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This research focuses on characterizing river basin ilmenite and upgrading it
to synthetic rutile through direct hydrochloric acid leaching. The ilmenite was
fractionated from heavy mineral concentrates by physical separation, which
were collected from the transboundary Brahmaputra River basin sandbars in
Bangladesh. The ilmenite and prepared titanium products were characterized
by wavelength dispersive x-ray fluorescence, grain size analysis, x-ray
diffraction, optical and scanning electron microscopy, and Raman spec-
troscopy. The river basin ilmenite concentrate is low grade and contains
27.02% TiO2 and 60.62% Fe2O3

t, composed of ilmenite, hemo-ilmenite, ilmeno-
hematite, and some locked grains of gangue minerals. The titanium product
prepared from river basin ilmenite by direct hydrometallurgical processing
showed 95.61% TiO2, 3.81% Fe2O3

t, and 0.58% other oxides, and corresponds
to a complete rutile phase. This synthetic rutile also exhibited a porous
structure, crushed crystallites, and a particle size of< 0.5 lm. Except for the
Fe2O3

t content, which might be reduced by chlorination, all the attributes of
the synthetic rutile meet the requirements for industrial use. This could make
river basin ilmenite a viable alternative to conventional ilmenite feedstock
from beach placers or massive crystalline ores.

INTRODUCTION

Ilmenite and other titanium minerals have under-
gone chemical modification to become synthetic
rutile (TiO2), which has many fields of application
due to its distinctive properties, e.g., being highly
refractive and extra white and having greater
chemical stability.1–3 Synthetic rutile is used as a
raw material in the manufacture of paints, plastic,
coatings, welding electrodes, ceramics, paper,
paperboard, and printing inks.2,4–6 The global

demand for titanium minerals is primarily driven
by the need for white TiO2 pigment, with approx-
imately 90–95% of titanium mineral production
used for this purpose.1,7 According to the report of
USGS mineral commodity summaries, the esti-
mated world reserve of ilmenite is 650 Mt, whereas
rutile is only 49 Mt for the year 2022.7 Due to the
shortage of rutile in nature, ilmenite is mined
higher than rutile to meet market demand. Fur-
thermore, the market price of synthetic rutile is four
to five times that of ilmenite.8 Accordingly, ilmenite
is being preferred as a substitute for natural rutile
because of its availability, higher demand, and
lower cost. The aforesaid phenomenon urges the
upgrading of ilmenite, which is the main feed
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mineral in the production of synthetic rutile, among
other Ti-bearing minerals, e.g., rutile, leucoxene,
titanomagnetite, etc.2,6 Approximately 90% of the
world’s demand for titanium is met by ilmenite.7

This demand is significantly motivating researchers
to upgrade ilmenite to titanium slag or synthetic
rutile.9–12 The impurity levels in ilmenite, including
Si, Al, Mg, Cr, and Mn, can affect its market
value,13 further driving the need for upgrading.
Commercially, synthetic rutile (TiO2) manufactur-
ing uses one of the following processes: pre-treat-
ment process (smelting or reduction-oxidation
followed by leaching), direct hydrometallurgical
process, sulfate process, and chloride process world-
wide.1,2,14 The sulfuric acid process is highly pollut-
ing; on the other hand, the chloride process is more
eco-friendly and generates less waste.9,14 Again, the
direct hydrometallurgical process is a simple chem-
ical process because of its easy handling, conve-
nience, and fewer stages. Through digestion in
strong HCl acid, low-grade ilmenite is transformed
into TiO2 pigment in the direct hydrometallurgical
process.9

Several studies have reported the preparation of
high-quality synthetic rutile (> 89% TiO2) from
either ilmenite ore or beach placer concentrates
using a hydrochloric (HCl) acid leaching pro-
cess.4,10–12,15,16 The Magpie process, introduced by
Habashi et al.,9 allows for the synthesis of high-grade
synthetic rutile (more than 95% TiO2) from low-
grade ilmenite (10–12% TiO2) ore sourced from
massive deposits in Quebec Province, Canada. El-
Hazek et al.4 studied mainly the optimum dissolution
conditions of the ilmenite concentrate in HCl, in
which the feed material was collected from the
Mediterranean beach of Rosetta, Egypt. In addition,
the other authors, e.g., Lasheen,10 Li et al.,11 Mah-
moud et al.,12 Sarker et al.,15 and Sasikumar et al.,16

also successfully evaluated the synthetic rutile pro-
duction either from beach sand placers or massive
ore from Rosetta beach (Egypt), Panzhihua massive
ore (China), Abu Ghalaga massive ore (Egypt), Cox’s
Bazar beach (Bangladesh), and Orissa beach sand
(India), respectively. Earlier studies on the prepara-
tion of synthetic rutile from Bangladesh ilmenite
derived from Cox’s Bazar beach sand through the
reduction-leach route were conducted with promis-
ing outcomes.15,17,18 Typically, titanium minerals
are mined from ore bodies of massive crystalline
rocks, either weathered or intact, as well as uncon-
solidated shoreline beach placer deposits worldwide,
rather than fluvial river basin sources.19 Accord-
ingly, there is a great scope of research on using feed
materials like ilmenite collected from river basin
placer deposits for synthetic rutile preparation.

