Arab J Geosci (2013) 6:3865-3876
DOI 10.1007/s12517-012-0647-x

ORIGINAL PAPER

Effects of mineralogical and textural characteristics
of ilmenite concentrate on synthetic rutile production

A. Mehdilo - M. Irannajad

Received: 27 February 2012 / Accepted: 31 July 2012 /Published online: 15 August 2012

© Saudi Society for Geosciences 2012

Abstract The effect of mineralogy and texture of Qara-aghaj
ilmenite concentrate on titanium dioxide prepared via
reduction-slagging acid leaching process as a raw material in
chloride route was investigated. The concentrate contains
44.5 % TiO, and its content in ilmenite lattice varies from
41.6-48 %. Hematite exsolved lamellae inside ilmenite which
affect the reduction process positively are host of the most of
the Cr and V as pigment colorizer metals. Apatite fine inclu-
sions inside ilmenite as the source of Ca and P could have
negative effects on synthetic rutile. Spinel ultrafine particles
inside ilmenite containing Al and Si could also affect the
synthetic rutile negatively. The other important elements which
have been substituted in ilmenite lattice are Mg and Mn. The
prepared titanium dioxide concentrate containing 91 % TiO,
and 0.6 % Fe, 05 is mainly formed by rutile and small amount
of anatase and Ti,O3 phases. The solid solution of rutile inside
Ti,O5 was also observed. The content of Cr, V, Mn, and Al are
decreased to permissible amount during slagging and leaching
process while the quantity of other impurities such as Mg, Si,
and Ca are relatively high in the product, and they cause some
difficulties in pigment production via chloride route. The Mg
and Ca sourced from ilmenite lattice and apatite inclusions,
respectively, can affect the precipitation process. So, it is pre-
dicted that Qara-aghaj ilmenite concentrate will be suitable for
sulfate route, but it is necessary to investigate comprehensively.
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Introduction

Titanium is relatively abundant in the earth’s crust, which is
usually found in igneous and metamorphic rocks as ilmenite
(FeTiO3), rutile (TiO;), and titanomagnetite (Fe,TiO4—
Fe,04). A survey on the use of titanium in its various forms
indicates that almost 95 % of its use is for the production of
white TiO, pigment which has extensive application in
paint, plastic, and paper industries (Nayl et al. 2009a, b).
Titanium dioxide also has high potential applications in
environmental purification, gas sensors, and in photovoltaic
cells due to its unique characteristics (Zhang et al. 2009).
Relatively minor quantities are used to produce the metal
and titanium chemicals (Lasheen 2004).

Natural rutile, owing to its high titanium content and low
levels of impurities, has traditionally been preferred as feed
stock for the production of titanium dioxide pigment.
Natural rutile is becoming scarcer and consequently more
costly, and the alternative method that uses ilmenite is being
favored. Ilmenite concentrates have relatively low titanium
content (usually about 50 % titanium dioxide compared to
about 96 % in the case of rutile) but have Fe as their major
impurity and thus pose problems for pigment production.
Nevertheless, ilmenite has been used as an alternate feed
material for production of pigment through chemical routes
(Samala et al. 2009).

Commercial production of TiO, pigment uses either the
sulfate process or the chloride process. In the former pro-
cess, relatively low grade feedstock can be used, but it gives
a higher volume of waste product that requires proper treat-
ment and disposal. It is more preferable to use the chloride
process which utilizes a feedstock of high TiO, grade as
natural rutile mineral (94-98 % TiO,), synthetic rutile
(92-95 % Ti0O,), anatase (90-95 % TiO,), leucoxene
(>68 % TiO,), or titanium slag (80-90 % TiO,) as raw
materials (El-Hazek et al. 2007; Lasheen 2008; Nayl et
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Table 1 Typical specification of

slag used in the chloride process Composition  Total Ti,O; FeO MnO MgO SiO, AlLO; CaO V,05 Cry,03
(mass percentages) TiO,
wt% >85.0 <350 <120 <20 <12 <20 <I5 <0.13 <0.60 <0.25

al. 2009b; Samala et al. 2009; Zhang and Nicol 2010).
The chloride process offers several advantages such as
the yield of high quality products, a more eco-friendly
process, and the generation of a smaller amount of waste
products (Zhang and Nicol 2010).

