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Abstract
A systematic study on the mechano-thermic reduction of low-grade ilmenite concentrate for the production of high-grade 
 TiO2 powder used in the production of non-oxide ceramics for cutting tool applications has been successfully carried out. 
Samples were prepared via planetary ball milling and carbothermic reduction processes, and the as-reduced product was 
subsequently leached in order to improve the synthesized  TiO2 by removing the metallic iron in it and other minor soluble 
impurities dissolved in the iron. The mechano-thermic reduction was achieved by milling a representative mixture of ilmenite 
and carbon in a molar ratio of 1:1, followed by carbothermic reduction at 1000 °C in a laboratory high-temperature furnace 
for 60 min. The as-reduced product was subsequently leached at 80 °C for 6 h in a hydrochloric acid solution. It was found 
that there was a complete reduction of ilmenite to metallic iron and  TiO2 at 1000 °C. The results of the FESEM showed 
there were only two distinct regions of metallic iron (bright region) and titanium dioxide (grey region) with minor traces 
of unreacted carbon (dark spots), although there was clear regional demarcation between these regions. However, the iron 
dissolution during the acid treatment was almost 100% as there were no peaks of iron in the as-leached powder. The results 
of these analyses confirmed the synthesis of high-grade  TiO2, which finds application in cutting tool applications and other 
areas such as in reflective pigment production.
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1 Introduction

The ever-increasing demand for mineral rutile and the con-
sequential increase in its price have put untold hardship on 
its consumers [1, 2]. Rutile, otherwise known as titanium 
dioxide, has been extensively used as  TiO2 pigment in paints 
and paper manufacturing industries, and its importance has 
increased exponentially due to its unique properties such 

as good semiconducting behaviour and photo-sensibility 
[3, 4]. Also used as a pigment, titanium dioxide is used to 
provide colour for rubber, textiles, plastics, cosmetics, ink, 
leather, ceramics, etc. [5]. Hence, there is an impetus for 
the development of alternative processes for the synthe-
sis of synthetic rutile from the abundant naturally occur-
ring iron titanate, otherwise called ilmenite. The mineral 
ilmenite is a common raw material used for the production 
of titanium dioxide and titanium metal [6]. It is one of the 
interesting minerals of the metal titanium, and it is being 
mined as an economically important industrial mineral ore 
in several deposits across the globe [7–9]. Unlike the other 
minerals, the demand for titanium is driven by the demand 
for a special chemical called  TiO2 pigment. Out of the total 
titanium mineral production in the world, about 93% is con-
sumed in  TiO2 pigment, with only about 3% left for titanium 
metal production [10, 11]. An average of 37% of the world 
production of ilmenite is from South Africa; hence, South 
Africa has been seen as the largest producer of ilmenite in 
the world, accounting for about 37% of the 6.2 million met-
ric tons of global production [12]. In South Africa, ilmenite 
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and rutile are produced from extensive beach placer deposits 
located along the eastern, southern, and north-eastern coasts, 
with minute deposits along the west coast, north of Cape 
Town, by Richards Bay Minerals (Pty) Ltd (RBM), Exxaro’s 
Hillendale, and Namakwa Sands mines [13].

Several methods have been used to upgrade ilmenite 
to synthetic rutile in the past [2, 14, 15]. These methods 
include mechanical activation, smelting, direct acid leach-
ing, selective chlorination, and reduction processes [15]. 
The conversion of ilmenite to synthetic rutile involves the 
selective removal of iron contained in the ilmenite. How-
ever, the solid-state reduction of ilmenite, in which ilmenite 
is reduced to metallic Fe and titanium dioxide and subse-
quently separated by acid leaching, has proved to be the best 
method [16]. In this method, the iron oxide in the ilmenite 
is first reduced to metallic form during the reduction pro-
cess and then removed during the acid treatment, while the 
titanium-containing oxides are reduced to titanium dioxide. 
This reduction is accomplished by the presence of carbon, 
or carbonaceous materials, at temperatures around 1000 °C 
[17].

But above 1000 °C, gaseous reduction takes over the 
reduction reaction, which in most cases is followed by the 
Boudouard reaction [17, 18].

In an attempt to increase the rate of carbothermic reduc-
tion of ilmenite, several pre- and/or intermediate treatments 
have been introduced, such as mechanical activation, pre-
oxidation, and addition of catalysts (e.g.  FeCl3), to the 
starting materials of reduction processes [17, 19]. However, 
mechano-thermic reduction of a mixture of ilmenite and 
carbon to synthesize metallic Fe and  TiO2, followed by acid 
treatment and moderate temperature drying, seems to have 
provided high-quality synthetic rutile that has wide indus-
trial applications [16]. The mechanical activation, which 
increased the specific surface area of the milled powder, 
plays a significant role in increasing the efficiency of the 
mechano-thermic reduction and accelerates the dissolution 
of the reduced powder during the acid treatment [20]. As 
a consequence, reduction temperature can be achieved at 
a relatively low temperature, and acid leaching could be 
achieved at nearly room temperature [21].

