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Abstract

Naturally available ilmenite mineral is being used as a starting material to produce titanium based products that have
wide applications. Transformation of ilmenite to different titanium based materials by strong and weak acid, and base
digestion, is discussed. Effects of temperature, concentration of acid/base, reaction time on dissolution of ilmenite are
extensively reviewed. Characterization of the starting materials, intermediates and the products by x-ray diffraction,
thermogravimetry, brunauer-emmett-teller surface area analysis, and scanning electron microscopy are presented.
Further, advantages and disadvantages associated with the digestion methods are discussed.
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1 Introduction

TiO, based materials have attracted significant interest in many fields of applications owing to their unique characteristic
features. TiO, is well known for its photocatalytic activity including water splitting and degradation of organic molecules
in particular. H, is considered to be a future clean fuel due to the depletion of fossil fuels. It is easily generated by water
splitting catalyzed by TiO, based catalysts [1-3]. Organic molecules such as textile dyes [4-6], pesticides [7, 8], phar-
maceuticals [9-11] present as pollutants mainly in wastewater, are degraded by TiO, based catalysts in the presence of
UV and/or visible light. Further, such photocatalysis has been shown to be effective in antimicrobial activities [12-14].
Briefly, the photocatalytic activity of TiO, could be explained as; upon exposure to UV light a photogenerated electron
excites to the conduction band from the valence band leaving a hole in the valence band. The photocatalytic activity is
caused by the photogenerated electrons and holes. TiO, is promising in photovoltaic cells [15, 16] as electrons that are
generated when the photosensitizer absorbs light are handed over to the conduction band of TiO,. These diffuse towards
the counter electrode through the transparent conducting oxide electrode to complete the circuit [17]. Further, TiO, is
used as the anode material in Lithium ion batteries in electric vehicles, mobile electronics etc. due to its high working
voltage that ensures a stable operation [18, 19]. TiO, is used as a white pigment in paints, coatings, plastics and inks
due to its unique light scattering ability especially of the Rutile phase which has the highest refractive index. Further,
pigmentary TiO, is inert, non-toxic, thermodynamically stable and inexpensive [20]. Moreover, TiO, has been modified
by doping metals [21], non-metals [22], and coupling with metal oxides [23] and non-metal oxides [24] to improve its
activity especially in the visible region. Hence, the research world has focused extensively on applications of TiO, based
materials in energy generation and environmental cleanup. In view of the vast potential that TiO, has, it is important to
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explore other sources of TiO, as an alternative to the expensive process of synthesizing it. Table 1T summarizes some of
the applications of TiO, described above.

With such wide applicability of TiO,, researches came across with different synthesis methods to synthesize TiO,
using different chemical precursors. Electrophoretic deposition [25], spray pyrolysis [26], sonochemical [27] and micro-
wave-assisted methods [28], hydro/solvothermal methods [28]and sol-gel methods[29] are used to synthesize Ti based
materials. Those methods use precursors including Titanium isopropoxide [30], titanium butoxide [31], titanium oxya-
cetylacetonate [32], titanium tetrachloride [33] which are expensive. Further, some applications especially synthesis of
visible light sensitive TiO, require more chemicals including transition metal precursors, N/C/S/F/I precursors, graphene
based materials and precursors require to synthesize metal oxides [34]. At the same time, Ti based materials are widely
used. Therefore, it is vital to use naturally available Ti sources to produce Ti precursors for various synthesis. Meanwhile,
ilmenite the key material discussed in this review contains iron as the main impurity along with other impurities includ-
ing SiO,, MnO etc. as discussed in Sect. 2. Presence of such impurities also contribute to enhance the activity of Ti based
materials especially in photocatalysis. Hence, it is significant to study about ilmenite which is the main natural source
of TiO, in the world.

2 Geological distribution of Titanium based minerals

Titanium is the ninth most abundant element in the Earth’s crust and it is present mainly in the form of ilmenite (40-80%
TiO,), rutile (~95%TiO,), anatase (>95% TiO,), and leucoxene (> 65% TiO,) [35-38]. Major ilmenite deposits of the world
are found in countries such as Australia (eastern and western coast), South Africa (Richards bay), America (eastern coat),
India (Kerala), Brazil (eastern and southern coast). In addition, ilmenite is present in other countries such as Norway,
Ukraine, Vietnam, and Sri Lanka comparatively in smaller quantities. Worldwide mine production of titanium minerals in
2020 is shown in Fig. 1. Although the main constituent of these deposits is ilmenite, they also include many metallic and
non-metallic compounds such as TiO,, FeO, Fe, 05, Na,0, SiO,, Al,O5, ZrO,, Cr,05, MnO, CaO, MgO, SnO,, K,0, V,0s, P,0;,
SO, as revealed by XRF analysis. Table 2 summarizes some ilmenite available locations along with the composition. It is
evident that the composition of ilmenite deposits presents in different areas vary qualitatively and quantitatively and
more interestingly a heterogeneous composition is found even within the same area in a country. Deposit types of Ti
based minerals that occur in the world are; magmatic deposits in igneous and related rocks with ilmenite as the primary
ore mineral, metamorphic deposits with rutile as the primary ore mineral, rutile in hydrothermal porphyry deposits,
and heavy mineral concentrations in unconsolidated and lithified sand deposits that may include rutile, ilmenite and
leucoxene [39]. imenite, the most dominant titanium source is found in sea beaches and hard rock deposits while rutile,
the most titanium rich mineral is present mainly in coastal areas. These available titanium sources should be subjected
to appropriate treatment methods in order to be used effectively in various titanium based industries.

In this context synthesizing titanium based materials is of great importance. Titanium based materials could be
synthesized by using the existing titanium sources in the market such as titanium isopropoxide, titanium chloride,
etc. However, as described above ilmenite is distributed in many locations and could be used to produce different
Ti and Fe based products. It is economically beneficial to add value to the ilmenite mineral because large scale
industries utilize ilmenite as the raw material for products use in environmental remediation, energy production,
synthesis of pigments, etc. This review provides a comprehensive and comparative account of the main analytical
methods used to produce different titanium based materials from natural ilmenite. The main extracting methods

Table 1 Applications of TiO,

Application References
H, production via water splitting [1-3]
Textile dye degradation [4-6]
Pesticide degradation [7,8]
Pharmaceutical degradation [9-11]
Antimicrobial activity [12-14]
Photovoltaic cells [15,16]
Lithium ion batteries [18,19]
White pigment [20]
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Mine production of titanium minerals worldwide in 2020, by country (in 1,000 metric
tons of titanium dioxide content)
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Fig. 1 Worldwide mine production of titanium minerals in 2020. (adapted from Ref. [40])

discussed in this review are acid and alkaline digestion, and hydrothermal synthesis. Ti based materials of different
size, shape and composition synthesized via the above methods or a combination of these methods are reported.
Further, the advantages and the disadvantages associated with each method are discussed.
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Table 2 Chemical composition of ilmenite sand collected from various locations