The shortage of natural rutile and the need for higher
grade titanium feedstocks has encouraged ilmenite upgrad-
ing by removing iron oxide and other impurities from the
grain lattice, thus converting ilmenite into synthetic rutile
for the chlorination process (Mahmoud et al. 2004; El-
Hazek et al. 2007; Lasheen 2009). There are several pro-
cesses for the production of synthetic rutile from ilmenite,
and some of them were commercially applied. One of these
processes is smelting processes, where the iron part of the
ilmenite is reduced and melted to separate the iron from
titanium. The titanium slag is then leached with the sulfuric
acid or with hydrochloric acid at elevated temperatures
(Lasheen 2004; Mahmoud et al. 2004; Kamala et al. 2006;
El-Hazek et al. 2007; Sasikumar et al. 2007; Li et al. 2008;
Lasheen 2009; Zhang and Nicol 2010).

The titanium slag produced from this process represents
an important feedstock for the manufacture of titanium
dioxide pigment by the sulfate process (Olanipekun 1999).
One of the major constraints for using chloride process is the
slag composition. The reason for this is that the chlorination
process can handle only low levels of impurities. The typical
specification of slag used in the chloride process is pre-
sented in Table 1 (Pistorius 2008). So, the crucial factors
which affect the reactions of pigment production via sulfate
and chloride processes are mineral and chemical composi-
tion of the feed and its textural features. [lmenite is known to
contain the trace elements Cr, V, Mn, Mg, Nb, and Ta. The
Cr, V, and Nb affect the pigment color, and their presence

Fig. 1 a Ilmenite lamellae w
inside magnetite y
(titanomagnetite). b Dissemina- A

tion of ilmenite inside silicate
minerals
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may reduce the value of concentrate as pigment plant feed.
Mg affects the precipitation process; Ca and P cause prob-
lems in the crystallization process (Chernet 1999). Also, the
impurities such as MgO and CaO affect the stability of the
fluidized bed: the boiling points of MgCl, and CaCl, (the
reaction products of MgO and CaO during chlorination) are
above the chlorination temperature, and so these chlorides
accumulate in the fluidized bed (Pistorius 2008). Partly due
to the need to produce good quality pigment but also due to
environmental pressure regarding waste disposal, pigment
producers are forced to use feedstock with a low level of
trace elements (Chernet 1999).

For applying the chloride process with more advantages,
the titanium-rich slag is further acid-leached by a hydromet-
allurgical process. As a leachant, hydrochloric acid is pre-
ferred to other acids because it allows comparatively easier
recovery of the useful free acid from its waste solution. In
addition, the recovery of a number of metal ions by liquid—
liquid extraction from hydrochloric acid solutions is consid-
erably easier than that from sulphuric acid solutions
(Olanipekun 1999).

Beside Kahnoj beach sands in the south of Iran (Irannajad
1990), Qara-aghaj hard rock deposit which is located 36 km
away from Urmia in Azarbayejan province northwest of
Iran, has recently been explored and studied as another
titanium resource. The studied area is close to the Iran—
Turkey border and considered as a part of the Khoy-
Mahabad structural subzone. Indeed, this area can be con-
sidered as a junction of three main structural zones including
those of Alborz-Azerbaijan, Central Iran, and Sanandaj-
Sirjan. The main host rocks of the Fe-Ti-P bearing ore body
is Qareaghaj mafic-ultramafic intrusion (QMUI) including
wehrlite and lherzolite with minor clinopyroxenite. The
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Fig. 2 Schematic diagram of
ilmenite concentrate
production, ilmenite reduction,
slagging, and acid leaching
process
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QMUI is composed mainly of nonmineralized mafic and
apatite- and Fe-Ti oxide-rich ultramafic rocks. The maf-
ic rocks, mainly coarse-grained gabbro, microgabbro,
and amphibolite, have a simple mineral assemblage
(plagioclase + clinopyroxene + ilmenite) and based on
field observations, mineralogy and chemical composition
are comagmatic. The ultramafic rocks contains high
proportion of olivine (~40-66 vol%), apatite (~0.1-
16 vol%), ilmenite (~11-19 vol%), and magnetite (~2—
13 vol%). The QMUI as a small igneous body is
situated between Permian and Infracambrian—Cambrian

Cumulative passing(%)