The search for an environmentally friendly and cost effec-
tive purification approach has placed the hydrochloric acid 
leaching route above its counterpart sulphate process [22]. 
In contrast to the use of hydrochloric acid (HCl) for tita-
nium ore leaching operations, the concentrated sulfuric acid 

(1)FeTiO3(s) + C(s) = Fe(s) + TiO2(s) + CO(g)

(2)FeTiO(s) + CO = Fe + TiO2 + CO2

(3)C + CO2 = 2CO

(> 85 wt%  H2SO4) process, which can also be used for low-
grade ilmenite (40–50%  TiO2), is faced with the challenges 
of hydrolysed effluent disposal, which leads to severe envi-
ronmental problems. The process produces a large amount 
of waste acid in a concentration of about 20 wt% that must 
either be reused or recycled and definitely not directly dis-
posed of into the surroundings because of its harmful effects 
[23, 24]. However, to mitigate against the discharge of this 
large acid waste directly into the surroundings, the adoption 
of hydrochloric acid (HCl) leaching process for titanium ores 
as proposed in this study is worthwhile. The environmentally 
friendly nature of the hydrochloric acid treatment route and 
its ease of effluent disposal have recently positioned it well 
as compared to its counterpart, the concentrated sulfuric acid 
route [25, 26].

As a known fact, the concentration of the hydrochloric 
acid and the leaching temperature induce the selective leach-
ing of the metallic Fe from the titanium oxide in the solution 
[27]. The calcination of the leached product provides the 
opportunity for the highly crystalline titanium dioxide to 
be synthesized by removing any form of carbon impurities 
that might remain in the leached powder [16]. However, the 
efficiency of the hydrochloric acid leaching process on the 
other hand helps in the removal of the metallic iron from the 
reduced Fe-TiO2. This process is also capable of removing 
other dissolved impurities in the iron phase [28, 29]. On this 
note, hydrochloric acid leaching is often preferred because 
it has these advantages, such as excellent impurity removal, 
fast leaching rate, ease of waste disposal, acid regeneration, 
and efficient removal of metallic iron and other impurities 
dissolved in it.

However, our preliminary search of the earlier work 
shows that no satisfactory work has been published on the 
synthesis of high-grade synthetic rutile from South Afri-
can low-grade ilmenite concentrate. Therefore, this present 
research aims to systematically study the mechano-thermic 
reduction of South African ilmenite for the synthesis of high-
purity synthetic rutile  (TiO2) for cutting tool applications.

2  Methodology

2.1  Starting material characterization

The starting materials used in the present study are:

• Ilmenite concentrate, as a precursor, with a mean particle 
size (d0.5) of 136 µm, was obtained from Richards Bay 
Minerals, South Africa. The X-ray diffraction patterns of 
this ilmenite concentrate showed that  FeTiO3,  Fe2O3, and 
 TiO2 were the major mineral phases (Fig. 1). The chemi-
cal composition of the ilmenite is as given in Table 1. 
This quantitative analysis of the ilmenite was carried out 
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by an X-ray fluorescence spectrometer. The results of the 
XRF showed that the ilmenite is a low-grade titanium ore 
as it contains a significant amount of impurities, which 
are mostly in the form of oxides of Si, Mg, Al, etc.

• TIMCAL TIMREX ® KS6 graphite of more than 99.9% 
purity was obtained from Imerys Graphite & Carbon, 
Switzerland, and its d(0.5) is 3.4 µm.

2.2  Experimental procedures

In the experiment carried out, a 1:1 molar ratio of graphite 
to ilmenite concentrate was carried out in accordance with 
Eq. (1) was milled in ethanol under still air for 2 h at room 
temperature. A grinding bowl made of steel and steel balls of 
10 mm diameter were used in a planetary ball mill (PM 100, 
Retsch Germany), which was operated at a speed of 250 rpm 
throughout the milling process. The resulting slurry obtained 
after the ball milling (as-milled samples) was evaporated in a 
rotary evaporator, CVC 3000, Germany, and dried at 120 °C 
in a draught drying cabinet (Thermo Electron LED GmbH, 
Germany). A carbothermic reduction was carried out iso-
thermally in a laboratory high-temperature furnace (Thermal 
Tech., USA), where powder of a known gram was held in 
graphite crucibles stationed on an automated crucible holder 
before the furnace was purged with Ar. gas. The powder was 
heated to the desired temperature at a heating rate of 5 °C/
min and held for 60 min before being cooled to the ambient 
temperature at a cooling rate of 5 °C/min. Figure 2 depicts 
the detailed flow chart adopted in the course of the study. 
Thereafter, the synthesized powder was measured, and the 
difference between the initial weight (before the reduction) 

