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A B S T R A C T

Ilmenite is a naturally available mineral that is highly applicable in the synthesis of pure TiO2. Titania mainly
presents in four polymorphs as rutile, anatase, brookite and TiO2–B. Titania could be mined from minerals such as
ilmenite, leucoxene and rutile among which ilmenite is the main source. Ball milling is a mechanical activation
method used before subjecting ilmenite to chemical treatment methods to produce titanium based materials.
Effect of milling time, milling intensity, milling atmosphere, the introduction of reducing agents on the particle
size, surface area, annealing temperature, and the crystal structure of the products are reviewed. The effect of ball
milling on acid digestion of ilmenite in hydrochloric acid and sulfuric acid is discussed. Further, the effect of
mechanical activation on hydrothermal treatment of ilmenite is explained in detail.
1. Introduction

Ball milling is a mechanical technique used to grind powders into fine
particles [1]. Generally, a ball mill consists of a hollow cylindrical vessel
that rotates around its axis and balls which are made of materials such as
steel, stainless steel, ceramic or rubber. The powder is processed by the
interactions with the balls, and the friction of the balls with each other
and with the wall of the vessel (Fig. 1). The milling process depends on
the energy released from the collision of balls and the powder, and fine
particles are produced. The ball milling method is classified as vibration
mill, planetary mill andmagneto-ball mill depending on themovement of
the balls and vessel and among them, the planetary mill is the most
common as it has been used to reduce the particle size of many materials.
The ball milling process induces a reduction in the particle and crystallite
size mainly. Further, it creates deformations in the crystal structure,
metastable phases, surface modifications. At the initial stage of milling,
powder particles are flattened by the compressive forces caused by the
impact of the balls leading to changes in the shape of the particles.
Fracturing and cold welding occur when powder and clusters colloid
further with balls with high kinetic energy. With further milling, more
refinement and reduction in the particle size is more evident and the
microstructure of the particle becomes more homogeneous. After the
milling process, an extremely deformed metastable structure results
where the lamella are no longer resolvable by optical microscopy.
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Moreover, milling can trigger chemical reactions that are not favourable
at room temperature. The milling process strongly depends on different
parameters such as volume of the vessel, ball size, density of the balls,
total ball mass, hardness of the balls, powder amount, rotational speed,
feed time, milling time and the milling atmosphere. These parameters
have been varied to produce fine particles from the powder/clusters and
the surface area, particle size, crystal nature etc, changed depending on
the conditions supplied [2–6]. Ball milling is an eco-friendly, cost-ef-
fective, reliable, reproducible technique that could be applied to different
materials under dry and wet conditions. This technique possesses many
advantages including cost-effectiveness, ease of operation, reliability,
reproducibility, production of a fine powder, suitability for milling toxic
materials since it is performed in a close vessel, appropriateness for
continuous processes, applicability in wet and dry conditions on a wide
range of materials etc. However, disadvantages such as the possibility of
contamination, production of irregular shaped and different sized ma-
terials, long milling and cleaning time, noise etc. are associated with this
technique [7]. Ball milling could be applied to various materials such as
cellulose, hydroxyapatite, ilmenite, metal oxides, polymers, etc. In this
paper, we reviewed the application of milling to ilmenite, the main
source of TiO2.

Ilmenite is a naturally available mineral found in igneous rocks,
sediments, sedimentary rocks in many countries including Australia,
South Africa, India, Brazil, Norway, Ukraine, Sri Lanka etc as shown in
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Fig. 1. Horizontal section of a grinding vessel and powder mixture.
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Fig. 2. The composition of ilmenite varies from one location to the other
and generally, ilmenite consists of TiO2, FeO, Fe2O3, Na2O, SiO2, Al2O3,
ZrO2, Cr2O3, MnO, CaO, MgO, SnO2, K2O, V2O5, P2O5, SO3 as revealed by
XRF analysis performed [9–12]. Ilmenite is known as the raw material to
synthesize white pigment TiO2 [9,13,14]. Ilmenite is subjected to many
treatment conditions especially digestion in acids like hydrochloric and
sulfuric acids, to synthesize pure TiO2 or to extract its constituent ele-
ments (Ti and Fe) used for different applications. TiO2 is well known in
the world for its applicability in different applications including but not
limited to photocatalysis to produce H2 [15–17] and to degrade organic
Fig. 2. Worldwide mine production of titanium
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pollutants such as textile dyes [18–20], pharmaceuticals [21–23], and
pesticides [24,25], in photovoltaic cells [26,27], as the anode material in
Lithium-ion batteries [28,29], as a white pigment in paints, coatings,
plastics [30] etc. In view of the vast potential that TiO2 has, it is
important to explore other sources of TiO2 as an alternative to the
expensive process of synthesizing it. With such wide applicability of
TiO2, researchers came across different synthesis methods to synthesize
TiO2 using different chemical precursors. Electrophoretic deposition
[31], spray pyrolysis [32], sonochemical [33] and microwave-assisted
methods [34], hydro/solvothermal methods [34]and sol-gel methods
[35] are used to synthesize Ti based materials. Those methods use pre-
cursors including Titanium isopropoxide [36], titanium butoxide [37],
titanium oxyacetylacetonate [38], titanium tetrachloride [39] which are
expensive. Therefore, it is of great importance to use a naturally available
material, as discussed in this review ilmenite as the starting material to
synthesize TiO2 and titanium based materials. There are many methods
available such as acid leaching [9,40–43], hydrothermal synthesis [44,
45] leaching in alkalines [46,47] etc.