10 100 1000
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Fig. 3 Particle size distribution of ilmenite concentrate
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Titanium Dioxide

sequences, composed mainly of sedimentary and low-
grade metamorphic rocks on the north and Precambrian meta-
morphic complexes to the south and east. The Infracambrian—
Cambrian rocks include Barut and Zaigun Formations, Lalun
sandstone, Mila dolomite and limestone, mainly located on
the north of the QMUI. The Permian, red quartzo-feldspathic
sandstone (Durud Formation), and limestone-dolomitic lime-
stone (Ruthe Formation) have a fault contact with the northern
margin of the QMUI. Triassic and Jurassic sequences are
absent, while Cretaceous rocks include thick sequences of
flysch and the Khoy ophiolitic complex. The youngest,
Quaternary, rocks and sediments are composed of andesitic-
basaltic lavas, travertine terraces and gravel fans, mainly
located in the northwest (Mehdilo 2003; Mirmohammadi et
al. 2007; Yaghubpur et al. 2007).

In the Qara-aghaj ore, titanium occurs mainly in the form
of ilmenite partly as separated grains, exsolved lamellae in
magnetite (Fig. 1a) and dissemination in silicate minerals
(Fig. 1b). Pyroxene, olivine, and plagioclase are the main
gangue minerals. The laboratory investigations indicated
that only the grains form of ilmenite could be beneficiated
by physical separation methods, while the lamellae and
disseminated forms with the sizes finer than 20 um are not

@ Springer



3868

Arab J Geosci (2013) 6:3865-3876

Fig. 4 XRD pattern of ilmenite
concentrate

Table 2 Chemical composition
of ilmenite concentrate

Fig. 5 Mineralogical and
textural features of ilmenite
taken by SEM (BSE detector). a
Ilmenite grains of concentrate
and some locked and free grains
of gangue minerals. b Hematite
exsolved lamellae inside
ilmenite. ¢ Hematite exsolved
fine particles inside ilmenite. d
Apatite inclusion inside
ilmenite
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Composition  TiO,  Fe;O3 MnO  V,05 P,Os CaO MgO SiO, ALO; Cr04

wt% 44.5 46.1 0.83 0.26 0.21 0.68  3.76 257 058 0.42
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Table 3 Selected EDX analysis of ilmenite, ilmenite lamellae and apatite

Point  Phase Composition (wt%)

TiO, Fe,03 MnO  V,0s5  P,Os CaO MgO  SiO, ALO; Cr,0O; F Total
1 Ilmenite 43.45 50.97 1.48 0.36 - - 0.59 1.15 1.28 0.42 - 99.7
2 Ilmenite 41.6 47.25 1.13 0.38 0.92 0.22 2.06 2.51 2.92 0.45 - 99.44
3 Ilmenite 4734  48.08 0.85 0.40 0.35 0.2 0.75 0.98 0.61 - - 99.56
4 Ilmenite 48.0 48.99 0.95 0.45 0.21 0.09 - 0.96 - 0.1 - 99.85
5 Ilmenite 4542 4758 1.19 0.37 1.31 0.28 0.56 1.15 0.68 0.21 - 98.75
6 Ilmenite 4228  50.75 1.15 0.42 0.21 0.36 2.4 1.16 0.95 0.24 - 99.92
7 Tlmenite 42.5 48.49 1.25 0.35 0.31 0.39 2.41 2.15 1.9 0.23 - 99.98
8 Ilmenite 4547  48.75 1.14 0.42 0.38 0.34 0.91 1.19 0.55 0.27 - 99.42
9 Ilmenite 46.51 49.96 0.74 0.42 0.25 0.16 0.56 0.89 0.47 - - 99.96
10 Ilmenite 46.53  49.92 1.02 0.39 - 0.06 0.38 0.97 0.37 - - 99.64
11 Ilmenite 46.21 49.25 1.42 0.38 - 0.08 0.65 0.92 0.78 - - 99.69
12 Ilmenite 46.76  49.44 1.38 0.35 - 0.27 - 1 0.41 0.22 - 99.83
13 Ilmenite 46.06  48.89 1.19 0.44 0.08 0.26 1.49 0.77 0. 66 0.16 - 99.34
14 Ilmenite 46.29  47.67 1.3 0.33 - 0.2 1.62 1.21 0.9 0.11 - 99.63
15 Ilmenite 41.75 53.29 1.32 0.24 0.14 0.4 0.75 1.18 0.66 - - 99.73
16 Light lamellae 33.7 58.42 1.15 0.78 1.08 0.37 0.91 1.49 1.4 0.48 - 99.88
17 Light lamellae 3558  58.42 1.15 1.07 - 0.27 1.18 1.36 0.52 0.38 99.93
18 Light grains 28.86  68.07 1.2 0.69 - 0.42 - 0.55 - 0.18 - 99.97
19 Light grains 3129 59.55 0.82 0.98 0.24 0.35 2.25 2.62 1.45 0.35 - 99.86
20 Apatite 0.39 1.26 - 0.19 39.8 54.1 - 1.48 - - 271 99.93
21 Apatite 0.29 0.94 0.37 0.32 40.3 53.07 0.96 1.03 0.54 - 214  99.96
22 Spinel (dark grain) 1.4 58.99 0.34 0.85 3.86 0.21 4.89 1.08 279 0.43 - 99.95
23 Spinel (dark grain) 1592 34.25 0.76 0.45 - - 7.8 1.81 38.56 044 - 99.99