Country Region Weight % TiO,  Weight % Weight % Weight % Weight References
FeO Fe,O; Total Fe %
Other constituents

Egypt Abu Ghalaga 41.10 24.40 28.60 39.01 Si0,—2.43 [41]
Al,0;—0.63
Cr,0,—0.36
Mn0O—0.36
Ca0—0.15
MgO—0.64
P,0,—0.02
V,05,—0.40
SO;—0.11
CO,—0.65
Moisture—0.15

40.91 - 51.90 - Si0,—1.97 [42]
Al,O;—1.10
Cr,0,—0.071
Mn0O—0.25
Ca0—0.33
MgO—3.38
P,05,—0.05
Na,0—0.07
K,0—<0.01

36.78 25.85 29.86 - Si0,—4.46 [43]
Al,0;—0.72
Cr,0;—0.21
MnO—0.36
Ca0—0.15
MgO—0.81
P,0;,—0.03
S0;—0.21
V,0,—0.38

Indonesia Bangka, Kalimantan 4535 - 31.48 - Si0,—3.29 [44]

ALO;—2.35
Cr,0,—1.87
50,—2.24
Zr0,—3.57
Na,0—3.86

35.46 - 52.87 - Si0,—2.33 [45]

ALO,—1.61
Cr,0,—0.88
MnO—1.07
Ca0—o0.1
MgO—1.81
P,0,—0.17
K,0—0.16
Sn0,—2.06

Iran Kahnooj 43.61 39.16 1.60 - Si0,—7.28 [46]
Al,O;—1.94
MnO—1.05
Ca0—1.90
MgO—2.01
P,0,—0.17
K,0—0.02
Na,0—0.23
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Table 2 (continued)

Country Region Weight % TiO,  Weight % Weight % Weight % Weight References
FeO Fe,O; Total Fe %
Other constituents

New Zealand ~ Barrytown 47.1 375 3.0 - Si0,—5.2 [37]
AlLO;—2.3
MnO—1.7
Ca0—1.1
Mg0—o0.2
P,0;,—0.2
K,0—0.3
V,05—0.1
Na,0—0.3
Sri Lanka - 53.66 17.48 - 30.04 Si0,—1.54 [47],
Al,0;—0.65 (48]
Cr,0;—0.07
P,0—0.03
V,0,—0.20
7r0,—0.83
Australia Collie (West Australia) 53.6 20.8 20.0 30.1 Sio,—1.27 [49]
AlL,O;—0.58
MnO—1.54
Mg0—0.25
Zr0,—0.61
Cr,0;—0.04
Nb,0;—0.14
V,05—0.11
Capel 53.6 20.8 20.0 - Sio, [50]
(West Australia) MnO,
ZrO, etc
All impurities—5.6
Consolidated Rutile Ltd ~ 49.6 3238 137 35.1 Si0,—0.45 [51]
Al,0;,—0.47
Cr,0;—0.25
China Panzhihau 47.25 34.21 5.56 - Si0,—2.75 [52]
AlLO;—1.49
Mg0—6.23
MnO,—0.61
45.64 36.45 6.53 - Si0,—3.65 [53]
AlLO;—1.02
Mn0O—0.855
MgO—3.22
Ca0—1.12
V,0,—<0.10
47.60 32.81 7.25 - Si0,—3.35 [54]
Al,O;—1.66
MgO—5.64
Mn0O,—0.663
Ca0—0.70
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Table 2 (continued)

Country Region Weight % TiO,  Weight % Weight % Weight % Weight References
FeO Fe,O; Total Fe %
Other constituents

India Manavalakurichi 55.1 203 19.9 - Si0,—1.5 [55]
Al,O;—0.8
MgO—1.0
Cr,0,—0.1
V,05,—0.2
P,05—0.1
Rare earths—0.1

Chatrapur, Orissa 50.55 34.20 12.30 - Si0,—0.70 [56]

Al,0,—0.45

MnO—0.54

Ca0—0.05

Mg0—0.72

V,0,—0.23

Cr,0;—0.05

Rare earths —0.02

3 Leaching methods of limenite
3.1 Leaching using acids
3.1.1 Leaching using hydrochloric acid

Haverkamp et al. [37] report the digestion of ilmenite found at Barrytown, Westland, New Zealand, in hydrochloric
acid. The net reaction for this process is,

FeTiO; + 4 HCl = Fe** + TiO* + 4Cl” + 2H,0

The temperature of digestion (60 °C, 80 °C, 85 °C and 90 °C) was found to play a crucial role in the reaction of
ilmenite with 10.3 M HCI. Digestion increased with increasing temperature and time. However, at 90 °C digestion
was reported to decrease with increasing time of digestion due to the masking of ilmenite with the precipitate of
TiO(OH), formed during the reaction. Further, as the digestion reaction is exothermic it slows down the reaction at
temperatures higher than the boiling point of HCI (84 °C). It was also seen that the concentration of HCI decreased
on increasing the temperature of digestion as the acid is consumed more readily at higher temperatures. However,
at 90 °C although the concentration of HCl decreased, during the later stage of the digestion, the concentration of
HCl increased through the reaction, TiO** +H,0=TiO(OH), + 2H* [37].

A detailed study on digestion of lImenite from deposits in Abu Ghalaga, Egypt in HCl was reported by Mahmoud
et al. [41]. Experiments have been carried out with and without a reducing species. Extraction of Fe was found reached
a total of 29% after 5 h and that of Ti reached 13% after 30 min, decreasing to 10% after 5 h. Upon the addition of a
reducing agent (iron powder, Fe? to the reaction after 20 min, the total extracted Ti reached 28% in 40-60 min and
decreased to about 2% after 120 min, remaining unchanged with increasing time of extraction. The total extracted
Fe increased after addition of Fe powder to about 45% from 40 to 60 min and then to 98% after 6 h clearly indicating
that the total extracted Ti and Fe are respectively, 2 and > 2.5 times greater when a reducing agent is used during the
digestion. A significant drop in HCl concentration has been observed when Fe powder is used, as HCl reacts with Fe
powder in addition to ilmenite. Imenite and hematite present in the ore react with HCl as follows,

FeO.TiO,(S) + 4 HCl(aq) = FeCl,y(aq) + TiOCl,(aq) + 2 H,O(L)
Fe,0;(S) + 6 HCl(aq) = FeCls(aq) + 3 H,O(L)
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Decrease in total Ti after reaching a peak has been attributed to the hydrolysis of the dissolved Ti species.
TiOCl,(aq) + H,O(L) = TiO,(S) + 2 HCl(aq)
Once Fe powder is added it reacts with HCl to produce nascent hydrogen and ferrous chloride.
Fe(S) + 2 HCl(aq) = FeCl,(aq) + 2 H(aq)
Part of the nascent hydrogen forms hydrogen gas.
H(aq) + H(aq) = H,(g)
Nascent hydrogen and/or Fe, simultaneously reduce Fe3* to Fe?*.