There are numerous methods, either pyrometal-
lurgical or hydrometallurgical, or combinations of
both, to convert ilmenite to a titanium product
with > 90% (TiO2) purity, e.g., the Becher process,
Benilite process, Austpac process, alkaline roasting
and leaching, and direct acid leaching.2,6,20 Direct

hydrometallurgical leaching of ilmenite has recently
gained attention, and this process, as opposed to
electro-chemical and thermo-chemical processes, is
beneficial in processing huge amounts of ilmenite
ores because of its low energy consumption, fewer
processing stages, and the manufacture of ade-
quately high-quality pigment-grade titanium diox-
ide products for a wide range of applications.2,6,21

Besides, numerous scholars have studied the impact
of mechanical activation on the dissolution rate of
ilmenite.22–25 They mentioned that mechanical acti-
vation speeds up the rate of dissolution of ilmenite
by enhancing its chemical reactiveness. In this way,
acid leaching by HCl of mechanically activated
ilmenite is a potential route for upgrading to
synthetic rutile.

Researchers studied crystalline ilmenite ore or
beach placer ilmenite feed material from different
parts of the world for synthetic rutile preparation
that contains 40–65% TiO2.2,4,6,10–12,16,26,27 Contrar-
ily, the ilmenite from the Brahmaputra River basin
sand has about 24.3–30.4% TiO2 with 61.9–69.7%
Fe2O3, 3.96–4.82% SiO2, 1.88–1.43% Al2O3, 0.74–1%
CaO, and< 2.38% other oxides,19,28 making it lower
grade than beach placer ilmenite.14,24,26 Based on
the mineral’s chemical composition, Rahman et al.19

suggested using the sulfate route for pigment
production from the ilmenite-rich component of
the Brahmaputra River.

The transboundary Ganges-Brahmaputra-Meghna
(GBM) river systems carry the world’s greatest sed-
iment load, estimated at about 1.0–2.4 billion tons
annually,29,30 which is constantly replenished from
the catchment area of these river systems. Large-scale
mineral sand deposits found in the GBM river basin
have sparked significant interest as a potential heavy
mineral resource. The bulk sand from the Brahma-
putra, Ganges (Padma), Meghna, and Tista Rivers
contains about 10.73 wt.%, 7.0 wt.%, 9.0 wt.%, and
10.99 wt.% of total heavy minerals (THM), respec-
tively.28,31–33 Ilmenite is a key component of THM,
which can make it an attractive alternative source to
synthetic rutile feedstock.19 Generally, synthetic rutile
production iswell studiedusing ilmenite found inbeach
placers or massive crystalline ores.2,4,6,10–12,16,26,27

However, no research has been reported on the river
basin ilmenite upgrade to synthetic rutile to date.
This research gap on fluvial river basin ilmenite
greatly encouraged the present work, which will
open up new avenues in river basin mineral
resource processing. Therefore, the aim of this
research is to characterize the Brahmaputra River
basin ilmenite (FeTiO3) concentrate, and an
attempt has been made to upgrade it to synthetic
rutile (TiO2) using direct hydrochloric acid leaching.

LOCATION AND SAMPLING METHOD

The samples of heavy mineral assemblages were
collected from the clastic sediments of the Brahma-
putra River basin, Kurigram, Bangladesh (Fig. 1).
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The sampling area is located in the northernmost
part of Bangladesh, close to the Bangladesh-India
border. The sand-bedded, braided Brahmaputra
River has a total length of 2900 km from its origin
in the Mansarovar Lake region near Mount Kailash
in the Himalayas.34 The total catchment area of the
Brahmaputra River is 540,000 km2, spread across
the countries of Tibet (China), India, Bhutan, and
Bangladesh.35 It is the 15th longest river in the
world and the 9th largest by discharge.36 In the
Bangladesh part, it has individual channels that are
2–3 km wide, and it has a lateral span of around
15 km.37 Valuable heavy minerals, such as mag-
netite, ilmenite, garnet, titanite, rutile, and zircon,
as well as other heavy mineral assemblages, such as
amphibole, epidote, sillimanite, kyanite, etc., are
potentially present in the Brahmaputra River
sands.28,38,39 From a geomorphological perspective,

the Brahmaputra River has numerous recently
developed in-channel river bars, which is typical of
this type of braided river.37

The enormous amounts of heavy mineral (HM)
deposits were concentrated scattered throughout
the sandbar of the braided river by the action of
flowing water from upstream during the dry season.
The HM samples were taken during the dry period
and collected by hand auger from sandbars up to a
maximum depth of 1 m. The longitudinal spacing
between each of the sample locations was approx-
imately 1.5–2 km, based on the occurrence of HM
deposits. A total of 20 samples were collected for the
current study (Fig. 1). Like other placer deposits,
the HM assemblages were loose, unconsolidated,
and almost free of clay-sized particles. To get a
representative composite HM sample of the whole
channel, the collected HM samples were mixed

Fig. 1. Location map of sampling in the Brahmaputra River basin, Kurigram, Bangladesh (adapted from Google Earth, https://earth.google.com/).
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before the physical separation of ilmenite. Finally,
the mixed HM assemblages were passed through
steps of physical separation.