Reviews are available on acid leaching of ilmenite [48–50] but to our
knowledge, a review on mechanical activation applied along with the
other treatment techniques is not available. Ball milling is used as a
preliminary technique performed before main techniques. Mechanical
activation by ball milling is known to increase the reactivity of the ma-
terial and the uniformity of spatial distribution of elements [51,52].
During mechanical activation potential energy of the materials are
enhanced and such increased energy is expressed as an increase in sur-
face area, vacancy and dislocation concentrations, enhancement in
metastable phases, structural disorder, alteration in bond length/angles,
minerals in 2020. Adapted from Ref. [8].
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higher oxidation states etc [53,54]. Such created changes enhance the
activities followed by mechanical activation. In this review, we discuss
the process of mechanical activation of ilmenite and its enhanced
contribution to acid leaching of ilmenite and hydrothermal synthesis of
Ti-based materials from ilmenite.

2. Ball milling

2.1. Activated carbon as the reducing agent

The ball milling technique has been widely used to synthesize TiO2

nanomaterials via top down approach. Y. Chen et al. [55,56] have
studied the ball milling of Australian ilmenite under a variety of condi-
tions. Ilmenite was mixed with granular activated carbon in a weight
ratio of 4:1 to ensure the complete carbothermic reduction of ilmenite.
Ilmenite ball milled at room temperature reduced to rutile, iron and
austenite at the low annealing temperature. As shown the Fig. 3 (i) the
first weight loss was observed in the temperature range 100 �C–850 �C,
the second dramatic decrease was above 850 �C with a total weight loss
of 21.5 wt%, whereas in the carbon-ilmenite mixture which was not
subjected to milling a significant weight loss was observed over 800 �C.
The thermogravimetric curve of the premilled sample clearly shows three
regions as (a), (b) and (c) where region (a) corresponds to the
low-temperature solid-state reduction that typically occurs from 860 �C
to 1000 �C given by,

FeTiO3(S) þ C(S) ¼ Fe(S) þ TiO2(S) þ CO(g)

Region (b) corresponds to the high-temperature reduction of ilmenite
by gaseous CO usually above 1000 �C.

FeTiO3(S) þ CO(g) ¼ TiO2(S) þ Fe(s) þ CO2(g)
3

With CO generation,

C(S) þ CO2(g) ¼ 2 CO(g)

Typically above 1200 �C further reduction of rutile occurs,

TiO2(s) þ CO(g) ¼ Ti3O5(s) þ CO2(g)

According to the XRD patterns at an annealing temperature of 760 �C,
some of the ilmenite was reduced to TiO2, producing some α-Fe and Fe(C)
phases. On increasing the annealing temperature to 900 �C, rutile was the
dominant phase. With the increase in the annealing temperature to 1100
�C, a new reduction product appeared as γ-Ti3O5 together with α-Fe and
Fe(C), indicating a further reduction of rutile and complete disappear-
ance of ilmenite. Moreover, high milling time also led to a decrease in the
annealing temperature for conversion of ilmenite to rutile. The ilmenite
and carbon mixture milled for different durations (100, 200 and 400
hours) showed interesting results. The onset temperatures of the second
stage where rutile appeared to be the dominant phase, for samples milled
at 100, 200 and 400 hours were 900 �C, 850 �C and 750 �C, respectively
(Fig. 3 (ii)) and the weight loss after heating at 1100 �C was 17.5, 21.5,
24 wt%, respectively. Further, with high milling intensity, the reduction
temperature also decreased showing a weight loss of 24.5 wt%, and a
weight loss of 22.1 wt% resulted in low milling intensity. Authors indi-
cate that O2 should be absent in the milling process because the presence
of O2 leads to different solid-state reactions, and atmospheres such as
vacuum, Ar, and N2 are suggested as alternatives [55]. Chen et al. [57]
further studied the effect of milling atmosphere on the chemical nature of
the resulting material after milling. Ilmenite which was subjected to ball
milling under vacuum does not change its chemical nature. However,
ilmenite milled in air showed the presence of Fe2Ti3O9 after 100/200
hours of milling an observation consistent with that of Grey and Reid
Fig. 3. TG curves of ilmenite-carbon mixture (i) 1.
without premilling 2. With premilling at intensity 2
for 200 hours, annealed at (a) 760 �C, (b) 900 �C
and (c) and (e) 1100 �C (ii) milled for different
durations at an intensity of 2. Adapted from
Ref. [55]. (iii) XRD patterns of the ilmenite samples
after milling at different milling conditions (a) 200
hours under vacuum (b) 100 h in air (c) 200 h in air.
(iv) XRD patterns of premilled ilmenite samples in
air, annealed at different temperatures. X: Fe2Ti3O9,
⋄: Fe2O3, þ: TiO2, O: Fe2TiO5. Adapted from
Ref. [57].
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[58]. Fig. 3 (iii) and (iv) show XRD patterns of the samples after milling
(200 hours) and annealing in a differential thermal analyzer (600 �C,
800 �C and 1000 �C). Samples annealed at 600 �C showed only the
diffraction peaks of Fe2Ti3O9 while that annealed at 800 �C showed
Fe2Ti3O9 as the dominant phase and diffraction peaks attributed to
maghemite (γ-Fe2O3). This new product of oxidation was not detected in
the sample milled in air at room temperature probably due to the small
grain size and/or the disordered structure. After annealing at 1000 �C
only the TiO2 and Fe2TiO5 were detected. This indicated that the formed
Fe2Ti3O9 decomposed to TiO2 and Fe2TiO5 at 1000 �C and γ-Fe2O3
probably reacted with TiO2 to produce Fe2TiO5 [59]. All the chemical
reactions for premilled ilmenite are given below.