2 FeCl;(aq) + 2 H(aq) = 2 FeCl,(aq) + 2 HCl(aq)

2 FeCl;(aq) + Fe(S) = 3 FeCl,(aq)

Further, in the presence of nascent hydrogen and Fe, Ti** in TIOCl, is reduced to Ti** as indicated by the colour change
from yellow-white to violet.

2 TiOCl,(aq) + 2 HCl(aq) + 2 H(aq) = 2 TiCl(aq) + 2 H,O(L)

2 TiOCl,(aq) + Fe(S)+ 4 HCl(aq) = 2 TiCls(aq) + FeCly(aq) + 2 H,O(L)

Electromortive force (emf) values 2H*/H, (0.00 V), Fe**/ Fe** (0.77 V) and TiO**/Ti** (0.10 V) also indicate the greater
tendency for the reduction Fe3* than TiO?*. Moreover, Ti** could also reduce Fe®* as follows, when nascent hydrogen is
removed from the reaction medium.

TiCl3(aq) + FeCls(aq) + H,O(L) = TiOCl,(aq) + FeCl,(aq) + 2 HCl(aq)

Further, the authors have optimized the parameters for the digestion as; stoichiometry of HCI—1.2, concentration of
HCI—20%, temperature—110 °C, the ratio of ilmenite to Fe powder—1.1, time that of Fe powder should be added—
30 min from the start of the reaction and the reaction time—>5 h [41]. Shahien et al. [42] have also studied a chemical
process whereby TiO, was produced from ilmenite found at Abu Ghalaga, Egypt. Imenite has been milled in a vertical
planetary ball mill to a mean particle size of 90 um, mixed with carbon in a ratio of 4:1 (providing sufficient carbon for full
reduction of ilmenite) and annealed at 1200 °Cin an Ar atmosphere to prevent oxidation and other undesired reactions
from taking place. The resulting products of this process are TiO,, Fe and CO.

FeTiO5(S) + C(S) = TiO,(S) + Fe(S) + CO(g)
Fe has been leached from the annealed sample using 4 mol/L HCl acid at 90 °C and the residual solid washed and
calcined in air at 600 °C to remove any carbon impurities present.

Fe(S) + TiO,(S)+ 2 HCl(aq) = TiO,(S) + FeCl,(aq) + H,(g)

FeTiO4(S) + 2 HCl(aq) = TiO,(S) + FeCl,(aq) + H,O(L)

However, in addition to the TiO, (rutile), Fe-Ti Oxide phases were also present in the acid leached product. In order
to remove these impurities the samples were reduced to iron metal and TiO, by treating in a H, atmosphere under the
same conditions used for the carbothermic reduction [42].

FeTiO;(S) + Hy(g) = Fe(S) + TiO,(S) + H,O(g)

Ramadan et al. [43] have studied the leaching and kinetics of Abu-Ghalaga ilmenite. The effect of HCl concentration
on digestion of ilmenite has been studied by varying its concentration from 5 to 25% (5, 10, 15, 20 and 25%). It has been
found that the leachability of iron increased linearly to 67% until the concentration of HCl was 20% and further increased
non-linearly till the HCI concentration increased to 25%. On the other hand, leachability of Ti increased with increasing
HCl concentration to 20% and decreased with further increments. The effect of particle size on the dissolution of Ti and
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Fe has been studied and it was found that with decreasing particle size the leachability of both Ti and Fe increased. The
optimum solid/liquid ratio was 1:6 where the maximum leachabilities of iron and titanium were 67.71% and 64.78%,
respectively. On increasing the ratio, a significant improvement in leachability of both titanium and iron was not observed.
Another important parameter for the processing of ilmenite is the agitating speed. When the agitating speed is increased
from 100 to 500 rpm in 100 rpm increments, the maximum percentage of titanium and iron was leached at 400 rpm and
remained the same at 500 rpm. The temperature was found to affect the dissolution of ilmenite and the leachability of
both titanium and iron increased with increasing temperature up to 110 °C, and remained the same at 120 °C, the high-
est temperature studied. The maximum dissolution of ilmenite was obtained on agitating ilmenite with HCl at a speed
of 400 rpm for 300 min resulting in 96.37% and 92.87%, leaching of iron and titanium, respectively.

The rate of dissolution could be controlled by two different mechanisms, mainly solid or product layer diffusion and
chemical reaction. Kinetics of the dissolution of ilmenite in HCl has been studied using shrinking-core model. According
to the data tabulated in Table 3 the apparent rate constant and the R? value of both mechanisms increased with increasing
temperature. Authors conclude that the digestion of Abu-Ghalaga ilmenite has occurred via diffusion control based on the
value of coefficient of determination (R?) (for digestion of ilmenite at 100/110 °C, R? value for diffusion control =0.98; chemi-
cal reaction=0.86). The activation energy of the process was found to be 17.603 kJ/mol from the Arrhenius expression [43].

Researchers from Sri Lanka have studied the digestion of Sri Lankan ilmenite in acidic solutions [47, 48, 57]. Produc-
tion of rutile from natural ilmenite via anion-exchange was reported to produce rutile without any traces of iron. Eluting
a column containing ilmenite with HCI (20%) and passing the effluent through a second column containing IRA 410 Cl
resin indicated that Fe>* in the effluent from the first column (containing both iron and titanium) was removed by eluting
through the second column. The Fe** concentration of the effluent from column 1 (ilmenite only) was 380 ppm while that
from column 2 (ilmenite column followed by the ion exchange column) was 27 ppm, indicating a reduction of 93% in
the iron content due to the ion exchange resin. The concentration of leached titanium was slightly lower in the effluent
from column 2 than in that from column 1. The reduction in level of Ti after anion exchange was attributed to the re-
precipitation of a small fraction of TIOCl,. In order to ensure the complete removal of Fe** from the ion exchange column,
the Fe?* in the ilmenite leachate was initially oxidized to Fe3* by purging the ilmenite column with chlorine gas, and
then converted to [FeCl,]” by treatment with concentrated HCl, allowing [FeCl,]™ to be retained in the anion-exchange
resin. The columns were then washed with 0.6% HCI, the effluents were neutralized with NH,OH, and the resulting pre-
cipitate was calcined at 773 K. The resulting product was found to be Fe,0;. When the effluent from the anion exchange
column containing TiOCl, was neutralized with NH,OH, based on the XRD pattern, the solid after calcination was found
to be rutile. No traces of iron were detected by EDX analysis suggesting that the anion exchange assisted acid leaching
of ilmenite is a remarkable method for the production of pure rutile [47]. The flow chart shown in Fig. 2 summarizes the
main steps in synthesizing TiO, from ilmenite via the treatment with HCI.

3.1.2 Leaching using sulfuric acid

Use of sulfuric acid for the dissolution of ilmenite has been reported in the literature [58-60]. Bangka Island-Indonesia
is a well-known source of ilmenite. Latifa et al. report the digestion of ilmenite by sulfuric acid where TiOSO, is pro-
duced as the precursor material. TIOSO, was subsequently hydrolyzed by mixing H,O and TiOSO, in volume ratios
of 3:1 and 6:1 as shown below.