and final weight (after the reduction), i.e., material balance, 
was used to calculate the degree of reduction [2, 30]. A 10% 
conc. HCl acid solution was prepared and measured in a 
ratio of 10:1 with the reduction product, and this was done 
to remove the metallic Fe from the synthesized Fe-TiO2 
powder. The leaching was carried out at a temperature of 
80 °C for 6 h, while the mixture was continuously stirred by 
a RW16 basic overhead stirrer. Thereafter, the leached solu-
tion was filtered, washed thoroughly with distilled water, and 
then dried at 120 °C for 6 h in a draught drying cabinet. This 
resulting powder,  TiO2, was characterized using an X-ray 
diffractometer (XRD, Brucker D8 Advance, Germany) with 
Cu-Kα radiation (λ = 1.54060 Å) operated on a scan rate of 
0.01 (°)/s in 2 Theta (°). The morphology of the leached 
powder was characterized using a field emission scanning 
electron microscope (FESEM: ZEISS Gemini Nvision 40, 
Germany) equipped with an energy-dispersive spectrometer 
(EDS) for point analysis.

3  Results and discussion

3.1  Phase transformation during carbothermic 
reduction

It was observed that the reduction of mechanically activated 
ilmenite at 1000 °C led to the formation of Fe and  TiO2 
phases. Although a little trace of unreacted carbon was still 
observed, by homogenizing at 1000 °C for 60 min, the inten-
sity of ilmenite phase totally disappeared, and strong peaks 
of iron phase and moderate peaks of titanium dioxide were 
fully observed, as shown in Fig. 3. The strong appearance 
of Fe was due to the initial solid–solid reaction between 
ilmenite and carbon particles [31–33]. However, it was noted 
that a further increase in temperature from 1000 °C upward 
could lead to the continuous disappearance of  TiO2 until 
stable phases of sub-oxides (magneli) of titanium, e.g.  Ti4O7 
and  Ti3O5, are formed [34, 35].

3.2  Characterization of the as‑reduced samples

3.2.1  X‑ray diffraction analysis

The results of the XRD at 1000 °C during the carbothermic 
reduction in Ar-controlled atmosphere were observed to be 
metallic Fe,  TiO2, and traces of unreacted carbon. Although, 
the free carbon (unreacted carbon) could not be detected by 
the XRD, as evident in Fig. 3. However, its presence was 
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Fig. 1  X-ray diffraction patterns of the ilmenite concentrate

Table 1  Chemical compositions 
of the ilmenite concentrate 
(weight fraction, %)

TiO2 Fe2O3 SiO2 Al2O3 MnO MgO Cr2O3 ZrO2 CaO Nb2O5 P2O5 ZnO

45.06 48.06 2.94 1.72 0.95 0.55 0.22 0.13 0.13 0.09 0.07 0.03
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detected by the FESEM, as shown in Fig. 4. These observed 
phases were further distinguished in backscattered electron 
(BSE) images by energy-dispersive spectrometric (EDX) 
analyses. It was observed that the main phases of the reduc-
tion products at 1000 °C were Fe and  TiO2, and no addi-
tional phases were observed. This clearly showed that at 
this temperature,  TiO2 could be successfully synthesized in 
Ar-controlled atmosphere.

3.2.2  Microstructural analysis

The microstructure and morphology of the reduction 
product (powder) as characterized by a field emission 

scanning electron microscope (FESEM: ZEISS Gemini 
Nvision 40, Germany) equipped with an energy-dispersive 
spectrometer (EDS) for elemental analysis are presented 
in Fig.  4. The figure shows the representative images 
obtained after 60 min homogenization at 1000 °C. These 
images showed that there were only two distinct regions 
of metallic iron (bright region) and titanium dioxide (grey 
region), although there were some traces of unreacted car-
bon (dark spots). However, it was observed that there is a 
clear regional demarcation between the metallic iron phase 
and the  TiO2 phase.