At temperatures below 800 �C only part of the ilmenite oxidizes,

6 FeTiO3(S) þ 3/2 O2(g) ¼ 2 Fe2Ti3O9(S) þ Fe2O3(S)

At temperatures greater than 800 �C, two reactions could happened,
Fig. 4. (a) XRD patterns recorded from the mixtures of ilmenite and sulfur
milled for different periods. Adapted from Ref. [61]. (b) XRD patterns of milled
and unmilled samples. Adapted from Ref. [62].

4

4 FeTiO3(S) þ O2(g) ¼ 2 Fe2TiO5(S) þ 2TiO2(S)
Fe2Ti3O9(S) ¼ Fe2TiO5(S) þ 2TiO2(S)

Interestingly, ilmenite which was not premilled before annealing
showed ilmenite as the dominant phase with TiO2 and Fe2Ti3O9 in small
quantities after annealing at 600 �C. The quantity of TiO2 and Fe2Ti3O9
increased in the sample annealed at 800 �C. Though the major phase was
still ilmenite, minor quantities of α- Fe2O3 were detected. Similarly, to
the premilled sample, at 1000 �C only TiO2 and Fe2TiO5 were detected.
Chemical reactions that occur during annealing of ilmenite without
premilling are as follows,

At temperatures lower than 800 �C,

4 FeTiO3(S) þ O2(g) ¼ Fe2Ti3O9(S) þ Fe2O3(S) þ TiO2(S)

At temperatures greater than 800 �C,

4 FeTiO3(S) þ O2(g) ¼ 2 Fe2TiO5(S) þ 2 TiO2(S)

Hence, the authors concluded that the process of oxidation of ilmenite
induced by high energy ball milling is a non-equilibrium process and is
favourable for the formation of metastable phases [57]. Further, it was
found that ilmenite fully oxidized to Fe2TiO5 and TiO2 by heating to
1000 �C in air, could be converted to Fe2Ti3O9 by ball milling in oxygen
gas, which is also the product formed on milling ilmenite in air at room
temperature without annealing [60].

Fe2TiO5(S) þ TiO2(S) ¼ Fe2Ti3O9(S)

2.2. Sulfur as the reducing agent

Ball milling of the ilmenite-sulfur mixture at room temperature in a
vacuum was also investigated [61]. Upon ball milling broadening of the
diffraction peaks in the XRD pattern (Fig. 4 (a)) corresponding to ilmenite
was observed due to the reduction in crystallite size of ilmenite induced
by ball pulverization. In addition, peaks corresponding to FeS2, which
becamemore prominent with increasing milling time, could also be seen.
Weak peaks of TiO2 were also present. However, when a premilled
ilmenite sulfur mixture was annealed under Ar flow, the sample annealed
at 400 �C showed prominent peaks for FeS2 and low-intensity peaks for
TiO2. The sample annealed at 600 �C resulted in the production of TiO2 in
larger amounts and disappearance of the FeS2 phase and the formation of
Fe9S10. Interestingly, the sample annealed at 800 �C showed the presence
of only TiO2. Pure rutile powder was obtained by acid leaching the
sample annealed at 600 �C in 10%HCl and Fe9S10 was leached suggesting
that this low-temperature extraction process is a simple and low-cost
alternative for producing rutile from ilmenite [61].

2.3. Graphite as the reducing agent

Structural changes of ilmenite ball milled with graphite under Ar
atmosphere were studied [62]. X-ray diffraction patterns (Fig. 4 (b))
showed that the intensity of the characteristic diffraction peak of
graphite (002) decreased by 95% after 2 hours of milling and completely
disappeared after 4 hours indicating that the graphite crystalline struc-
ture easily deformed along the (002) crystal plane to produce amorphous
carbon. A reduction in the intensity of the ilmenite (104) peak was also
observed due to the reduction in particle size during the milling process.
The authors studied the behaviour of the premilled ilmenite graphite
mixture heated to 1400 �C under flowing N2. It could be been seen that
the TG curve of the unmilled sample has not reached a steady level with
an increase in temperature to 1400 �C (Fig. 5). A weight loss was
observed during the solid-state reduction of ilmenite with carbon on
milling for more than 4 hours. Fe and TiO2 were the solid products while
the gaseous product was CO. According to the DSC study (Fig. 5),



Fig. 5. TG and DSC curves of unmilled and milled samples as a function of
temperature. Adapted from Ref. [62].
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endothermic peaks that stand for gradual deoxidizing of titanium oxides
could be seen at different temperatures in samples milled for 2 hours
(1106, 1185, 1280, 1321 �C) and 4 hours (1000, 1100, 1200, 1300 �C).
The first two endothermic peaks were assigned to the formation of Ti4O7
and Ti3O5 as follows,

TiO2(S) þ 1/4C(S) ¼ 1/4 Ti4O7(S) þ 1/4 CO(g)

Ti4O7(S) þ 1/3C(S) ¼ 4/3 Ti3O5(S) þ 1/3 CO(g)

The transformations of Ti3O5 to TiN and then to Ti(C, N) were easier
under the N2 atmosphere. The reactions corresponding to the third and
fourth curves are,

Ti3O5(S) þ 5C(S) þ 3/2 N2(g) ¼ 3 TiN(S) þ 5 CO(g)

TiN(S) þ C(S) ¼ Ti(C,N)(S) þ N2(g)

The appearance of the above phases was also confirmed by XRD
patterns [62]. Table 1 summarizes the parameters varied during the
synthesis of different products by ball milling of ilmenite.