Table 3 Th? appa'rent rate‘ Temperature (°C) Apparent rate constant (min~") Coefficient of determination (R?)

constant with their coefficient

of determination at different Chemical control Diffusion control Reaction control Diffusion control

temperatures. Reproduced (Ko (Ky)

from Ref. [43]
45 0.0011 0.0007 0.3656 0.6565
55 0.0013 0.0009 0.5231 0.8206
70 0.0015 0.0012 0.6738 0.9261
85 0.0018 0.0016 0.7851 0.9643
100 0.0021 0.0021 0.8565 0.9828
110 0.0023 0.0023 0.8684 0.9753
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Fig.2 The flow chart of syn- .
thesizing TiO, from ilmenite Ilmenite
treating with HCI

Conc. HC1 Milling with C
FeCly+ TiOCl, + excess HCI | Ti0s + Fe + CO |
Fe powder Fe powder 4M HC1
H.0 and/or H
FeCly + 2H | TiOy + Fe-Ti Oxides + FeCly |
v I{2
TiO(OH)» ,
TiOs + Fe
Calcination

TiOSO,(aq) + 2H,0(L) = TiO(OH),(S) + H,S0,(aq)

TiO(OH),(S) = TiO,(S) + H,0(L)

The SEM images (Fig. 3) of this study indicate that with the higher percentage of water, heavily aggregated smaller
nanoparticles of about 32-40 nm resulted, and more spherical nanoparticles of 96-188 nm with less aggregation were
formed with the lower proportion of water. However, with the addition of dextrin more spherical but larger nanopar-
ticles resulted due to the action of dextrin as a coagulant. It neutralizes the repulsive electrical charges surrounding
the TiO, particles creating larger particles or clumps which could settle immediately and be separated. Interestingly,
increasing the time of hydrolysis in the presence of dextrin, has resulted in comparatively smaller nanoparticles. Such
smaller nanoparticles tend to have a lower band gap (3.16 eV to 5.71 nm) compared to the larger particles (3.28 eV to
9.45 nm) making them more effective for photocatalytic applications. Further, during the reaction of ilmenite (FeTiO;)
with sulfuric acid, initial seeding of the mixture with Fe powder was found to increase the yield of TiO, as it averts the

Fig.3 SEM images of TiO, products at various H,0/ TiOSO, volume ratio of a 3:1 and b 6:1. (adapted from Ref. [61])
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Table4 Chemical
composition of Bangka
i'megitéorea.ndthe llmenite (Wt%) 3546 5287 233 161 107 181 01 016 017 08 206
synthesized TiO,. Reproduced o ocized 9278 319 200 - - - - - 016 002 095
from Ref. [61] .

TiO, powder

without seeding

(wt%)

As-synthesized ~ 9501 188 191 003 - - - - 016 002 096

TiO, powder

with seeding

iron (wt%)

Compound TiO, Fe,0; SiO, ALO; MnO MgO CaO K,O P,0; Cr,0; SnO,

Fig.4 XRD patterns of ilmen-
ite, the synthesized solids and
the reference TiO, (e ilmenite,
¢ anatase, # rutile, reference
TiO, in Evonik P 25). (adapted
from Ref. [63])
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oxidation of ferrous to ferric ions, thereby preventing its co-precipitation with the product (TiO,) deteriorating its qual-
ity. Table 4 summarizes the chemical composition of Bangka ilmenite and the TiO, obtained with and without seeding
iron powder. The anatase phase was identified as the crystal state of all TiO, nanoparticles synthesized. However, their
crystallinity was poor as they were only dried at 110 °C for 3 h. As expected; the crystallinity could be improved by drying
for 24 h or by calcining at 400 °C [61].

Jia et al. [62] reported the pressure leaching of Panzhihua ilmenite by sulfuric acid. The effect of temperature on tita-
nium and iron leaching has been studied in the range of 110-150 °C. Leaching of iron was found to increase with increas-
ing temperature up to 140 °C and levelled off thereafter. A maximum Fe extraction of 76% was achieved. However, for
titanium the percentage extracted decreased with increasing temperature, with less than 1% at 150 °C. This is attributed
to the hydrolysis of titanium during leaching. The effect of sulfuric acid concentration on leaching of ilmenite has been
studied in the range of 10-50 wt%. Percentage Fe extraction was found to increase with increasing acid concentration
to 40 wt% (94% extraction) and decrease with further with increase. Optimal acid/ore ratio for ilmenite leaching was
determined to be 2:1 (w/w) at an optimal reaction time of 3 h. Generation of a large amount of sulfuric acid waste is a
drawback of the sulfuric acid process. In order to reduce the sulfuric acid waste Fe?* was added to the reaction mixture
in varying concentration. However, Fe extraction from ilmenite gradually decreased with increasing concentration of
externally added Fe?*. This was attributed to the decrease in free water and thus increasing the effective sulfuric acid
concentration. Further, loss of titanium increased with increasing Fe?* concentration as hydrolysis of titanium is inhibited
by high concentrations of sulfuric acid [62].

Fe doped TiO, materials have been synthesized from natural ilmenite found in Columbia. Briefly, ilmenite was digested
in sulfuric acid of varying concentration (20%, 50%, and 80%) at three temperatures (50, 70 and 110 °C) for 90 min.Fe** ions
were partially reduced to Fe?* by adding iron powder and the resulting solution was cooled to 10 °C to remove the iron(ll)
sulfate heptahydrate crystals. pH of the remaining solution containing iron(lll) ions and titanium polyhydroxycationic spe-
cies was adjusted to 12 by adding NaOH, and the resulting precipitate was calcined at 400 °C. In general, high quantities of
titanium could be extracted when high concentrations of sulfuric acid were used at higher temperatures. The amount of iron
extracted at 50 and 70 °C decreased when the concentration of sulfuric acid was decreased. At sulfuric acid concentrations of
50 and 80%, the extracted content of iron increased when the temperature was decreased. X-ray diffraction patterns (Fig. 4)
clearly showed the presence of the anatase phase of TiO, but no crystalline peaks relevant to iron were present indicating
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the isomorphic substitution of Fe3* ions. The presence of iron was confirmed by X-ray fluorescence. Brunauer—-Emmett-Teller
surface area analysis of all the synthesized samples were found be higher than that of P25 TiO,. Further, the resulting band
gap measured by UV- Visible diffuse reflectance spectroscopy showed lower values for the synthesized materials than for
P25TiO,, suggesting that the synthesized Fe doped TiO, materials from natural ilmenite are better visible light active pho-
tocatalysts [63]. The synthesis of TiO, from ilmenite via digestion in H,SO, is shown in Fig. 5.