recoverable by these methods. Based on the laboratory test
results, the combination of gravity and magnetic separation
(Fig. 2) has been suggested for production of ilmenite
concentrate (Mehdilo 2003; Irannajad and Mehdilo 2004,
2007; Mehdilo and Irannajad 2010). Also, reducing-
smelting acid leaching process according in Fig. 2 has been
proposed for production of titanium dioxide or synthetic
rutile as feed material of chloride process (Mehdilo 2003;
Irannajad and Montajam 2005; Mehdilo and Irannajad
2006; Mehdilo et al. 2006).

In this research, the effects of mineralogical and chemical
characteristics of Qara-aghaj ilmenite concentrate and its

Fig. 6 XRD pattern of reduced
ilmenite S
z

textural features on prepared synthetic rutile via reduction-
smelting acid leaching process are investigated.

Materials and methods

The materials used in this study were ilmenite concentrate,
reduced ilmenite, titanium slag, and titanium dioxide which
were prepared according in Fig. 2. The chemical and miner-
alogical compositions of these materials were carried out
using X-ray fluorescence (XRF) and X-ray diffraction
(XRD). Polished sections were studied using optical
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Fig. 7 Mineralogical and
textural features of reduced
ilmenite taken by SEM (BSE
detector). a Reduced particles
of ilmenite. b Ilmenite
reduction and formation of
secondary oxide phase. ¢ The
oriented pits inside ilmenite due
to reduction and forward out of
hematite lamellae. d Reduction
of ilmenite particles and
forward out of metallic iron

/ SpofMign  Det WD Ep \_ =t
8, 1000« BSE 128 0 A\

Table 4 Selected EDX analysis of reduced ilmenite

Spot no.  Analyzed points Composition (wWt%)

T102 F6203 MnO V205 P205 CaO MgO SlOz A1203 Cr203 Total

1 Light particles (Fig. 7a) 10.02 8548 0.65 035 034 005 06 0.81 1.04 035 99.69
2 Light particles (Fig. 7b) 26.1 69.9 072 035 042 0.11 03 1.29 028 0.31 99.78
3 Reduced Ilmenite (Fig. 7b) 66.64 27.16 1.13 030 051 033 212 1.10 0.19 0.3 99.78
4 Reduced ilmenite (dark part, Fig. 7c)  55.02 36.61 245 0.19 052 0.13 223 141 0.99 0.44  99.99
5 Reduced ilmenite (dark part, Fig. 7d)  70.14  20.66  2.51 021 05 035 383 0.64 0.7 0.43  99.97
6 Reduced ilmenite (gray part, Fig. 7d)  55.08  34.6 143 045 059 03 271 348 1.04 021 99.89
7 Light particles (Fig. 7d) 725 8626 055 014 039 000 022 441 0.46 024 99.92
8 Light particles (Fig. 7d) 849 8798 043 02 0.12  0.08 049 0.8 0.94 0.2 99.73

Table 5 Chemical composition of titanium slag

Composition TiO, Fe 03 MnO MgO SiO, Al,O3 V,05 CaO P,0s5 Cr,03 K,O Total

Yowt 72.7 7.8 0.97 3.21 5.24 2.80 0.30 1.08 0.45 0.37 4.22 99.8

@ Springer
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Fig. 8 XRD pattern of titanium slag used as raw material in acid
leaching

microscopy and scanning electron microscopy (Philips, model
XL30) equipped with EDX. Microscopical observations were
made on various features including alteration, exsolutions,
grain sizes, grain shapes, fracturing, grain locking, pores,
and other textural factors. The chemical composition and trace
element constituents on each phase, on minute exsolutions
and on inclusions were determined using EDX. The mechan-
ical sieving was applied to study the particle size distribution.