MATERIALS AND METHODS

Physical Separation of Ilmenite

The physical separation technique is crucial for
obtaining a high-quality ilmenite concentrate,
which is a valuable source of titanium dioxide
(TiO2) for various industrial applications. Ilmenite
concentrate was obtained by physical separation
processes from the collected river basin HM sand
samples of the Brahmaputra River in Bangladesh.
Initially, a shaking table (density separation
method) was used to separate heavy minerals from
light minerals and generate bulk heavy mineral
concentrate (HMC). Then, a weak hand magnet was
used to fractionate magnetite from HMC. As
ilmenite has both magnetic and conductive proper-
ties, at this stage it was further separated from
remaining non-ilmenite minerals (garnet, rutile,
zircon, aluminosilicates, etc.) using a high-intensity
induced roll magnetic separator (IRMS) and an
electrostatic plate separator (ESPS), respectively.40

The recovered ilmenite from this fractionation pro-
cess was further analyzed to determine its miner-
alogical and chemical composition and subjected to
a chemical experiment.

Analytical Procedure

The chemical composition of the specimens was
determined using a wavelength dispersive x-ray
fluorescence (WDXRF) spectrometer (Rigaku ZSX
Primus, Japan) according to the procedure of Nor-
rish and Hutton.41 The crystalline phase identifica-
tion of these materials was carried out using x-ray
diffraction (XRD) analysis (Panalytical XPERT-
PRO (PW3040/60), The Netherlands) with a contin-
uous scanning speed of 2� 2h/min. An x-ray pattern
(10–70� 2h) was obtained from the dry powdered
samples following the procedures of Lindholm.42

Raman spectroscopy of the synthetic rutile was
executed at room temperature using a Raman
spectrometer (Horiba MacroRam, Japan) with a
785-nm diode laser as the excitation source. To
analyze the grain size distribution (GSD) of ilmenite
concentrate, mechanical sieving was used based on
ASTM D422.43 The grain size of the mechanically
activated ilmenite was determined by the laser
diffraction method using a particle size analyzer
(Microtrac S-3500, USA). Microscopic-polished sec-
tion examination was performed by Axio Ima-
ger.M2m, Carl Zeiss, Germany, to depict the
alteration, exsolutions, grain shapes, fracturing,
etc. The field-emission scanning electron microscope
(FESEM) imaging was completed using a ZEISS
Sigma 300 (Gemini), UK, to study the surface
morphology of the samples.

Experimental Procedure

The ilmenite concentrate was mechanically acti-
vated using a planetary ball mill (Retsch PM 200,
Germany) with a spin rate of 250 rpm, sample/ball
ratio of 1:2 (v/v), and milling time of 25 min. The
milled samples of 20 g were leached in a 250-ml
three-necked glass reactor equipped with a reflux
condenser. A thermometer was used to measure the
temperature of the reaction. A silicone oil bath was
used for a thermostatically controlled reaction, i.e.,
the temperatures were equally distributed over the
reactor. In the reactor, mechanically activated
ilmenite was directly mixed with hydrochloric acid
(37% or 12.08 M). The variable acid content was
used during leaching based on the stoichiometric
ratio of HCl acid and ilmenite (FeTiO3) reaction as
4:1 followed by 5:1 and 6:1. The other leaching
parameters, e.g., leaching temperature, leaching
time, and stirring speed, were optimized based on
the systematic laboratory trial-and-error method on
multiple leaching tests. From the rigorous trial-and-
error method, the leaching conditions were set using
concentrated HCl at 75 ± 5�C for 3 h, stirring at
250 rpm and ambient pressure with variable acid-
to-ilmenite ratios (v/w) (4:1, 5:1, and 6:1).

A two-stage leaching process was performed to
recover synthetic rutile from low-grade river basin
ilmenite concentrate (Fig. 2). At the end of each
leaching, the slurry was filtered and washed with
deionized water. The spent liquor was collected
after the first leaching stage, and the residue was
subjected to the second stage of leaching. After
second-stage leaching, the residue was discarded as
it was composed of unreacted silicate gangue min-
erals.9 The spent liquor from the first and second
stages of leaching was boiled at 70–80�C. This

Fig. 2. Flowsheet for the preparation of titanium products.
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treatment framework was followed during the
leaching of different acid-to-ilmenite ratios (v/w) of
4:5, 5:1, and 6:1, respectively. Subsequently, the
spent liquor from the first and second stages of
leaching was boiled at 70–80�C. After optimum
boiling, titanyl oxyhydroxide [TiO(OH)2] was
obtained as a precipitate, where iron remains in
solution and reacts with the Cl� ion to form FeCl2.
Finally, filtration of the [TiO(OH)2] from solution
was carried out and subsequently calcination
(850�C for 1.5 h) of titanyl oxyhydroxide leaving
the titanium dioxide (TiO2) powder. A simplified
flowsheet of the extraction of titanium products
from mechanically activated Brahmaputra River
basin ilmenite using direct HCl acid leaching is
depicted in Fig. 2. In summary, the reaction mech-
anism is explained by the following Eqs. 1–4.