3.1.3 Leaching using hydrochloric acid and sulfuric acid

lImenite obtained from Bangka, Indonesia was subjected to a more elaborate digestion procedure by Refs. [44, 64-66]. [Imen-
ite was preoxidized in open air for 6 h at temperatures ranging from 400 to 1100 °C. It has been observed that the preoxidation
process improves the formation of pseudobrookite as an intermediate product in the formation TiO,. The product of oxidation
contained ilmenite, hematite and rutile in the temperature range of 400-800 °C and at higher temperatures (900, 1000 and
1100 °C) pesudobrookite was formed in addition to hematite and rutile. Dissolution of non preoxidized ilmenite in HCl was
studied by varying the concentration and it was evident that both ferrous and titanium dissolved increasingly with increas-
ing concentration of HC, with ferrous dissolving more than titanium. Addition of Fe® in a ratio of ilmenite to Fe, 2:1 to the
digestion process has shown increased dissolution of the pesuodobrookite phase and a gain in anatase, rutile and hematite.
However, the formation of pesudobrookite was found to be less prominent when Na,S was added to ilmenite at the preoxi-
dation process thus facilitating dissolution. When ilmenite is roasted at 800 °C it produces TiO, and Fe,O5 as shown below.

2 FeOTiO,(S) + 12 0,(g) = Fe,04(S) + 2 TiO,(S)
When Na,S is added to ilmenite before roasting,
4FeTiO5(S) + 2TiO4(S) + 2Fe,05(S) + 6Na,S(S) + 70,(g) = Na,Tis0,,(S)
+ 5NaFeO,(S) + NaFeS,(S) + Na,SO4(aq) + TiO,(S) + Fe,05(S) + 3505,

Upon treatment with H,SO, (3, 3.5, 4.5, 6 and 9 M) the following reactions may occur and it was found that the ilmenite
was more soluble in 6 M H,SO,.

FeTiO5(S) + 2 H,SO,(aq) = FeSO,(aq) + TiOSO,(aq) + 2 H,O(L)

TiO,(S) + Fe,05(S) + 4 H,S0,(aq) = TiOSO,(aq) + Fe,(SO,),(aq) + 3 HO(L)

NaFeO,(S) + NaFeS,(S) + 4 H,SO,(aq) = Na,SO,(aq) + Fez(SO4)3(aq) + 2H,0L) + 2 H,S(aq)
Na,Ti;0,,(S) + 7H,SO,(aq) = 5 TiOSO,(aq) + 2 Na,SO,(aq) + 7 H,O(L)

Fig.5 The flow chart of syn- .
thesizing TiO, from ilmenite Ilmenite
via digestion in H,SO,

Conc. H:504

TiOSOs | + |Fex(SO4)s
H,O Fe Powder
TiO(OH); FeSO4
Calcination
Ti‘O:

@ Springer



Review Discover Materials (2021) 1:20 | https://doi.org/10.1007/543939-021-00020-0

Fe?* and Fe3*ions are complexed with KSCN to prevent the contamination of the intermediate TIO(OH), formed during
the hydrolysis-condensation process of titanyl sulfate to produce TiO, as the final product [44, 64-66],

TiOSO,(aq) + 2 H,O(L) = TiO(OH),(S) + H,SO,(aq)
TiO(OH),(S) = TiO,(S) + H,O(L)

Arachchi et al. [48] report the digestion of ilmenite roasted with ZnO or ZnS, in HCl or H,SO,. Briefly, iimenite was finely
ground with ZnO or ZnS roasted at 900 °C for 4 h and the roasted product was digested in 5 M HCl at 30 °C and 6 M HCI
at 110 °C. llmenite decomposes to pseudobrookite and rutile above 800 °C [67, 68]. Imenite was also roasted with ZnO/
ZnS, in Ti to Zn molar ratio of 1:2. The main products were Zn,TiO, and Fe;0, as given below.

6 FeTiO5(S) + 12 ZnO(S) + O,(g) = 6 Zn,TiO,(S) + 2 Fe;0,(S)
6 FeTiO5(S) + 12 ZnS(S) + 19 0,(g) = 6 Zn,TiO,(S) + 2 Fe;0,(S) + 12 SO,(S)

On treatment of normal ilmenite, roasted ilmenite, roasted ilmenite with ZnO or ZnS, with HCI or H,SO,, TiOCI, and
TiOSO, were the titanium based products while FeCl,, FeCl; and FeSO, were produced as iron based compounds with
some ZnCl, and ZnSO,.

FeTiO5(S) + 4 HCl(aq) = TiOCl,(aq) + FeCl,(aq) + H,O(L)
FeTiO5(S) + 2 H,SO,(aq) = TiOSO,(aq) + FeSO,(aq) + 2 H,O(L)
Zn,TiO,(S) + 6 HCl(aq) = ZnCl,(aq) + TiOCl,(aq) + 3 H,O(L)
Fe;04(S) + 8 HCl(aq) = 2 FeCls(aq) + FeCl,(aq) + 4 H,O(L)

ZnO(S) + 2 HCl(aq) = ZnCl,(aq) + H,O(L)

Zn,TiO4(aq) + 3 H,SO,(aq) = 2 ZnSO,(aq) + TiOSO,(aq) + 3 H,O(L)
Fe;0,(S) + 4 H,S0,(aq) = Fe,(SO,),(aq) + FeSO,(aq) + 4 H,O(L)
ZnO(S) + H,SO,(aq) = ZnSO,(aq) + H,O(L)

Roasted ilmenite showed the lowest dissolution rates in both HCl and H,SO, while normal ilmenite showed slightly
higher dissolution in both acids. Leaching kinetics in H,SO, are greater than in HCI for all the samples as shown in Fig. 6,
due to the higher strength of the acid used and high temperature at which the digestion was performed. Results clearly
indicated that the ZnS and ZnO roasted ilmenite samples exhibit higher dissolution rates in both acids for iron (Fig. 6 (i)
and (ii), respectively for HCl and H,SO,) and titanium (Fig. 6 (iii) and (iv), respectively for HCl and H,SO,). Zinc could be
regenerated from the final solution [69, 70] and interestingly zinc sulfide minerals such as Sphalerite [71] could be used
in the process described here specially in industry. The separation process described could be used to produce TiO, and
ZnO simultaneously. The SO, that is produced during roasting of ilmenite with ZnS, could be used in the manufacturing
process of sulfuric acid [48]. This group further reports that iron leaching from ilmenite in HCl was greatly enhanced when
exposed to UV light due to the photoinduced degradation of the titanium oxy polymers formed and non-deposition of
Ti(IV) polymeric species in pores of ilmenite. The enhanced dissolution has taken place at high temperature and high
concentration of HCl and interestingly, when air was purged during UV exposure, dissolution was further enhanced due
to the formation of oxidizing radical species such as OH and HO,, confirmed by the enhanced dissolution observed with
the addition of H,0, to the ilmenite HCl medium [57]. Figure 7 shows the main steps involve in weak acid digestion of
ilmenite and subsequent production of TiO,.