Results and discussion
Characterization of ilmenite concentrate

The grain size distribution of ilmenite concentrate is given
as shown in Fig. 3, from which it is evident that about 88 %
of ilmenite ranges from 210 to 45 um. XRD pattern of
ilmenite concentrate and its chemical composition analyzed

Fig. 9 Mineralogical and
textural features of titanium
slag taken by SEM (BSE
detector). a BSE image of
crushed titanium slag; partial
transformation of slag to
titanium rich phases. b
Titanium-rich phases of image a
with higher magnification. ¢
Presence of pig iron particles
inside titanium slag. d A larger
grain of pig iron surrounding a
titanium slag grain

by XRF are shown in Fig. 4 and Table 2, respectively. The
results indicate that the concentrate by grading of 44.5 %
TiO, contain about 90 % ilmenite which is comparable with
commercially available ilmenite concentrates in the world.
The other minerals in the concentrate are magnetite and
minor amount of hematite and some silicate minerals.

Back-scattered electron (BSE) images prepared using
scanning electron microscopy is shown in Fig. 5, and the
analysis of different ilmenite particles and other phases
performed by EDX is given in Table 3. Figure 5a shows the
ilmenite-liberated grains in the concentrate. Also, some locked
and free grains of gangue minerals such as pyroxene and
olivine are observed. The content of gangue or rock-forming
minerals (mainly pyroxene) in the concentrate does not exceed
5 %. The other mineral which is observed in ilmenite concen-
trate is magnetite as locked particles. Figure 5b, ¢ show that
hematite is in the form of exsolved lamellae, and particles
range in size from 0.1 to 1 pm inside ilmenite. Hematite
lamellae are generally considered to represent solid state ex-
solution of originally homogeneous hematite—ilmenite solid
solutions. These lamellae appear when the Fe,O5 content of
the initial solid solution exceeds 7-9 mole%, above 18 wt%
Fe>03 (Duchesne 1970; Chernet 1999). The abundance of
exsolutions varies widely from grain to grain. The analysis
of'these lamellae by EDX (Table 3, rows 16—-19) indicated that
these lamellae could be hemoilmenite.

It can be seen that ilmenite grains enclose exsolution
bodies of hematite. It also reveals that minute hematite
lamellae are segregated, forming elongated bodies of hema-
tite within the ilmenite host. Thus, the ore is mainly formed
from ferri-ilmenite together with small quantities of titano-
hematite. Based on the EDX analysis, the TiO, content of
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Table 6 Selected EDX analysis of titanium slag

Spot  Analyzed points Composition (wt%)
no.

TiO, Fe,O; MnO V,05 P,Os CaO MgO SiO, ALO; Cr,0O; Total
1 Compact parts of slag (spot 1, Fig. 9a) 69.42 061 057 - 0.69 0.16 1791 0.62 9.84 0.16 99.98
2 Compact parts of slag (spot 2, Fig. 9a) 7045 044 1.18 020 0.75 240 4.55 1340 6.32 027 99.96
3 Pseudorutile (Fig. 9b) 7546 049 044 - 0.55 1.95 10.50 4.02 6.22 0.33 99.96
4 Pseudorutile (Fig. 9b) 7772 055 1.17 - 0.44 224 097 12.66 3.92 0.32 99.98
5 Pseudorutile (Fig. 9b) 77.61 031 094 - 2.03 1.05 892 5.09 378 022 99.95
6 Spherical particles (rutile or anatase) (spots 6, 7, 8; 89.24 0.51 028 - 0.77 0.72 2.63 0.61 495 026 99.96
7 Fig. 9b) (spots 9, 10; Fig. 9¢) 9043 078 1.0 025 105 — 396 074 1.15 0.62 99.97
8 88.32 0.71 0.58 0.07 051 0.14 595 0.87 243 038 99.96
9 88.67 0.81 044 0 0.60 151 0.85 4.64 222 0.22 99.96
10 8571 0.8 067 — 0.73 037 7.27 028 3.70 0.43 99.96
11 Compact parts of slag (Fig. 9c) 65.69 4.13 053 - - 394 824 894 8.14 034 99.95
12 Light grains, iron (Fig. 9¢) 4.60 90.53 0.33 0.17 0.85 0.13 0.60 1.11 0.95 0.71 99.98