During leaching, the ilmenite (FeTiO3) reacts
with hydrochloric acid (HCl) to produce ferrous
chloride (FeCl2), titanium oxychloride (TiOCl2), and
water (H2O).

FeTiO3 þ 4HCl ! FeCl2 þ TiOCl2 þ 2H2O ð1Þ

Subsequently, titanyl oxyhydroxide [TiO(OH)2]
and hydrochloric acid (HCl) are formed as a result of
the reaction between titanium oxychloride (TiOCl2)
and water (H2O).

TiOCl2 þ 2H2O ! TiO OHð Þ2þ2HCl ð2Þ

The obtained solution after leaching was boiled at
70–80�C, which resulted in the precipitation of
titanyl oxyhydroxide [TiO(OH)2] from the
hydrochloric acid solution.

TiO OHð Þ2þ2HCl ! TiO OHð Þ2þH2O ð3Þ

After cooling the solution, the titanyl oxyhydrox-
ide [TiO(OH)2] was filtered and dried, and then
subjected to calcination, where it transformed into
titanium dioxide (TiO2) powder, and the inherent
water (H2O) was vaporized.

TiO OHð Þ2! TiO2 þ H2O ð4Þ

RESULTS AND DISCUSSIONS

Characterization of Ilmenite Concentrate

The chemical compositions of the Brahmaputra
River ilmenite concentrate showed 27.02% TiO2 and
60.62% Fe2O3

t, with other oxides as impurities of
12.36% (Table I). The higher Fe2O3

t content
(60.62%) of the analyzed concentrate suggests con-
tamination by titano-magnetite, titano-hematite,
hemo-ilmenite, and ilmeno-hematite particles.19,20

The existence of silica (SiO2 5.89%) as an impurity
in the Brahmaputra River ilmenite indicates the
presence of silicate minerals, which are resistant to
dissolution in HCl acid.44 The availability of com-
paratively high levels of oxides of Si, Al, Fe, Ca, Mg,

Cr, and Mn in the ilmenite concentrate indicates
that it is less pure and reduces its market value.45

The TiO2 percentage of ilmenite sourced from river
basins is relatively low (27.02% TiO2), and higher
amounts of other impurities are present than in the
beach or crystalline ore of ilmenite,4,10,14,19,26,27

which indicates the raw material is low-grade. On the
other hand, the beach ilmenite and massive ilmenite
ore feedstock is usually medium-to-high grade and
contains 40–65% TiO2 compared to the analyzed river
basin ilmenite concentrate.2,4,10–12,15,16,26,27,46 Besides,
the beach placer ilmenite or crystalline ilmenite ore
has fewer impurities (Si, Al, Fe, Ca, Mg, Cr, Mn,
etc.) than the river basin ilmenite (Table I), is a
common source of feed materials for TiO2 synthesis,
and is commercially used as a feedstock.2,20,26 The
impurity level of the river basin ilmenite is greater
than in the beach placers (Table I), revealing
probable facts related to mineral liberation and
gangue mineral properties that responded differen-
tially during separation.19 In line with the discus-
sion, the composition of low-grade ilmenite
concentrate from the Brahmaputra River basin
makes it difficult to use in industry for pigment
production and requires further analysis and under-
standing of the intended use for a particular
application.

The grain size distribution of the ilmenite con-
centrate is shown in Fig. 3. The ilmenite concen-
trate has a narrow size distribution, and about 93%
of the ilmenite has grain size ranging between
� 250 lm and + 90 lm with an average passing
size (d50) of 168 lm (Fig. 3). Sasikumar et al.16

studied the ilmenite from Orissa beach sand, India,
whose size range varies between 100 lm and
500 lm, and mentioned that the dissolution rate of
both iron and titanium using sulfuric acid was
significantly enhanced by mechanical activation.
The size range of Brahmaputra River basin ilmenite
is consistent with the findings of Sasikumar et al.16

and suggests that mechanical activation would
enhance further chemical reactions. Moreover, the
uniformity coefficient (CU) and coefficient of curva-
ture (CC) values are 1.59 and 0.97, respectively,
which indicate poorly graded ilmenite concen-
trate.47 This implies a small range of variation in
grain sizes in Brahmaputra River basin ilmenite.