3.1.4 Leaching using weak acids

Palliyaguru et al. [72] report the synthesis of titanium phosphate from ilmenite for cosmetic applications. Specifically,
ilmenite sand was treated with 85% phosphoric acid for 5 h at 150 °C and the mixture was allowed to cool and settle, with
unreacted ilmenite settling at the bottom and less dense Ti(HPO,),.H,O settling on top of it showing two clearly distinct
solid layers. Ti(HPO,),.H,O was separated from unreacted ilmenite, and dried followed by calcination at 900 °C for 4 h.
After calcination water molecules of Ti(HPO,),.H,O were removed to produce TiP,0; which is a white in coloured com-
pound. The XRD pattern of both compounds show no peaks relevant to any iron species. However, EDX spectra show the
presence trace amounts of iron. Less iron remained on treatment of ilmenite with phosphoric acid due to the formation
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Fig.6 Total leached of iron (i) and (ii) and titanium (iii) and (iv) in 5 M HCl at 30 °C and in 6 M H,SO, at 110 °C, respectively. (adapted from
Ref. [48])

of multiligand complexes such as Fe(H,P0,)**, FeHs(PO,),?* and FeH,(PO,)**, which are highly soluble. Pigments used
in cosmetics are required to possess low photoactivity in order to minimize sebum breakdown on the skin [73]. Photo-
activity of the synthesized Ti(HPO,),.H,O and TiP,O, have been tested along with pigment grade -TiO, and P25-TiO, on
photoreduction of 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) under UV irradiation. It has been found that synthesized
Ti(HPO,),.H,O and TiP,0, are more photoinactive than pigment grade-TiO, and P25-TiO,. Water retention (WR) ability is
another important parameter in cosmetic products. WR capacity of the above mentioned four compounds were tested
in the presence of urea as urea is commonly used as an additive to maintain the moisture level and smoothness of the
on the skin [74]. WR capacity of TiP,O, (30% after 7 h) was found to be higher than that of Ti(HPO,),.H,O and control
TiO, samples. Hence, synthesized white colour TiP,0, is a better candidate for the preparation of cosmetics than com-
mercially available TiO, [72]. In a similar study Palliyaguru et al. have synthesized TiO, in anatase and rutile polymorphs.
The difference in the synthetic procedure is that, after obtaining Ti(HPO,),.H,0, it is reacted with 25% NH; followed by
calcination at various temperatures (500, 700, 800 and 900 °C). Sample calcined at 500 °C showed the presence of only
anatase phase, while at 700 and 800 °C both anatase and rutile phases were present. Rutile was the only phase identified
in the sample calcined at 900 °C. Rate of photodegradation of Rhodamine B by the synthesized anatase TiO, under UV
irradiation (25.4x 107> min~") is much higher than with synthesized rutile, 1.24x 107> min~' and commercially available
anatase and rutile TiO, [75].

Jonglertjunya et al. [76] report the dissolution of titanium and iron by weak acids including citric acid and oxalic acid.
It has been found that 35% Ti and 9% iron have been leached when ilmenite was treated with 1 M citric acid for 5 h at
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Fig.7 The flow chart of syn- :
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90 °C. Further, though the titanium dissolution increased with increased time of dissolution, dissolution of iron was con-
stant after reaching the maximum. For example, dissolution of Ti was 39% after exposure to the acid for 5 h and upon
exposure to acid for 20 h, 63% Ti was leached. However, after a 6 h of reaction time 10% iron was found to dissolve and
the percentage did not increase even after 10 h. The leachability of both Ti and iron by citric acid were lower than by a
strong acid of high concentration (8 M sulfuric acid). However, a higher Ti to iron dissolution ratio was obtained with a
low concentration of weak acid (1 M citric acid). Low iron dissolution was attributed to the precipitation of iron occurred
in 1 M citric acid solution at high temperature. Dissolution of Ti and iron in citric acid could be presented as follows [76],

CeH;O; + H,0 = H;0" + C¢H,0;
FeTiO; + 4 H;O0" = TiO** + Fe’* + 6H,0

Nayl et al. [77] report the dissolution of Ti and Fe in KOH treated ilmenite in 80% oxalic acid. The authors find that
the dissolution of Ti (93%) had not change after 3 h while that of Fe (73%) had increased slightly. Maximum dissolution
of titanium and iron resulted with 80% oxalic acid in the range of acid concentration studied (20-80%). Effect of tem-
perature on dissolution of ilmenite in oxalic acid was studied in the range of 20-200 °C. Percentage of Ti extracted was
found to decrease at temperatures higher than 150 °C due to the hydrolysis of titanium while recovery of iron increased
with increasing temperature [77]. Figure 8 indicates the synthesis of TiO, and titanium related products by ilmenite via
digestion in weak acids.

3.2 Leaching using alkaline solutions

Digestion of ilmenite in acid medium has several disadvantages such as high energy consumption and corrosion of the
reactors due to the use of high temperatures and acid concentrations. To mitigate such drawbacks dissolution of ilmenite
has been investigated under alkaline conditions. Liu et al. [78] report the decomposition of ilmenite in concentrated KOH
solution. The reaction of ilmenite with KOH produces potassium titanate (K,Ti;Og) as indicated follows,

3FeTiO, + 4KOH = K,Ti,O4 + 3FeO + 2H,0

It has been found that extraction of titanium increases with increasing stirring speed only up to 100 min~" and remain
constant thereafter in the tested range of 500 to 1200 min~". High extraction of Ti resulted with smaller particle size of
ilmenite with particles in the range of 58-75 um showing the maximum extraction in the range of particle size studied
(58-75 to 160-180 um). Maximum titanium extraction resulted with alkali (84 wt.% KOH) to ilmenite ratio of 7:1, and at
260 °C [78]. In another study Liu et al. [79] report the removal of Al, Si, Ca and Fe from ilmenite to produce more pure TiO,.
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Fig. 8 The synthesis of TiO, .
and titanium related products Ilmenite
by ilmenite via digestion in
weak acids
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Interestingly, production of 90% pure TiO, from Iranian ilmenite is reported [80]. Briefly, iimenite has been mixed with
KOH pellets and of DI water and heated in a reactor at 220 °C for 3 h. The powder obtained after the drying process has
been treated with 9 M HCl and Na-EDTA at 80 °C. Na-EDTA was added as the chelating agent to separate iron impurity from
the leachate. Then 25% NH; was added drop wise to the leachate and the obtained product was dried followed by calcina-
tion at 500 °C. The synthesized TiO, nanoparticles were almost pure, but some impurities have also been detected. Na,O
was present due to the use of Na-EDTA. Overall, Ti recovery was about 70% because of loss due to chelation. The solution
obtained after adding Na-EDTA consists of Fe(lll)-EDTA complex, potassium, ammonium, sodium and chloride ions which
are found to be required for plant growth [81] suggesting that it has some economic value [80]. Table 5 provides the details
of ilmenite leaching with different reagents. The main steps involved in the synthesis of TiO, from ilmenite via treating in
alkaline solutions is given in Fig. 9.