3. Ball milling and acid treatment

3.1. Treatment in hydrochloric acid

Tao et al. [63] reported the preparation of TiO2 nanorods by natural
ilmenite via a two-step process, involving ball milling and wet chemistry.
As the first step, ball milling of ilmenite was carried out under an Ar
atmosphere at room temperature for 150 hours in a ball mill consisting of
a horizontal rotating stainless steel cell with four hardened steel balls.
The chemical composition of ilmenite has been expressed as TiO2 (dry
bass) 49.6%, iron (total) 35.1%, FeO 32.8%, Fe2O3 13.7%, Al2O3 0.47%,
Cr2O3 0.25%, and SiO2 0.45%. SiO2 impurities had been removed by
treating milled ilmenite with 2MNaOH for 2 hours at 120 �C followed by
treatment with 4 M HCl at 90 �C for 4 hours. The growth mechanism of
rutile nanorod has been explained as follows. Ilmenite dissolves in HCl to
form TiOCl2 and FeCl2. Then TiOCl2 hydrolyzes and precipitates as TiO2
crystals that continue their growth in a 1D fashion as given in the
following equations.

FeO⋅TiO2(S) þ 4 HCl(aq) ¼ FeCl2(aq) þ TiOCl2(aq) þ 2H2O(l)

TiOCl2(aq) þ H2O(l) ¼ TiO2(S) þ 2 HCl(aq)

The rutile nanorods produced were typically 50–100 nm length 20
nm width and 2–3 nm thick. They absorb light of wavelengths 400–450
5

nm, different to that of commercial P25 TiO2 nanoparticles which do not
exhibit absorption beyond 350 nm. This has been attributed to the
presence of iron as an impurity in small quantities. When TiO2 nanorods
were used as anode material for lithium-ion batteries they showed
remarkable rate capability, high reverse capacity and good cycling sta-
bility. Further, these nanorods have been effective photocatalysts in
mineralizing oxalic acid under near UV illumination. Their activity is
higher than that of P25 TiO2 due to the small quantities of the iron
present which enhance the photocatalytic activity [63]. The preparation
of TiO2 from natural ilmenite via four steps: Ball milling with activated
carbon, annealing, leaching by acid and finally calcining in the air is also
reported [64]. Ilmenite was mixed with activated carbon in a weight
ratio of 4:1 and was milled as described above. The milled mixture was
then annealed at 1000 �C for 60 minutes. The annealed sample was
treated with 4 M HCl at 90 �C for 4 hours. After leaching, the sample was
filtered, and the leached sample was washed and dried at 90 �C for 4
hours. The acid leached sample was then calcined in air at 600 �C for 2
hours to remove the residual activated carbon [64]. Ball milling reduces
the carbothermal reduction temperature [56]. The effects of pretreating
ilmenite by ball milling have been attributed to the creation of crystal
defects and lattice distortions, decrease in particle size and increase in the
surface area [55,65]. X-ray diffraction patterns (Fig. 6 (i)) of the milled
mixture annealed at different durations (0.5, 1 and 1.5 hours), clearly
showed that the ilmenite predominant XRD pattern with weak peaks for
rutile and Fe(C) (austenite) on annealing for 0.5 hours, converted to a
rutile rich sample high in Fe(C) (austenite) and low in iron (Fe) on
annealing for 1 hour. However, with prolonged annealing time, the rutile
phase predominated while the peaks for Fe(C) (austenite) decreased in
intensity and the intensity of the peak for iron (Fe) increased dramati-
cally indicating the conversion of Fe(C) (austenite) to iron (Fe) (Fig. 6 (i)
b and C). Bimodal pore size distribution was reported during this syn-
thesis. When the samples were annealed for 0.5 hours the pore size dis-
tribution curve showed two peaks; one ranging from 5 to 40 nm with a
maximum at about 10–15 nm indicating the presence of small mesopores
while the less dominant peak centered around 70 nm showed the pres-
ence of larger pores. Pores of the samples annealed for 1.5 hours were
dominated by pores in the range of 40–90 nm, while the sample annealed
for 1 hour showed two peaks indicating the bimodal pore distribution
(Fig. 6 (ii)). In general, acid leaching removed iron and other impurities
(Ca2þ, Mg2þ etc.) producing high grade titanium dioxide. Further, the
development of small pores within the nanoparticles is caused by the acid
leaching of iron directly from ilmenite. Larger pores are the spaces be-
tween nanoparticle aggregates. The acid leached sample was calcined in
air to remove the carbon added at the ball milling. The surface area and
the total pore volume of the acid leached sample were higher than those
of the milled mixture. However, the above parameters were found to be
lower in the calcined sample than those in the acid leached sample due to
the reduction in carbon content and sintering of TiO2 particles. The
produced TiO2 material with bimodal pore distribution was found to be
more effective in photodegradation of phenol than the commercial TiO2
because porous TiO2 is reported to possess an increased light absorption
as well as high surface area. Moreover, the onset wavelength of the band
gap absorption of the prepared porous TiO2 is 458 nm compared to
commercial TiO2 in which it is 360 nm. This has been attributed to the
defects created and impurities such as iron and carbon introduced,
making TiO2 effective in the visible region as well [64]. A composite of
TiO2 and carbon prepared similarly except for the calcination step was
found to exhibit effective electrochemical performance as anodes in
lithium-ion batteries due to the synergistic effect of TiO2 and carbon
[66].

Leaching of ilmenite found in Panxi-China in 20 wt% HCl with and
without mechanical activation was studied with the objective of leaching
mainly iron, magnesium, and calcium from ilmenite. Congruency of
extraction is a parameter used to determine the uniform incorporation of
two metals in the structure of a mineral. It has been found that magne-
sium uniformly occupies the iron sites throughout ilmenite as it exhibited



Table 1
Parameters of producing different products by ilmenite via ball milling.