The raw material, ilmenite concentrate, is min-
eralogically composed of ilmenite phases with less
hematite and minor quartz and rutile, as deter-
mined by the peak positions (�2h) and d-spacing (Å)
of the x-ray diffraction pattern (Fig. 4). Ilmenite is
the primary mineral constituent of the analyzed
specimen, and the peak positions of this mineral
were well matched with the standard ICDD data-
base (#00-029-0733). The dominant secondary min-
eral, i.e., hematite, was identified in the XRD
pattern, which showed similarities with the stan-
dard ICDD card (#00-33-0664). The mineralogical
impurities such as hematite, quartz, and rutile in
the river basin ilmenite concentrate suggest a lower
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degree of liberation, chemical weathering, sorting,
reworking, etc.45 The mineralogical compositions
are well consistent with the findings of Mehdilo and
Irannajad14 and Rahman et al.19 Besides, the XRD
result is compatible with the chemical composition
data, i.e., the presence of hematite and quartz
degrades the quality of ilmenite (TiO2 = 27.02%).

Back-scattered electron (BSE) images were taken
using FESEM, and the photomicrograph of the ore
slide of ilmenite concentrate was obtained by a

reflected light microscope (Axio Imager.M2m) and is
shown in Fig. 5. The BSE image exhibits a sub-
angular to sub-rounded grain shape (Fig. 5a). Refer-
ring to Fig. 5, the ilmenite concentrate contains
liberated ilmenite grains, hemo-ilmenite, ilmeno-
hematite, and some locked grains of gangue miner-
als as inclusions.19,20 The BSE micrograph in Fig. 5a
shows the elongated shape of the ilmenite grain.
Some of the grain surface in Fig. 5b is marked by
numerous surface pits and veins. This is an indica-
tion of alteration and suggests atomic relocation
from the lattice of the crystalline structure. Both
exsolution bodies of hematite in the ilmenite grains
and ilmenite exsolutions in the hematite grains are
present (Fig. 5). The exsolution-oxidation or oxy-
exsolution processes might be the causes of the
ilmenite or hematite exsolution phenomenon in the
Brahmaputra River ilmenite concentrate.19,48 The
elongated hematite lamellae were oriented in a
regular texture within the ilmenite grain. Addition-
ally, there are significant variations in exsolution
distribution between grains. The texture indicates
that fluvial ilmenite is moderately exsolved (Fig. 5),
and the chemical composition (Table I) supports this
assessment. Micro-fracture within the grains of
ilmenite concentrate has also been seen. The
gangue minerals inclusion, hematite exsolutions
(Fig. 5), and presence of Si, Al, Mg, and Mn (Table I)
tended to deteriorate the quality of ilmenite con-
centrate as pigment production feed.14 The miner-
alogical characteristics of the photomicrographs
(Fig. 5) were strongly comparable with the XRD
and chemical composition results (Table I and
Fig. 4) of the analyzed specimen.

Mechanical activation of ilmenite concentrate has
been accomplished for the purposes of decreasing
crystallite size, increasing specific surface area and
chemical reactivity, and enhancing the dissolution

Table I. Chemical composition (wt.%) of ilmenite concentrate from the Brahmaputra River basin and other
sources

Oxides
(wt.%)

Brahmaputra River
basin ilmenite
concentrate

Beach ilmenite
from Orissa,

India16

Beach ilmenite from
Murray Basin,
Australia46

Rosetta beach
ilmenite,
Egypt10

Ilmenite ore from
Abu Ghalaga,

Egypt27

MgO 0.85 0.72 0.67 0.80 3.38
Al2O3 1.97 0.45 0.55 0.80 1.10
SiO2 5.89 0.70 0.76 0.55 1.97
P2O5 0.12 – 0.01 0.26 0.05
CaO 1.22 0.05 0.04 0.44 0.33
TiO2 27.02 50.55 50.40 46.69 40.91
Cr2O3 0.56 0.05 0.09 0.29 0.071
MnO 0.96 0.54 0.61 1.15 0.25
Fe2O3

t 60.62 46.50 46.20 48.40 51.91
Nb2O5 0.03 – 0.11 – –
V2O5 – 0.23 0.28 0.178 –

*Fe2O3
t = Total of FeO + Fe2O3.

Fig. 3. Grain size distribution curve of river ilmenite concentrate.

Fig. 4. X-ray diffraction pattern of ilmenite concentrate.
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of Ti and Fe during leaching.11,16,24 Also, the
ilmenite particle’s internal structure was disrupted
during the mechanical activation process, resulting
in flaws, fissures, and exposed reactive surfaces.
The mechanically activated ilmenite had an average
size (d50) of 20.09 lm (Fig. 6a), whereas the size of
the river basin ilmenite was 168 lm (d50). This
reduction in size can significantly impact the chem-
ical reaction by enhancing chemical reactivity and
the dissolution of particles.11,16,24 The FESEM
photomicrograph in the backscattered electron
imaging of a milled specimen exhibited the forma-
tion of irregular angular to sub-angular grains due
to the breakdown of the primary particles (Fig. 6b).
This is a direct result of the mechanical forces
applied during milling, which lead to the fragmen-
tation and breakdown of the primary ilmenite
particles. This mechanically activated ilmenite will
go through further leaching experiments for the
extraction of the titanium product.