ilmenite (41.6-48.0 %) is lower than the theoretical ilmenite
composition (52.6 %). The maximum amount of TiO, in
ilmenite lattice is 48 %. So, the maximum content of ilmenite
in the concentrate with average grading of 44.5 % TiO, could
be 92.7 % approximately. Since the term ilmenite, as used in
the titanium industry, commonly covers the entire range from
unweathered ilmenite with TiO, contents below 50 % to altered
ilmenite containing more than 60 % TiO, (Chernet 1994), so
there is no ilmenite alteration in Qara-aghaj deposit. The higher
content of Fe,05 in ilmenite lattice can be due to the presence
of hematite in solid solution or as fine exsolution lamellae in
ilmenite. The MgO and MnO contents of ilmenite are 0.74—
1.48 and 0.38-2.4 %, respectively, which are relatively high.
Considering the given contents of MnO and MgO, the ilmenite
has more of pyrophanite and geikielite component. A trace
amount of Cr,O3 and V,0s5 is locally present in the ilmenite
lattice (0.0-0.45 %). However, it was found that hematite
lamellae or hemoilmenite is the host of most of the vanadium
(0.69-1.07 wt% V,0s) and chromium (0.18-0.48 % Cr,053).
Some apatite fine particles (mainly lower than 30 pm) are
observed as inclusion form inside ilmenite (Fig. 5d). According

Rutile

Rutile

Anatase

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Fig. 10 XRD pattern of prepared titanium dioxide concentrate

@ Springer

to the analysis of apatite by EDX (Table 3, rows 20 and 21), the
fluorine content (2.14-2.71 wt%) is indicative of fluorapatite
composition. Rarely, ilmenite also contains oriented dark la-
mellae of spinel which are evidenced by analysis using EDX
(Table 3, rows 22 and 23). Al,O5 is an indicator for the presence
of spinel.

The quality of ilmenite concentrate can be affected by
exsolved hemoilmenite lamellae or hematite solid solution
in ilmenite, spinel lamellae, apatite inclusions, and by the
abundance of elements in the ilmenite lattice. Presence of
Mn and Mg can affect the pigment production process. The
quantity of V and Cr in the ilmenite is low; however, their
presence may reduce the value of concentrate as pigment
production feed.

Characterization of reduced ilmenite

Reduction of ilmenite concentrate was studied at different
conditions, and the optimum amount of temperature and
time as two crucial parameters were determined at 1,150 °C
and 1 h, respectively.

According in Fig. 6, XRD revealed the presence of
phases such as FeTiOs, TizOs, Ti,O3, and metallic iron.
The back-scattered images of ilmenite reduction were
obtained with SEM and are shown in Fig. 7. The light
particles are metallic iron and iron carbide, which is pro-
duced by reduction of iron oxides at the earlier stages of
reduction process. The partial reduction of Ti*" to Ti**
forming a secondary oxide phase also took place in this
stage. With proceeding of reduction reactions, some Ti*" is
converted to Ti*". The metallic phase consisting mainly of
iron was observed as globules dispersed within the simulta-
neously formed secondary oxide phase that formed the outer
rim of shrinking-core-type of reduction process (Fig. 7a, b).
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Table 7 Chemical composition of produced titanium dioxide

Composition TiO, Fe,03 MnO MgO SiO, Al,O3 V,0s5 CaO K,0 Cr,03 Cl Total

Percentage 91.0 0.60 0.62 2.11 3.56 0.86 0.18 0.58 0.09 0.20 0.19 99.99

Fig. 11 Textural and
morphological characteristics of
titanium dioxide particles
prepared by hydrochloric acids
leaching at the optimum
conditions. a Synthetic rutile
produced by HCI leaching. b
Synthetic rutile elongated
grains with clear boundaries. ¢
Needle-like crystals of synthetic
rutile. d Exsolution of rutile in-

side Ti203
Fig. 12 Size distribution of a b
titanium dioxide particles - Chart Chart

produced by HCI leaching. a
Circular diameter. b Spherical
diameter

Cumulative (%)
Cumulative (%)