Reducing agent Ilmenite: reducing
agent weight ratio

Temperature Milling Intensity/
Milling Speed

Duration
(h)

Atmosphere Particle size
before milling

The particle size
after ball milling

Surface
area

Annealing Temperature
after milling (�C)

Products after annealing Reference

Dominant
Phase

Other
phases

Granular
activated
carbon

4 : 1 Room
temperature

20 steel balls
(Diameter – 8.6
mm)

400 Vacuum 300 μm 50 nm 12.0 – - – [55]

4 steel balls
(Diameter – 25.4
mm)

100 14.1 – – –

200 – 760 FeTiO3 TiO2,
α-Fe,
γ-Fe(C)

900 TiO2,
α-Fe,
γ-Fe(C)

FeTiO3

1100 γ-Ti3O9,
α-Fe,
γ-Fe(C)

–

400 – – – –

5 steel balls
(Diameter – 25.4
mm)

200 15.4 – – –

– – Room
Temperature

5 steel balls
(Diameter – 25.4
mm)

200 air 200–300 μm 600 Fe2Ti3O9 - [57]
800 Fe2Ti3O9 γ-Fe2O3

1000 TiO2,
Fe2TiO5

–

Sulfur 6:2.5 Room
Temperature

5 steel balls
(Diameter – 25.4
mm)

100 Vacuum 200–300 μm – – 400 FeS2 FeTiO3,
TiO2

[61]

600 TiO2,
Fe9S10

–

200 400 FeS2 TiO2

600 Fe9S10
TiO2

–

800 Fe9S10
>TiO2

–

Graphite – – 250 r/min Ar ~ 160 μm – – – – – [62]
350 r/min
450 r/min 4 1000 Fe FeTiO3,

TiO2, C
1100 Fe Ti4O7, C
1200 Ti3O5, TiN Fe, C,

Fe3C
1300 Fe, Ti(C,N) Ti3O5

1400 Fe, Ti(C,N) –
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Fig. 6. (i) XRD patterns of ilmenite carbon mixture annealed at 1000 �C for (a) 0.5 h (b) 1 h (c) 1.5 h. (ii) Pore size distribution curves of the porous samples obtained
after annealing for different lengths of time, 0.5 h (▾) or 1.5 h (●), after subsequent leaching and calcining. The distribution of the sample annealed for 1 h, then
leached and calcined is also shown for comparative purposes (a dashed line). Adapted from Ref. [64].

Fig. 7. XRD patterns for the ilmenite samples milled at (a) 10 hours (b) 100
hours (c) 200 hours. (i-FeTiO3; * β-Fe2Ti3O9). Adapted from Ref. [72].
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congruent extraction, while calcium incongruent extraction resulted in
showing that it is heterogeneously distributed in ilmenite mostly close to
or absorbed to the surface of ilmenite, causing easy dissolution in HCl.
This has been supported by the EDX results where magnesium iso-
morphously displaced iron in the ilmenite structure while a minor
amount coexisted with silicon and aluminium in gangue minerals. Areas
rich in calcium are also rich in silicon suggesting that calcium is associ-
ated with gangue minerals and not with ilmenite. There were no signif-
icant differences in element distribution upon mechanical activation
while prolonged mechanical activation caused more leaching of iron and
magnesium than in the unmilled ilmenite. Mechanically activated
ilmenite showed efficient dissolution of calcium. However, with pro-
longed leaching time the dissolution of calcium in both milled and un-
milled ilmenite is the same, as calcium was found close to the surface of
ilmenite. Therefore, acid leaching has removed metal ions from ilmenite
and mechanical activation has triggered metal dissolution [67]. Similar
studies have shown the effect of mechanical activation on the dissolution
of ilmenite [68–71].

3.2. Treatment in sulfuric acid

High-energy ball milling was found to enhance the dissolution of
ilmenite in sulfuric acid [72]. Ilmenite was ball milled in both vacuum
and air; a 54% dissolution was achieved for ilmenite milled for 10 hours
in a vacuum and a 98% dissolution resulted from the ilmenite sample
milled for 200 hours. However, ilmenite milled in air for 10 hours pro-
duced a 51% dissolution and a 69% dissolution after 200 hours of milling
as indicated by the presence of unreacted ilmenite in the XRD patterns.
According to the XRD patterns (Fig. 7) ilmenite milled in air for 10 hours
showed FeTiO3 as the dominant phase while the sample milled for 100
hours showed the presence of a new phase β-Fe2Ti3O9 which has the
chemical composition of pseudorutile (Fe2Ti3O9), but a different crys-
talline structure.

Ilmenite oxidizes in air as follows,

6 FeTiO3(S) þ 3/2 O2(g) ¼ 2 β-Fe2Ti3O9(S) þ Fe2O3(S)

The spectrum of the natural sample showed two doublets where the
first doublet corresponds to Fe2þ attributed to the FeTiO3 phase, and the
second doublet is a Fe3þ resonance that is associated with the α- Fe2Ti3O9
pseudorutile (Fig. 8). The Fe2þ: Fe3þ was found to be 1:1 which is also
consistent with the XRF data. The predominant doublet for the ilmenite
milled for 200 hours is consistent with the Mossbauer spectrum for Fe2þ.
The presence of Fe2þ is due to the reductive transformation of α-
Fe2Ti3O9 to FeTiO3 due to the presence of Fe as a contaminant in the
milling process. However, in contrast, ilmenite milled for 100 hours in air
showed the presence of Fe3þ due to the partial oxidation of ilmenite.
Further, the concentration Fe3þ was found to decrease and that of Fe2þ
7

increased with increasing milling time of ilmenite milled in a vacuum.
Ilmenite milled in air showed a different behaviour where the
Fe2þappreared to be converted to Fe3þ. Mossbauer spectra showed that
during ball milling in vacuum, ilmenite gets reduced while on milling in
air it is oxidized. In another study, the product obtained on milling
ilmenite in vacuum for extended hours (200 hours) completely dissolved
in sulfuric acid because Fe3þ (of α- Fe2Ti3O9) was reduced to Fe2þ