Ilmenite Upgrading

In this study, an attempt has been made to
determine the outcomes of river basin ilmenite
conversion to synthetic rutile. For this reason, the
low-grade river basin ilmenite concentrate of the

Brahmaputra River was upgraded to a titanium
(TiO2) product by direct HCl acid leaching. The
prepared product was characterized based on chem-
ical composition, XRD and Raman analysis, and
FESEM. Before going to the leaching process, the
granular river basin ilmenite samples (� 250 lm
to + 90 lm in size) were ground by a planetary ball
mill using a method of mechanical activation. The
mechanically activated river basin ilmenite concen-
trate was processed through leaching, filtration,
boiling, and calcination to obtain the upgraded
titanium product (TiO2), which was characterized
later.

Characterization of Prepared Titanium (TiO2)
Product

The laboratory leaching experiments of mechan-
ically activated river basin ilmenite concentrate
were performed in a variable acid-to-ilmenite ratio
for the preparation of titanium-based products, e.g.,
synthetic rutile (TiO2), while the leaching temper-
ature, time, and stirring speed were kept fixed at
75 ± 5�C, 3 h, and 250 rpm, respectively, with
ambient pressure. The three different acid-to-il-
menite ratios (v/w) were 4:1, 5:1, and 6:1, and the
products obtained under these different leaching

Fig. 5. (a) Back-scattered electron (BSE) image of ilmenite concentrate and (b) cross-sectional image of ilmenite concentrate from an ore
microscope. (Note: the dark bands represent ilmenite, the bright bands are made up of hematite, and the pits are inclusions).

Fig. 6. (a) Grain size distribution curve of mechanically activated ilmenite and (b) back-scattered electron (BSE) microphotograph of
mechanically activated ilmenite.

Characterization and Upgrading of Low-grade Brahmaputra River Basin Ilmenite
Concentrate: Exploring an Alternate Feedstock for Synthetic Rutile Preparation

5779



conditions were denoted as R-1, R-2, and R-3,
respectively. The chemical analysis results obtained
by WDXRF of prepared products from river basin
ilmenite concentrate are given in Table II. Chemi-
cally, the final product R-1 was composed of 86.27%
TiO2 and 13.19% Fe2O3

t, whereas R-2 and R-3
specimens were composed of 95.61% TiO2, 3.81%
Fe2O3

t, and 90.14% TiO2, 9.20% Fe2O3
t, respec-

tively, with traces of other oxides (Table II).
The products R-1 and R-3 contain less TiO2

(86.27–90.14%) with high iron oxides (Fe2O3

13.19–9.2%) than R-2 (95.61% TiO2 and 3.81%
Fe2O3

t), suggesting further treatment before use
in industry for the manufacture of pigment. This
iron content of R-1, R-2, and R-3 specimens might be
removed by the selective chlorination process,49

washing with dilute acid, and drying. Conversely,
the prepared products have a minor amount (0.49–
0.64%) of Al2O3, SiO2, P2O5, CaO, and Nb2O5 and
the absence of MnO and Cr2O3 coloring agents,
making them compatible for white pigment manu-
facturing by chlorination.27

However, the titanium product prepared by using
acid-to-ilmenite ratios (v/w) of 4:1 and 6:1 (R-1 and
R-3) has lower TiO2 purity and higher impurities
than product R-2 (acid-to-ilmenite ratio (v/w) of 5:1).
Furthermore, the specimen R-2 has the highest
TiO2 content (95.61%) and can be designated as
high-grade in terms of TiO2 purity. This high TiO2

content in the extracted product is consistent with
the findings of Mehdilo and Irannajad,14 Lasheen,10

Li et al.,11 Mahmoud et al.,12 Sarker et al.,15 Jung
et al.,49 and Shahien et al.27 on the production of
synthetic rutile. Thus, the product R-2 is considered
an excellent titanium-based product in this current

study compared to R-1 and R-3, which were pre-
pared at an acid-to-ilmenite ratio of 5:1 (v/w),
75 ± 5�C leaching temperature, 3 h leaching time,
and 250 rpm stirring speed.

Compared to the synthetic rutile preparation
from either beach ilmenite or ilmenite ore (Table II),
the TiO2 content of the R-2 specimen (95.61%) is
strongly consistent with the findings of synthetic
rutile (95.92–97.30% TiO2) prepared from beach
ilmenite of Murray Basin, Australia, and ilmenite
ore of Abu Ghalaga, Egypt,27,46 but higher than
synthetic rutile (89.00% TiO2) manufactured from
Rosetta beach ilmenite, Egypt,10 and Tronox, Wes-
tern Australia (TiO2 92.00%).20,50 The amount of
other oxides (Si, Ca, P, and Nb) in the prepared R-2
product is rational except for total Fe2O3, which is
slightly higher than synthetic rutile from Murray
Basin, Abu Ghalaga, and Tronox ilmenite20,27,46,50

but lower than synthetic rutile from Rosetta Beach
ilmenite.10 The chemical framework of the R-2
product suggests that the present river basin
ilmenite is a promising new feedstock for synthetic
rutile preparation.