3.3 Leaching using ammonium chloride solution

TiO, is known to use as a white pigment. The presence of iron even in minor quantities make it undesirable to use as a pig-
ment and hence a technique to prepare synthetic rutile from ilmenite was investigated where synthetic rutile would be
subsequently used as the raw material in the chloride route to produce TiO, pigment. Therefore, to upgrade the TiO, content
produced from ilmenite sand, Fe?* and Fe3* are reduced to metallic iron treating with carbon in which carbon acts as the
reducing agent and the fuel for the kiln [82].

Ilmenite + C = Fe + TiO,

Subsequently, metalliciron is removed from the reduced ilmenite by treating it with oxygen dissolved ammonium chloride.
A high pH value would be generated at the surface during the reduction of dissolved oxygen as follows,

0,(aq) + 2H,0 + 4e = 40H (aq)

Ammonium ions prevent the production of high pH values by buffering the OH™ ions and thus prevent the formation of
iron (I) hydroxide which would limit the diffusion of FeZ* from the rutile matrix.
Further,ammonia is produced due to the buffering action of ammonium ions as follows,
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Fig.9 A flow chart represent-

ing the main steps in produc- Ilmenite
ing TiO, from ilmenite via
alkaline treatment 85 wt% KOH

v

K4T130g + FeyO3

HCl
v

TiOCl, + FeCl; + KC1

25% NH;

4

TiO(OH),

Calcination

v

Ti0>

NH; (aq) + OH (aq) = NHj(aq) + H,0

Such produced NH; complexes with Fe?* (as shown below) until they also move away from the high pH values
and hence prevent the production of iron (Il) hydroxide in the pores of rutile.

4 xH,0

[Fe(H,0),]*" + xNH; = [Fe(NH;) (H,0),_]
Moreover, Cl™ ions would help to breakdown any passive oxide which may produce during aeration [82].

Farrow et al. [82] further studied the relationship between the rate of reaction and the stirring speed. They
found that the rate of reaction increased with the increasing stirring speed at the low-speed range and reached a
maximum. The rate remains constant when the stirring speed is further increased. Further, they studied the effect
of temperature on the rate of reaction. The most important criterion is the effect of temperature on the flux of
molecular oxygen to the surface of reduced ilmenite. It has been found that the rate of reaction increased up to
70 °C and decreased when the temperature is increased further. Zhao et al. [83] report a comparative study of the
content of the TiO, and iron produced using ammonium chloride and HCl as the solvents. It has been found that
when the ammonium chloride concentration is increased from 2 to 8%, the metallic iron content in the synthetic
rutile increased from 1.85% to 6.75%, the total iron content decreased from 19.63% to 16% and the TiO, content
increased from 64.97% to 70% because though the concentration of ammonium chloride is increased it is not
conductive to the aeration leaching process. Then the effect of using a mixture of solvents, hydrochloric acid and
ammonium chloride has been studied where the NH,Cl concentration was maintained at 2% while the concentra-
tion of HCl was varied from 0 to 3%. The total ion content and the metallic iron content decreased with the increas-
ing concentration of HCl, while the TiO, content increased. Further, synthetic rutile could be upgraded to 90% by
using only HCl because the aeration is better in HCl compared to ammonium chloride [83]. Ward et al. [84] studied
the effectivity of diammonium chloride as the aeration catalyst and the results were compared with that of ammo-
nium chloride. It has been found that the optimum concentration of ethylenediammonium chloride required is
0.0698 M which is 75% of the optimum concentration of ammonium chloride (0.093 M). The reason for the require-
ment of a low concentration of ethylenediammonium chloride to leach reduced ilmenite is the presence of two
ammonium groups that could complex with iron. However, the required concentration is not half of the optimum
concentration of ammonium chloride because of the steric hindrance of ethylenediammonium chloride complex-
ing with iron is limited. Further, it has been found that the aeration completes in 6.0 h with ethylenediammonium
chloride while 7.0 h were required with ammonium chloride suggesting that there are some advantages of using
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Fig. 10 Stepwise production .
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ethylenediammonium chloride than ammonium chloride [84]. The flow chart shown in Fig. 10 indicates the main
steps in synthesizing TiO, from ilmenite via the treatment involving ammonium chloride.

3.4 Information from characterization techniques

This review highlights the various treatment methods use to facilitate the dissolution of ilmenite producing mainly
Ti** and Fe3*. Further, production of TiO, from ilmenite is also discussed.

Table 6 summarizes the nature of the synthesized TiO, including mineralogy, shape, size (either particle or crys-
tallite), surface area, porosity and band gap characterized by various techniques; x-ray diffractometry, scanning
electron microscopy, transmission electron microscopy, dynamic light scattering, Brunauer-Emmett-Teller analysis,
diffuse reflectance UV-Visible spectroscopy. Reported data indicate that highly pure TiO, where Fe,0; is present as
the main impurity in some cases but in low concentrations is produced by almost all the treatment methods. Pres-
ence of impurities such as Fe, 05 have altered the theoretical band gap values [75]. Produced Titania contains either
anatase or rutile polymorphs or both anatase and rutile. In some cases different crystal structures such as TiP,0, [72]
and FeTiO; [85] have been formed. Different shapes including spheres, rods, fibers, tubes have been produced with
dimensions mostly in the nanoscale. According to the data on surface area analysis, TiO, have high surface area due
to the presence of mesopores. Reported treatment methods are promising for the synthesis TiO, by using naturally
available ilmenite as the raw material.

3.5 Advantages and disadvantages of the treatment methods

Production of titanium based different structural compounds from ilmenite by number methods has been discussed
in this review. However, each method possesses its own advantages and disadvantages. Leaching of ilmenite in HCl is
known to remove many impurities from ilmenite producing less contaminated TiO, while high acid concentrations are
found to corrode the reactors used for the digestion. Sulfuric acid causes less corrosion and can extract titanium from
low grade titanium sources, although it generates a high amount of solid and acid waste. Leaching in weak acids like
citric acid requires low acid concentration. This process extracts more titanium than iron but consumes more energy.
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As with weak acids, leaching in alkaline medium also extracts comparatively more titanium than iron, but requires
an additional acid treatment step to obtain the final products. Particle size of iimenite can be readily reduced via ball
milling causing an enhanced dissolution in acidic medium, but energy consumption is high in mechanical activa-
tion. Compounds that are produced by hydrothermal treatment are homogeneous in composition, size, and shape.
However, the process requires specific equipment. The advantages and disadvantages of each method are tabulated
in Table 7. It is evident that all the reported methods have disadvantages. Hence, it is wise to use a combination of
methods to produce different titanium based nanostructures from natural ilmenite.