(FeTiO3). It has been found that the FeTiO3 phase can be more easily
dissolved than Fe2Ti3O9 in sulfuric acid [72]. Ilmenite milled in air
showed only 69% dissolution even with extended milling hours due to
the oxidation of FeTiO3 to β-Fe2Ti3O9. The surface area reached a
maximum of 9.2 m2/g on milling the sample for 15 hours. The surface
area decreased to almost the same as the initial surface area (before
milling) after milling for 200 hours in vacuum. The rapid increase in
surface area during the first stage was due to the breakdown of the
ilmenite particles and with prolonged milling surface area has decreased
due to agglomeration of the small particles [72]. Welham et al. [73] also
reported the same trend in surface area when ilmenite was milled. They
observed that the surface area increased with increasing milling time up
to 10 hours and then decreased to a value below that of the starting



Fig. 8. Room Temperature Mossbauer spectra for ilmenite samples (a) starting
ilmenite material (b) milled in vacuum for 200 hours (c) milled in air for 100
hours. Adapted from Ref. [72].

Fig. 9. Variation of the particle size and the surface area with increasing milling
time. Adapted from Ref. [80].
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material. The increase is attributed to the increase in surface area due to
particle breakage during the early stage and the decrease in realloying of
small particles and particle agglomeration [73].

The effect of mechanical activation on leaching kinetics of Panzhihua
ilmenite had been studied [74]. It has been found that ball milling
partially activates ilmenite because milled ilmenite showed a rapid
dissolution in 50% sulfuric acid initially. Thereafter, the rate of leaching
decreased suggesting that only a part of the ilmenite had been milled to
produce fine particles with high surface area, the rest remaining the same
as the unmilled ilmenite. Thus, it is evident that energetic milling en-
hances the dissolution of ilmenite by increasing the surface area and
elevating its chemical activity [75]. The activation energy for the initial
dissolution stage was low because the dissolution of both fine particles
and highly reactive crystal faces occur. The activation energy reaches
that of the unmilled ilmenite at the later stage due to the consumption of
fine particles and crystal faces. Partial activation of ilmenite by ball
milling was also reported [76]. The authors state that simultaneous
milling and leaching significantly increased the dissolution of Panzihihua
ilmenite to 80% when ilmenite is mixed with 50% sulfuric acid in an
industrial ore/acid ratio and heated to 120 �C for 2 hours. Though an
80% dissolution was achieved it was lower than for the commercial
conversion due to the hydrolysis of titanium. This could be minimized by
using lower temperatures for prolonged hours [65]. Interestingly, there
are two types of structural defects induced by ball milling, namely
effective defects and ineffective defects. The strain in the c-axis of the
ilmenite unit cell strongly affects the leaching rate in effective defects
while the strain in the a-axis has minimal effect on the leaching rate in
ineffective defects [74]. Dissolution kinetics of Panzhihua ilmenite were
8

also reported [76–78]. According to Welham et al. [73], leaching of
milled ilmenite takes place in two stages where a rapid dissolution is
followed by a slower reaction. The production of small crystals at the
early stage renders a rapid dissolution of ilmenite at the first stage.
Further, preferential exposure of the main parting planes [79], where
separation occurs along with a lamellar twin due to application of pres-
sure during milling is also responsible for the increased dissolution. The
initial mass transport controlled dissolution may have occurred as the
large fraction of these planes exposed on small crystallites results in high
surface energy per volume and therefore high reactivity. In the second
less reactive stage, the chemically controlled reaction occurred when the
less reactive planes were exposed to unmilled ilmenite. Themain effect of
prolonged milling on the dissolution of ilmenite is to enhance the mass
transport controlled step because milling increases the number of grain
boundaries [73].

The effect of ball milling on acid leaching of titanium and iron from
ilmenite was also studied by using ilmenite found in Chatrapur, India
[80]. Unmilled ilmenite consists predominantly of ilmenite with minor
amounts of pseudo-rutile. Pseudo-rutile phase disappears due to
amorphization upon milling for 240 minutes. The particle size of the
unmilled sample varied between 100 and 500 μm. As shown in Fig. 9, the
particle size of the milled sample decreased with the time of milling and
reached a range of 40 to 0.4 μm after milling for 90 minutes. The surface
area increased exponentially and reached a maximum of 4 m2/g after
milling for 240 minutes. Further, the crystallite size decreased with
increasing milling time, while the strain increased linearly with time.
Complete oxidation of Fe2þ to Fe3þ in the mechanically activated sample
was achieved in ambient air upon heating at 850 �C while only 50%
oxidation occurred in the unmilled sample. The ilmenite phase was ab-
sent in the annealed activated sample. It contains only pseudo-rutile,
rutile and pseudo-brookite phases. In the annealed unmilled sample
unoxidized ilmenite was present in addition to pseudo-rutile and
pseudo-brookite. Particle size exponentially decreased and remained
constant after 90 minutes of milling, and the surface area was found to
increase continuously with increasing milling time. Leaching of milled
ilmenite in 9.4 M sulfuric acid at temperatures of 80, 95, 120 �C for
varying durations (30–240 minutes) indicated that leaching increases
with time and temperature of leaching. A maximum of 65% titanium and
90% Fe leached in the sample milled for 240 minutes when treated at
120 �C for 4 hours as shown in Fig. 10. The leaching of iron was greater
than that of titanium at all temperatures. Fe2þ and Ti4þ both complex
with six water molecules during solvation. Ti(H2O)64þ is unstable. Further
complexation occurs and Ti4þ forms the stable Ti4þ(OH-)2(SO4