0 1] 0 0
0 06 12 18 24 3 36 42 48 54 6 0051152253354455556657 75
CircDiam (um) SpherDiam (ym)

@ Springer



3874

Arab J Geosci (2013) 6:3865-3876

Table 8 Information about size distribution of particles produced by
HCI leaching

Diameter Minimum Maximum Mean size Dgo  Standard

size (um) size (um)  (um) (um) Deviation (pum)
Circular 0.1 5.2 1.2 1.95 0.849
Spherical 0.2 6.3 1.47 2.31 1.04

Figure 7c shows that all of the hematite lamellae inside
ilmenite disappeared and forwarded out as metallic iron
due to its higher reduction kinetics than ilmenite and now
appear as oriented pits. The reduction of ilmenite proceeded
not only from grain boundaries but also from these pits.
These oriented pits affect the reduction of ilmenite positive-
ly. So, the hematites lamellaec do not have negative effects
on next stages of titanium dioxide production and then
chlorination process.

Point analyses using EDX indicate that the metallic phase
formed at earlier stages contained mostly iron with little
titanium (Table 4, points 1, 2, 7, and 8). The oxide phase
regions near the metallic phase contained high titanium and
low iron due to outward diffusion of Fe’" towards the
surface resulting in reduction to metallic iron (Table 4,
points 3 and 5). The center of particles or regions far from
the metallic iron reduced less than the outer layers of the
particles have low titanium content (Table 4, points 4 and 6).
The results presented here are qualitatively in good agree-
ment with the earlier results of Merk and Pickles (1988),
Gupta et al. (1990), Welham and Williams (1999), and
Kucukkaragoz and Eric (2006).

Characterization of titanium slag

The chemical and phase composition of the titanium slag is
shown in Table 5 and Fig. 8, respectively. By comparison of
chemical composition of produced slag with typical slag
used in the chloride process (Pistorius 2008), it is found that
this slag with low content of TiO, and high level of impu-
rities is not suitable for pigment production through chloride
process. However, after slagging, Fe,O5 content of the slag
has been decreased until 7.8 %, but it is the most important

of all impurities which should be removed. Fe,O5 is mainly
in the form of iron metal which could not be separated from
the slag. The other impurities are mainly light elements such
as Si, Mg, Al, Ca, P, and K which are concentrated in the
slag product. The contents of Mn and V are relatively low,
but Cr content is higher than permissible amount. SiO, and
some of MgO and Al,O5 are sourced from silicate minerals
and spinel lamellae inside ilmenite. MnO and some of MgO
are related to impurities in ilmenite lattice. P,O5 and CaO
are sourced from apatite inclusions inside ilmenite. Cr and V
as colorizers of pigment are resulted in from hematite
(hemoilmenite) and ilmenite lattice. The high content of
K,O in slag is due to potassium carbonate consumption as
flux in slagging process. It was expected that Mn and Cr
would be concentrated in the matt (iron cast), but they could
not be separated from the titanium slag. XRD pattern of
the slag shows that rutile is the most important phase in
the sample. The other titanium containing phases are
Ti,O5, Ti,Os, anatase and negligible amount pseudorutile
(Fe,Ti30g). The impure phase of the slag was detected as
FeO. The BSE images of produced slag are shown in Fig. 9,
and different parts or phases were chemically analyzed by
EDX (Table 6). These results indicate that some parts of the
slag have been transformed to titanium-rich phases with
spherical morphology (Fig. 9b) containing up to 85 %
TiO, (Table 6). The other titanium containing phase is
probably pseudorutile which has been evidenced by EDX
spot analysis (Table 6). The analysis of light particles shows
that they are metallic iron. These irons could be removed in
the acid leaching process.

