.86,
37.72, 38.46, 47.85, 53.72, 54.89, 61.92, 62.51, 68.59,
and 70.05° shows that the TiO, formed is anatase
polymorph.

TiO(OH), — TiO, + H,0 (4)

The morphology of the anatase was also examined
by ascanning electron microscope (SEM). Figure 6 shows
the SEM image result of the formed anatase powders.
The SEM image results show that the TiO, powders
have similar shapes. The formed body is spherical which
have a particle size ranging from 10 to 20 nm. The
results also show that the alkaline dissolution method
in a hydrothermal environment can produce anatase on
a nanoscale. The nano-sized spherical particles help to
increase the specific surface of the anatase. Many studies

W oam

Figure 6. The morphology image of the TiO, powders.
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have also shown that nano-anatase has a reduced band
gap [27]. From there, the anatase nanoparticles can be
easily stimulated through a photocatalytic effect using
only the visible light band [28].

Besides the morphological observation, the
elemental distribution and chemical composition of
the TiO, powder was also analysed by EDX and XRF
methods. Figure 7 shows the result of the elemental
composition distribution map, and Figure 8 shows the
composition of the samples.
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Figure 7. The elemental distribution map of the TiO, powders.
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Figure 8. The chemical composition of the TiO, powders.

The analysis results of the element distribution map
shown in Figure 7 and the chemical composition shown
in Figure 8 give similar results. All the samples have the
main chemical composition of TiO, with a relatively high
purity (with TiO, accounting for 98.15 - 98.54 wt. %).
The difference in the TiO, content of the samples from
T1 to T3 is also insignificant, indicating that the particle

size of the raw materials does not significantly influence
the chemical composition of the formed TiO, powder.
In addition, TiO, synthesised by the alkaline dissolution
method will also be mixed with impurities such as Na,O.
Na,O is the remaining component due to the incomplete
washing process.

CONCLUSIONS

In this study, TiO, was synthesised from three
different groups of titanium slag by the alkaline
dissolution method in a hydrothermal device. The
results showed that the group of particles with an
average size of 23.35 um gave the most significant TiO,
recovery (8.36 wt. %). Although the material’s particle
size dramatically affects the ability to separate TiO,
from the titanium slag, it does not significantly affect
the crystallisation ability to form TiO(OH), from the
alkaline solution. It also does not significantly affect the
purity and the allotropic form of the TiO, formed after
dehydrating at 400 °C. The purity of TiO, obtained is
above 98 wt. %, and the main allotropic form of TiO, is
anatase. The resulting TiO, has a particle size ranging
from 10 to 20 nm. Anatase nanoparticles can help the
TiO, photocatalyst reaction under visible light.
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