To know the phases of the prepared products,
XRD analysis was performed on the R-1, R-2, and R-
3 samples. The rutile phase was identified from the
powder x-ray diffraction patterns of all three spec-
imens (Fig. 7). Compared to the mineral phase
constitution of Brahmaputra River basin ilmenite
concentrate (Fig. 4), the prepared products show
new diffraction peaks of rutile, indicating ilmenite
dissolution occurs. However, the peak intensity was
comparatively higher in the R-2 sample than others,
which in turn indicated the better crystallinity of
R-2 (Fig. 7). Besides, similarities in the XRD pattern

Table II. Chemical composition of the prepared titanium product and other synthetic rutile

Oxides
(wt.%)

Titanium
products from
Brahmaputra
River basin
ilmenite

concentrate

Synthetic
rutile from
Tronox,
Western

Australia20,50

Synthetic
rutile from

Rosetta beach
ilmenite,
Egypt10

Synthetic rutile
from beach

ilmenite of Murray
Basin, Australia46

Synthetic
rutile nanoparticles
from ilmenite ore of
Abu Ghalaga, Egypt27R-1 R-2 R-3

Al2O3 0.07 – 0.20 1.10 0.44 0.13 0.10
SiO2 0.12 0.20 0.17 0.79 1.50 0.79 3.20
P2O5 0.12 0.17 0.12 0.02 – 0.02 –
CaO 0.06 0.03 0.07 0.04 – 0.01 –
TiO2 86.27 95.61 90.14 92.00 89.00 97.30 95.92
Cr2O3 – – – 0.13 0.175 0.02 –
MnO – – – 0.73 0.45 0.01 –
Fe2O3

t 13.19 3.81 9.20 3.20 6.70 1.08 0.42
MgO 0.33 – 0.02 0.35
Nb2O5 0.12 0.15 0.08 0.22 – 0.23 –
V2O5 – – – 0.32 0.064 0.02 –

*Fe2O3
t = Total of FeO + Fe2O3.
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were observed between the experimental data and
the standard ICDD database (#00-021-1276) in
terms of peak position and relative intensity of the
rutile phase. From the discussion of XRD data, the
prepared titanium product is fully composed of the
rutile phase; here it can be designated as synthetic
rutile. Thus, the prepared synthetic rutile of R-2,
i.e., the synthesizing product using concentrated
HCl with an acid-to-ilmenite ratio of 5:1 at 75 ± 5�C
for 3 h at a stirring speed of 250 rpm, provides an
excellent product with higher crystallinity than
others.

Phase purity is crucial when producing synthetic
rutile for various applications. For further confir-
mation of the phase purity of rutile as evident from
the XRD result (Fig. 7), a complementary Raman
spectroscopic analysis on an unoriented sample
using 785 nm laser light has been accomplished
(Fig. 8). It also provides additional evidence of the
presence of rutile and the absence of other phases.
The Raman spectrum was similar to the rutile
phases as obtained from characteristic stretching
peaks at 247.56 cm�1, 445.93 cm�1, and
609.69 cm�1. The presence of these distinct Raman
peaks confirms that the product is entirely com-
posed of synthetic rutile. Furthermore, comparable
Raman peaks (wave numbers) were found in pub-
lished articles.51,52 The complementary Raman
spectroscopic analysis supports and further con-
firms the synthetic rutile phase purity, as indicated
by the presence of characteristic stretching peaks
that are consistent with the synthetic rutile phase.

The morphology and physical structure of pre-
pared synthetic rutile were evaluated using a Zeiss
Sigma 300 FESEM, where magnification was 10 K

(Fig. 9). The synthetic rutile (TiO2) has clusters of
spherical crystallites in samples of R-1 and R-3 but
a crushed appearance of crystallites in samples of R-
2. The approximate diameter (average size) of
particles in the R-1, R-2, and R-3 specimens was<
2,< 0.5, and< 3 lm, respectively (Fig. 9). In addi-

tion, the back-scattered electron (BSE) image
showed that the R-2 specimen was more porous

Fig. 7. XRD pattern of prepared titanium products (R-1, R-2, and R-3 samples).

Fig. 8. Raman spectra of R-1, R-2, and R-3 samples.
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than those of the R-1 and R-3 specimens. Based on
the findings of the chemical composition, XRD and
Raman spectra, and BSE image, it was clear that
the R-2 specimen outperformed the R-1 and R-3
specimens. Accordingly, the characteristics of the R-
2 product obtained from the BSE microphotograph
combined with the chemical and spectroscopic anal-
yses suggest that the leaching conditions for the R-2
sample were favorable for synthetic rutile
extraction.