Fig. 2  Experimental flow 
chart for the synthesis of  TiO2 
powder

Ilmenite concentrate TimRex graphite

TiO2 powder

Acid leaching

Carbothermic 
reduction

Ball milling

Fig. 3  X-ray diffraction patterns 
of the reduction product
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3.3  Hydrochloric acid leaching

The potency of the hydrochloric acid leaching was observed 
to be 100% as the fraction of metallic iron leached away 
from the reduction product was total (Eq. 4). The effect of 
particle size reduction from the initial milling of the starting 
materials greatly influenced the dissolution of the reduction 
powder in the acid solution [36, 37]. The iron dissolution 
was 100% as there were no peaks of iron in the as-leached 
powder. This is so because the ilmenite reduction was essen-
tially complete after 60 min at 1000 °C.

(4)
FeTiO(s) + TiO2(s) + 2HC1(1) = TiO2(s) + FeC12(1) + H2(g)

3.4  Characterization of the synthesized titanium 
dioxide

3.4.1  X‑ray diffraction analysis

From the XRD observations, Fig. 5 shows the diffraction 
patterns of the leached powder. As shown, the removal of 
the elemental iron was confirmed as there were no peaks 
of metallic Fe, and other dissolved impurities in the iron 
phase have also been totally removed in accordance with 
Eq. (4) [38]. The finer particles of the  TiO2 appeared in 
phase 1, while the seeming coarse particles appeared in 
phase 2.

Fig. 4  FESEM micrographs and EDX images of reduction product (Fe-TiO2)
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3.4.2  Microstructural analysis

Figure 6 shows the FESEM images of the leached powder. 
Figure 6a and b show the morphology of the  TiO2 parti-
cles. It could be seen that the particles of the resulting 
 TiO2 after the acid treatment are in compacted form, with 
some hollow spaces that represent the areas occupied by 

the leached iron particles. The  TiO2 particles are in com-
pacted form, which was a result of liquid-phase sinter-
ing. The EDX analysis as shown in Fig. 6b revealed the 
presence of Ti and O as the major components, with little 
traces of C. This is further confirmation that the product 
obtained after the hydrochloric acid leaching was pure 
 TiO2.

Fig. 5  X-ray diffraction patterns 
of the leached  TiO2 powder
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Fig. 6  FESEM micrograph and EDX image of the synthesized pure  TiO2
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3.5  Novelty of the study

The profound novelty of the research is in its ability to get 
rid of the trapped impurities during the acid treatment. Pre-
cisely, the impurities of Al, Ca, and/or Si were removed 
together with the Fe removal. And this was achieved through 
the following steps: ball milling of the starting materials, in-
situ carbothermic reduction, and hydrochloric acid leaching. 
The in situ carbothermic reduction removed the impurities 
of Mg and Mn from the synthesized Fe-TiO2 powder [13, 
38–40] (Eqs. 5 and 6).

Other impurities of Al, Ca, etc. that were not removed 
during the reduction process were removed together with 
the metallic iron during the acid treatment [28, 29, 38]. 
Although there are still traces of unreacted carbon in the 
EDX spectrum of the final  TiO2 powder, this is only present 
in an insignificant amount since it could not be detected as 
a major phase in the XRD analysis (Fig. 5).

It is worthy of note to say that the metallic iron phase 
was removed 100% leaving behind only the pure phase of 
 TiO2 after the hydrochloric acid treatment. It can therefore 
be said that this current method of preparing pure  TiO2 from 
low-grade titanium ore offers the opportunity of utilizing a 
cheaper raw material (ilmenite concentrate) to synthesize 
high-purity and competitive synthetic rutile that could be 
used in the production of non-oxide ceramics such as TiC, 
TiN, and TiCN or  TiO2 pigments that could be used in many 
industrial applications, such as cutting tool production.

4  Conclusions

The mechano-thermic reduction of low-grade ilmenite 
concentrate for the production of high-grade  TiO2 powder 
used in the production of non-oxide ceramics for cutting 
tool applications has been successfully achieved, and the 
following key findings are hereby noted:

• The possibility of synthesizing  TiO2 at 1000 °C in an Ar-
controlled atmosphere by mechano-thermic reduction of 
the as-milled sample was established.

• The effect of the pre-treatment (ball milling) enhanced 
both the reduction process and the dissolution of metal-
lic iron in the hydrochloric acid treatment. And this was 
attributed mainly to the intimate mixture of the carbon 
with the disordered ilmenite crystallites during the ball 
milling, which subsequently enhanced the removal of the 

(5)MgO(s) + C(s) = Mg(g) + CO(g)

(6)MngO(s) + C(s) = Mn(g) + CO(g)

metallic iron and other impurities dissolved in it during 
the leaching process.

• Consequently, this approach (mechano-thermic) led to 
the synthesis of high-grade synthetic rutile  (TiO2) via 
a carbothermic reduction of low-grade titanium ore for 
cutting tool applications.
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