2-)(H2O)3
complex via ligand exchange reaction. This complex is equivalent to the
oxysulfate complex given in the following reaction which indicates the



Fig. 10. Variation of (a) Ti (b) Fe with leaching time at 120 �C. Adapted
from Ref. [80].
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dissolution of ilmenite. The formation of this complex retards the
dissolution of Ti4þ. However, the dissolution of Fe2þ is not affected [80].
Fig. 11. (i) SEM images of ball-milled sample (a,b) and the same sample after the hy
Carl Zeiss supra55vp instrument (ii) XRD patterns of the milled FeTiO3 and the result
shown at the bottom of the graph. Adapted from Ref. [86].
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FeTiO3(S) þ SO4
2-(S) þ 4Hþ(aq) ¼ Fe2þ(aq) þ TiO⋅SO4(aq) þ 2H2O(L)

In addition to the increase in the impact of surface area on the
increased dissolution of milled ilmenite several other factors such as
structural disorders [81], amorphization of material [82], formation of
new phases which are amendable to leaching [83], enhanced strains
[84], and preferential dissolution of select crystal faces [79] can
contribute to the ore dissolution.

3.3. Treatment in hydrochloric acid and sulfuric acid

Interestingly Sasikumar et al. [85] have performed a similar study on
the effect of mechanical activation on the dissolution of ilmenite in HCl
and H2SO4 where the origin of ilmenite is different. The authors have
collected ilmenite from the Manavalakurichi site in India. The compo-
sition of this ilmenite was different with much higher Fe3þ/Fe2þ content.
This is directly reflected by the presence of a higher amount of
pseudo-rutile (Fe2Ti3O9) phase. Further, the pseudo-rutile phase is pre-
sent in the amorphous form unlike in the Chatrapur ilmenite in which the
amorphization of the pseudo-rutile phase occurred during ball milling.
This was attributed to the weathering processes. Dissolution of both iron
and titanium of unmilled ilmenite in HCl was found to increase with
increasing time and increasing temperature of dissolution. However,
though the dissolution of iron increased with time and temperature of
dissolution, the dissolution of titanium was found to be affected by the
hydrolysis of TiOCl2, precipitation of Ti(OH)4 at higher temperatures and
low acid concentrations for prolonged periods of leaching. This was
different from leaching in sulfuric acid where the dissolution of both iron
and titanium of both milled and unmilled ilmenite increased with
increasing time, temperature and acid concentration of leaching. The
leaching of iron and titanium in both HCl and H2SO4 was higher for
milled samples than unmilled samples. The dissolution kinetics in both
HCl and H2SO4 were found to agree with the reaction rate control
mechanism initially and thereafter follows the shrinking core model
where product layer diffusion is rate controlling. The activation energy of
dissolution of both iron and titanium in H2SO4 was found to be higher for
the first stage of dissolution and lower for the second stage. The trendwas
the same for the dissolution of both iron and titanium in HCl. The acti-
vation energy for the dissolution of titanium for the second stage was not
defined due to the hydrolysis and precipitation. The activation energies
for the dissolution of iron and titanium monotonically increased with
increasing time of milling. It was concluded that the mechanical activa-
tion has caused an increase in the dissolution of ilmenite in acid due to
the enhancement of surface area and structural disorders [85].
drothermal treatment in NaOH (c,d). SEM images have been collected by using
ing flowerlike nanostructures. Strong lines from the JCPDS 01-075-1211 are also
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4. Ball milling and hydrothermal treatment

Ball milling followed by hydrothermal treatment with NaOH is a
remarkable technique to produce different nanostructures from mineral
ilmenite. Tao et al. [86] reported the production of FeTiO3 nanoflowers
from natural ilmenite by mechanical activation followed by hydrother-
mal treatment in NaOH. Briefly, ilmenite powder from Australia was ball
milled under an Ar atmosphere at a pressure of 100 kPa for 150 hours at
room temperature, hydrothermally treated at 120 �C for 2 hours in 2 M
NaOH followed by drying at 90 �C. According to the SEM images shown
in Fig. 6, the milled sample consists predominantly of submicrometer
agglomerates (Fig. 11 (i) a) and such agglomerates consist of aggregates
of small particles as shown in Fig. 11 (i) b. After treatment with NaOH
uniform flowerlike architectures of about 1–2 μm are produced where
petals of 5–20 nm thickness and 100–200 nm width are interconnected
(Fig. 11 (i) c and d). The X-ray diffraction pattern of the nanoflowers
(Fig. 11 (ii)) is quite similar to that of milled ilmenite and agreed well
with the standard XRD pattern for FeTiO3 (JCPDS 01-075-1211). It is
suggested that nanoflowers are formed via a dissolution-precipitation
process where the primary particles which are the aggregates are
formed during ball milling and the secondary stage of growth has taken
place viaOswald ripening where the small particles dissolve into solution
and the dissolved material reprecipitates on growing crystallites leading
to the formation of large structures. Further, it was found that NaOH is
essential to the formation of such flowerlike structures because themilled
ilmenite that was hydrothermally treated under the same conditions
using water instead of NaOH did not produce flowerlike structures. The
authors of this study are in the view that the sodium titanate which forms
by the chemical reactions between FeTiO3 and NaOH is water-soluble for
the dissolution-precipitation mechanism to take place. Moreover, the
FeTiO3 flower-like structures produced were found to be an effective
electrode material when tested as a supercapacitor [86].