4 Research Gaps and Future Perspectives

A study on selective isolation of highly pure TiO, from ilmenite would be beneficial in the industry view of point as pure
TiO, is used as a white pigment worldwide [20]. TiO, doped with transition metals like Fe [97], Cu [98], Cr [99], Mn [100],
non-metals such as N [101], C [102], S [103] and co-doped with metal and non-metal including N-Fe-Cu [104], N-Cu
[105] have been applied to various applications including H, production, photodegradation, antimicrobial activity etc.
[34]. These nanomaterials have been synthesized by different titanium precursors such as Titanium isopropoxide [30],
titanium butoxide[31], titanium oxyacetylacetonate [32], titanium tetrachloride [33]. As revealed above TiO, produced
by several techniques contain small amounts of iron. If the iron concentration can be maintained at desired small values
compared to the concentration of titanium, iron doped TiO, could be easily synthesized. Doping can be further elaborated
to other metals such as Cu, Ag, Au etc. as well as non-metals like N, C, and S by adding proper precursors externally [34].
This would much broaden the scope and the applicability of using ilmenite as the raw material to prepare the titanium
precursors. According to our knowledge, such synthesis methods have not been reported to compare their efficiency
with the doped materials synthesized by existing chemical precursors. We believe that a simple co-precipitation method
could be used to synthesize doped TiO, from natural ilmenite. For example, a solution containing iron added to TiOCl,
can be easily precipitated by using ammonia. N doped TiO, may be easily synthesized by using urea where it will act as
the N source and the base to precipitate [104]. Moreover, doping can be done right after obtaining TiO, as it has not been
crystallized yet. In such instances, desired metal salts such as FeCl;, CuCl,, AgNO; dissolved in deionized water could
be added to TiO, before heating and calcination. Overnight stirring followed by heating and calcination would result in
doped TiO,. This method could be implemented in synthesizing non-metal doped TiO, as well. For example, urea could
be added at a proper concentration to just produced TiO, to synthesize N doped TiO,. Such research projects have not

Table 7 Advantages and disadvantages of treatment methods

Method Advantages Disadvantages References

Strong acid digestion

Hydrochloric acid High efficiency of Ti extraction Required titanium high grade ilmenite [62,90-93]
High impurity removal capability Require high acid concentration
Easy regeneration of HCI Corrodes the reactors/consumables
Recyclability of HCI High energy consumption
High cost

Problems in solid-liquid separation
Production of high CO, especially in large scale production

Sulfuric acid Less corrosion of production equipment Require high acid concentration [62,90, 93-95]
Reuse of the H,SO, waste Less efficient in removing impurities
Can use titanium low grade ilmenite Abundant generation of acid and solid waste
Low capital cost Difficulty in treatment of Iron(ll) sulfate and waste acid
Low energy consumption

Weak acid digestion Requires low acid concentration High energy consumption [88]
Selectivity for Ti is higher over Fe High cost

Less corrosion

Alkaline digestion  Selectivity for Ti is higher over Fe Requires acid to transform of titanate to TiO, [96]
Requires high alkaline concentration
High energy consumption

Ammonium chlo- Isolation synthetic rutile Requirement of oxygen [82-84]
ride salt digestion Isolate iron powder High energy consumption

@ Springer
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been reported so far opening new avenues to research in this area. However, heterostructures have been prepared by
using natural ilmenite as the raw material and the solution resulted after digestion as the precursor. Thambiliyagodage
et al. report the synthesis of binary Fe,TiO¢/TiO, nanocomposites using only the precursor generated after the digestion
of ilmenite [106] and ternary Fe,0/Fe,TiO;/TiO, composite using the precursor and externally added iron [107], and
they have shown high photocatalytic activity on degradation of methylene blue under sunlight. The rate of photodeg-
radation of methylene blue under sunlight (0.038 min™") in the presence of 2 g/L, Fe,05/Fe,TiO./TiO, is greater than the
rate of photodegradation of methylene blue (0.028 min~') under 300 W simulated sunlight in the presence of 1 g/L of
the same ternary heterostructure synthesized by Iron nitrate, tetrabutyl titanate and hexamethylenetetramine [108].
The reason cannot be directly attributed to the difference in the dosage of the catalyst as Thambiliyagodage et al. have
used normal scattered sunlight, while Bhoi et al. used simulated sunlight. Nanoflower like Fe,TiO;/TiO, was obtained
by treating ilmenite in NaOH hydrothermally by Fernando et al. and have been used for electrocatalytic H, evolution
[109]. Multi-shelled TiO,/Fe,TiO5 synthesized using TiCl, and FeCl; have shown to be effective in water oxidation under
solar light [110]. Further, magnetic properties of Fe,TiOs synthesized by natural ilmenite via co-precipitation method
[111] and via oxidation [112] have been also studied. Activities of the composites synthesized from natural ilmenite and
synthetic chemicals are not compared in this review as different conditions have been used by different researchers.
Research projects should be elaborated in finding the potential new applications of products prepared by using ilmenite
as the raw material. Leachates obtained from the dissolution of ilmenite should be chemically treated to produce more
titanium derived products. Leachates could be treated in different methods including sol gel synthesis, spray pyrolysis,
electrochemical deposition, hydrothermal synthesis etc. to produce nanomaterials with different morphologies that
could have different properties which can be applied to various applications. Further, obtained leachate could be com-
bined with other chemicals such as CuCl,, ZnCl,, FeCl; to produce heterojunctions which could be used as visible active
photocatalysts to degrade organic pollutants. However, given that ilmenite is a natural material available for low cost,
converting it to a titanium precursor consumes a high amount of chemicals and energy. Chemicals like acids, bases and
salts were supposed to use in very high concentrations. Further, as ilmenite is a macro material dissolution is less effi-
cient. Therefore, techniques like milling have been used to reduce the particle size and further, to change the chemical
composition to facilitate digestion. However, milling requires high temperatures and the instrument which add more
depth to the cost of the process. Considering the above, it is evident that there is more space for innovative research in
the field discussed in this review.

5 Conclusions

[Imenite partially dissolves in strong acids such as hydrochloric acid, sulfuric acid and weak acids including oxalic acid,
phosphoric acid, citric acid to yield titanium and iron in the leachate. Generally, with increasing acid concentration,
leaching time and leaching temperatures dissolution of ilmenite has increased. Addition of a reducing agent such as Fe
increases the dissolution of iimenite, and pseudobrookite phase formed during the oxidation of ilmenite resulting in a
higher titanium yield. Formation of the pesudobrookite phase is prevented when Na,S, ZnO and ZnS are added in the
preoxidation increasing the yield of titanium and iron from acid leaching. Leaching of ilmenite in potassium hydroxide
would produce potassium titanate which may need additional acid treatment step to enhance the further dissolution.
Leachates obtained from digestion of ilmenite has been used as a precursor to synthesize TiO,, while the residue obtained
after the treatment were also rich with TiO,. Therefore, natural ilmenite can be used to produce TiO, which is an effective
white colour pigment and TiO, based nanomaterials that are efficient photocatalysts for generation of energy via water
splitting and degradation of organic pollutants in wastewater.
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