Characterization of titanium dioxide concentrate

The residue of dissolution process using HCI at optimum
condition (HCI conc. 8 %, leaching time 2 h, S/L 1:4, and
particle size =100 wm) was studied as synthetic rutile. The
produced titanium dioxide concentrate was washed and dried.
Based on the XRD results (Fig. 10), rutile is the dominant
phase in this concentrate, but Ti,O3 and anatase phases were
also found. The chemical analysis of the final product is
presented in Table 7. The BSE images of produced titanium

Table 9 Selected EDX spot

analysis of synthetic rutile pre- Analyzed  Composition (wt%)

pared by hydrochloric acid points

leaching T102 FezO3 MnO V205 P205 CaO MgO SlOz A1203 Cr203 Total
1 88.60 0.78 131 - 0.84 041 407 255 1.14 0.22 99.92
2 91.42 0.68 .14 - 0.39 021 413 0.95 0.90 0.14 99.96
3 92.23 0.58 0.68 - 0.47 0.61 2.18 2.26 0.67 0.17 99.85
4 89.94 0.61 .16 - 0.69 049 4386 1.02 1.0 0.20 99.97
5 93.01 0.48 096 0.12 0.13 0.45 3.05 0.58 0.90 0.22 99.99
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dioxide concentrate are shown in Fig. 11. A large portion of
slag is destroyed by HCl and resulted in elongated grains with
clear boundaries and also needle-like crystals. Some parts are
undestroyed and relatively compact (Fig. 11d). Some dark
lamellae are observed inside undestroyed parts. EDX analyses
reveal that the TiO, content of lamellae (89.94 %) is less than
its background (93.01 %). So the dark lamellac and back-
ground are probably rutile (TiO,) and Ti, O3, respectively.

The particle size of the titanium dioxide concentrate was
also determined by the image analysis method using a Clemex
software. The cumulative percent of particles as a function of
circular and spherical diameter is shown in Fig. 12. The
information about size distribution is presented in Table 8.

The chemical analysis indicates that the final titanium
dioxide concentrate contains about 91 % TiO, and only
0.6 % iron as Fe,O5. The content of other impurities, espe-
cially MgO, SiO, and CaO are relatively high. Point analy-
sis using EDX (Table 9) shows that the maximum content of
TiO, is 93 %, and the minimum content of iron as Fe,Oj is
0.48 %. Among the coloring metals, the content of V,05
and Cr,O; in the produced material does not exceed 0.12
and 0.22 %, respectively, but the quantity of MnO, by the
source of ilmenite lattice varies from 0.88 to 1.31 % and
could negatively affect the chlorination process. Al,O5; con-
tent varies from 0.68 to 1.14 and does not have negative
effect on pigment process, but the content MgO, SiO,, and
CaO are out of permissible contents and could affect the
chloride process negatively. These impurities are mainly the
chlorine-consuming components and should be removed
before using the synthetic rutile as feed of process.

Conclusion

However, Qara-aghaj ilmenite concentrate containing 44.5 %
TiO, is comparable with some commercial concentrates in the
world such as tellnes in Norway, but it has some mineralogical
and textural difficulties which could have negative effects on
prepared titanium dioxide for pigment production via chloride
process. The intimate intergrowth of hematite with ilmenite
(as solid solution forms) can take titanium into its lattice and
decreases the Ti content of ilmenite. In addition of ilmenite
lattice, hematite lamellae are host of most of the chromium
and vanadium as pigment colorizer metals. Hematite solid
solutions assist ilmenite reduction process. The creation of
oriented pits inside ilmenite due to high reduction kinetic of
hematite lamellae favors ilmenite reduction reaction which is
more effective in iron separation and removing from ilmenite.
The fine apatites (finer than 30 microns) as inclusions inside
ilmenite is transformed to slag phase during smelting process
and increase the Ca and P content of the titanium dioxide. The
very fine particles of spinel can also increase the Al and Si
content in the feed materials of the chloride process. EDX

analysis indicates that ilmenite has considerable amount of
Mn and Mg in its lattice probably in the composition of
pyrophanite and geikielite, respectively. However, some of
the Mg content is sourced from rock-forming minerals such
as pyroxene and olivine.

During reduction-slagging acid leaching process, iron is
removed considerably. Although the prepared titanium di-
oxide containing 91 % TiO,, 0.6 % Fe,05, and low levels
of colorizing metals especially V and Cr is more suitable
raw material for pigment production through chloride pro-
cess, but the high quantity of some impurities such as Si,
Mg, Ca, and maybe Mn create some problems. Mg and Ca
are the chlorine-consuming components and affect the rate
of TiO, precipitation. However, using other conditions
such as alkaline leaching (Nayl et al. 2009a, b), the remov-
ing of some impurities (for example, Si or Mg and Ca) is
possible, but it is necessary to investigate the applying of
sulfate process for Qara-aghaj ilmenite concentrate and its
titanium slag.
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