Hydrometallurgical processing of ilmenite was attained through
leaching in NaOH solution after mechanical activation under high tem-
perature and high pressure [87]. Ilmenite found from Rosetta, Egypt was
milled in NaOH solution using steel balls with a diameter of 2.0 mm at a
rotation speed of 1200 min-1. The degree of leaching was evaluated by
dissolving the iron titanium mixture in HCl. Reactions of ilmenite with
sodium hydroxide and the iron titanium cake with HCl are given below,

4FeTiO3(S) þ 8 NaOH(aq) þ O2
- (aq) ¼ 4 Na2TiO3(S) þ 2 Fe2O3(S) þ

4H2O(L)

Na2TiO3(S) þ FeO(S) þ 6HCl(aq) ¼ TiOCl2(aq) þ FeCl2(aq) þ 2 NaCl(aq) þ
3H2O(L)

Briefly, aqueous oxygen is transported to the surface of ilmenite
grains via convection and diffusion where the oxygen molecules disso-
ciate to oxygen ions at the surface of ilmenite,

O2(aq) þ 4e ¼ 2O2-(aq)

The oxygen ions and electrons are then transported to the reacting
boundaries through the surface of the ilmenite. Thereafter, TiO2 reacts
with sodium hydroxide to produce sodium titanate,

2TiO2(S) þ 4NaOH(aq) ¼ 2Na2TiO3(S) þ 4H2O(L)

X-ray diffraction patterns of the products obtained at 150, 170 and 200
�C showed that the reaction of ilmenite with sodium hydroxide has taken
place via the formation of Na2Fe2Ti3O10 and Na2Ti2Ti6O16 phases. When
the produced sodium titanate waswashedwith 30%HCl, the dried product
showed the presence of anatase which converted to a mixture of anatase
and rutile when calcined at 800 �C and only rutile when calcined at 900 �C,
with a chemical composition of 98.8% TiO2 and 0.7% of Fe2O3. It was
found that extraction of Ti increased with increasing temperature of
leaching in the range of 140–220 �C and this trend was also observed for
other parameters such as varying NaOH concentration (0.1 M � 0.5 M in
10
0.1 M increments) and varying oxygen partial pressure (from 1 to 6 bars in
1 bar increments). Further, increasing the time of grinding from 0 to 4
hours in 1 hour increments, increased the dissolution of ilmenite. The finer
the particles of ilmenite, the higher the efficiency of extraction of Ti [87].

Rajakaruna et al. [88] reported the synthesis of TiO2 from natural
ilmenite by a combination of several methods including magnetic sepa-
ration, ball milling, revolving acid hydrothermal process, a stationary
base hydrothermal process followed by calcination. The ilmenite sample
was run through a magnetic separator to separate ilmenite from other
mineral sand and was subjected to ball milling to reduce the particle size
to around 100 μm. Iron has been leached during the revolving acid hy-
drothermal treatment performed at 170 �C for 3 hours using 6MHCl. The
inside pressure in a closed system of an autoclave is much higher and
facilitates the breakage of the lattice. This eliminates the problem asso-
ciated with the chloride process where both iron and titanium dissolve in
high concentrations of acid and low temperatures. A low concentration of
acid and high temperature is required to minimize titanium dissolution
[89,90]. However, in an open system, the breakage of the lattice is
unfavourable and hence, a high acid concentration and a high temper-
ature are required. However, from the revolving acid hydrothermal
method titanium dioxide can be precipitated in its polymer forms as
given in the following reactions.

TiOCl4
2- (aq) þ (1þn) H2O (l) ¼ TiO2.nH2O (s) þ 2Hþ (aq) þ 2Cl- (aq)

TiOCl2 (aq) þ H2O (l) ¼ 2 HCl (aq) þ H2TiO3 (s)

Magnetic separation does not remove the silica impurities and
refluxing in 0.5 M NaOH together with hydrogen peroxide was per-
formed to remove the silica. Ti species (TiO2 and H2TiO3) react as shown
in the following reactions but silica remained undissolved.

TiO2.nH2O (s) þ H2O2 (l) þ NaOH (aq) ¼ NaxTi(O2)i(OH)j (aq) þ nH2O (l)

H2TiO3 (s) þ H2O2 (l) þ NaOH (aq) ¼ NaxTi(O2)i(OH)j (aq) þ H2O (l)

The resulting titanium sol has been subjected to hydrothermal
treatment with hexadecyltrimethylammonium bromide at a high con-
centration than its critical micelle concentration. This has produced
flower-like Na2Ti3O7 structures. Once the medium is made acidic
H2Ti3O7 (s) is produced as follows,

Na2Ti3O7 (s) þ 2Hþ (aq) ¼ H2Ti3O7 (s) þ 2Naþ (aq)

When the product is heated to 150 �C amorphous TiO2 is formed as
given in the reaction below, and calcining the product at 350 �C and 650
�C resulting anatase phase and rutile phases, respectively [88].

H2Ti3O7 (s) ¼ 3 TiO2 þ H2O (l)

5. Conclusions

The ball milling process creates textural and crystallographic changes
in ilmenite. Generally, mechanical activation reduces the particle size
and crystallite size, and increase the surface area. With different reducing
agents like activated carbon, sulfur and graphite, ilmenite produce
compounds such as TiO2, Ti3O9, FeS2, Fe9S10, and Fe, while Fe2Ti3O9 and
Fe2TiO5 are produced without any reducing agent when ilmenite is
annealed to high temperatures in the range of 400–1400 �C. Mechanical
activation enhances the digestion of ilmenite in acids including hydro-
chloric acid and sulfuric acid, and improve the reactivity of ilmenite
when hydrothermally treated.
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