Based on the aforementioned chemical frame-
work, diffraction pattern, Raman, and FESEM
analysis, the features of the R-2 product are supe-
rior to those of R-1 and R-3 for the manufacturing of
TiO2 pigments. The R-2 product has a TiO2 purity of
95.61% (Table II) and shows a comparatively higher
peak intensity (Fig. 7), which implies better crys-
tallinity than R-1 and R-3 and represents an
absolutely synthetic rutile phase (Figs. 7 and 8).
This R-2 synthetic rutile is porous and has a
crushed appearance of crystallites, with a particle
size of< 0.5 lm (Fig. 9). These properties suggest
that the hydrometallurgical criteria of R-2 are
beneficial for synthetic rutile preparation, employ-
ing concentrated HCl with an acid-to-ilmenite ratio
of 5:1 at 75 ± 5�C for 3 h at a stirring speed of
250 rpm. It can also be concluded that the procedure
consisting of mechanical activation of ilmenite

concentrate, acid leaching, boiling, filtration, and
calcination was an effective way to produce syn-
thetic rutile (Fig. 2). However, to understand the
dissolution efficiencies of Brahmaputra River basin
ilmenite in HCl acid solutions, a further investiga-
tion of leaching kinetics is required.

Industrial Prospect

The best titanium-based product (R-2) prepared
in this study is entirely synthetic rutile with a
purity of 95.61% TiO2. The only coloring compound,
iron oxides (3.81%), is present in the prepared
porous synthetic rutile (Table II), which can be
removed by chlorination. The other coloring metals,
MnO and Cr2O3, were not found. The amount of
other oxides of Si, P, Ca, and Nb is very negligible,
while Cr and V are not detected in the extracted
synthetic rutile (R-2). The chemical data described
here are acceptable and meet the industrial speci-
fication for the production of white pigment, with
the slight exception of the presence of iron oxides
(Fe2O3

t 3.81%), which can be reduced by the chlo-
rination process.20,27,49,53 In addition, the chemical
composition of synthetic rutile (R-2) produced from
Brahmaputra River basin ilmenite is comparable to
the synthetic rutile of Tronox, Western Australia
(Table II), indicating the products have industrial
applications.

Fig. 9. Back-scattered electron (BSE) images of upgraded products of synthetic rutile.
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CONCLUSION

The synthetic rutile preparation from river basin
ilmenite is a relatively untouched research area
compared to beach placer ilmenite or massive
crystalline ore bodies. In this study, fluvial Brahma-
putra River basin ilmenite concentrate has been
characterized, and simultaneously, attempts have
been made to produce synthetic rutile via direct HCl
acid leaching of a potential alternative source of
river basin ilmenite feed. The following findings
were obtained:

� Chemically, the ilmenite concentrate consists of
27.02% TiO2 with impurities of 60.62% Fe2O3

t

and 12.36% oxides of Si, Al, Ca, Mg, P, Cr, Mn,
and Nb. The content of impurities is higher than
that of equivalent beach placer ilmenite or
crystalline ilmenite ore, making them low grade.
Mineralogically, it comprises primarily ilmenite
phases with less hematite, minor quartz, and
rutile, indicating a lower degree of liberation,
chemical weathering, sorting, reworking, etc.
The ilmenite grain has a sub-angular to sub-
rounded shape with an average size of 168 lm,
while mechanical activation reduces the mean
size to 20.09 lm. The texture of ilmenite showed
the presence of liberated ilmenite grains, exso-
lution of hemo-ilmenite and ilmeno-hematite,
and some locked grains of gangue minerals as
inclusions.

� Upgrading attempts of ilmenite to titanium
products showed the prepared highest purity
product (R-2) from the hydrometallurgical route
was entirely composed of the synthetic rutile
(TiO2) phase, which contains 95.61% TiO2 and
3.81% Fe2O3

t with traces of other oxides (0.58%).
The only coloring agent (Fe2O3) might be
removed by the selective chlorination process.
The crystallite size of the porous synthetic rutile
(R-2) was< 0.5 lm obtained from a BSE
microphotograph. The chemistry, phase purity,
and morphology suggest that the present river
basin ilmenite is a promising new feedstock for
synthetic rutile preparation by direct HCl acid
leaching. The favorable condition for the two-
step leaching was an acid-to-ilmenite ratio of 5:1
at 75 ± 5�C for 3 h at a stirring speed of 250 rpm
using concentrated HCl acid.

� The TiO2 purity and sum of other associated
oxides, excluding iron oxide (3.81% Fe2O3

t) in
the synthetic rutile, indicate its suitability for
industrial use. This iron oxide content can be
minimized by chlorination. The prepared syn-
thetic rutile (TiO2) could be used in various
industries, e.g., paint, plastic, welding elec-
trodes, coatings, paper, etc. Finally, this re-
search gives a new understanding of the
utilization of river basin ilmenite feedstock for
synthetic rutile production.
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