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Abstract

Introduction: IImenite is considered the most important source of titanium and
its oxide and is usually processed by sulfate, chloride, and smelting processes. In
all these processes, incomplete removal of iron combined with titanium is the
main problem. In order to improve iron removal, pre-processing of ilmenite by
carbothermic reduction processes is a solution used in the industry. Considering
the technical and environmental problems of carbothermic, replacing coke by
hydrogen, is a new method that brings significant advantages in the subsequent
separation processes.

Methods: In this research, Kahnuj ilmenite concentrate is first characterized
through physical, chemical, and structural analysis techniques. Gas reduction of
the ilmenite pellets using pure hydrogen gas was performed, and then reduction
products subjected to further characterization. The reduction degree was
calculated based on the weight loss after the reduction process. Samples were
characterized using optical microscopy, electron microscopy, X-ray diffraction
analysis, and energy-dispersive X-ray spectroscopy.

Findings: The Kahnuj ilmenite concentrate is composed of the FeTiOs as the
main phase, hematite, and a partial sphene phase within the ilmenite grains. Mn
and Mg found in the chemical analysis of the concentrate led to incomplete
separation of iron oxides in ilmenite.

In this research, a maximum reduction degree of 76% is achievable at a reduction
temperature of 1100 °C. With an increase in the reduction temperature, metallic
iron diffused out the ilmenite structure and accumulated around the particles.
With an increase in the reduction time, the aggregation of the pseudobrookite
phase, occurred in the center of the ilmenite particles.
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Extended Abstract

Introduction

Currently, due to the depletion of rutile
reserves, ilmenite has become the most crucial
mineral for titanium metal and titanium dioxide
production [1-4]. The main commercial routs
for manufacturing titanium dioxide include
sulfate, chloride, smelting, Becher, and
Benelite processes [5].

Both sulfate and chloride methodologies
consume a large volume of acid and generate a
notable amount of by-products, leading to
significant environmental challenges [6-8]. In
the smelting method, ilmenite is heated along
with coke in an Electric Arc Furnace (EAF) at
temperatures around 1700 °C for 8 to 10 hours
[5]. This process produces titanium-rich slag
and molten iron, with iron being utilized as a
raw material in steelmaking.

The Becher and Benelite processes have been
developed for synthetic rutile production, based
on reduction roasting followed by acid leaching
[9]. The energy consumption in producing
either slag or synthetic rutile is approximately
equal [10]. However, the upgrading of ilmenite
to synthetic rutile generates acidic wastewater
as well as a considerable amount of solid waste.
Consequently, smelting is considered a more
economical and environmentally friendly
method for upgrading feed [6].

The smelting process entails the production of
titanium-rich slag with suitable fluidity,
necessitating additives to lower the slag’s
melting temperature and viscosity. These
additives have detrimental effects on the
subsequent TiO, separation from the slag [11].
Consequently, developing a direct reduction
process could be a viable solution to address the
complexities associated with smelting. This
method produces solid slag with iron particles,
enabling iron removal through leaching or
mechanical separation [12—14]. In comparison
to carbon, hydrogen-based reduction, operates
at lower temperatures, demonstrates faster
kinetics, reduces coke consumption, and
decreases greenhouse gas emissions [15,16].

Sun et al. [17] investigated the reduction of
titanomagnetite concentrates using a hydrogen-
argon gas mixture at temperatures ranging from
850 to 1050 °C. Their findings revealed a lower
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reduction degree of Panzhihua concentrate
compared to New Zealand titanomagnetite
sands under similar conditions, attributed to
higher magnesium content and lower iron
content in the Panzhihua concentrate. They also
reported a greater inhibitory effect of
magnesium compared to aluminum.

In another study by the same researchers, they
examined the reduction of two types of
synthetic ilmenite, each containing different
impurity levels (Al, Mn, and Si), in a pure
hydrogen environment at temperatures ranging
from 700 to 1100 °C. The results indicated that
varying impurity levels had no significant
impact on the reduction extent, and the
reduction behaviors of both types of ilmenite
were similar, contrary to their prior findings
concerning natural concentrate [18].
Moreover, Lu et al. [19] compared the
reduction behavior of pellets made from natural
Panzhihua ilmenite and synthetic ilmenite in
hydrogen at temperatures ranging from 900 to
1050 °C. The phase composition of Panzhihua
ilmenite consisted of magnesia ilmenite with
partial amounts of titanomagnetite. They
reported a porous resulting structure after
reduction, with reduced iron particles dispersed
within the ilmenite grains. Magnesium affected
the reduction process more significantly than
aluminum and silicon.

Wang et al. [20] investigated the reduction of
pellets made from natural Bama ilmenite
concentrate using a hydrogen-argon gas
mixture at temperatures ranging from 800 to
1000 °C. Their findings confirmed a lower
reduction extent for Bama ilmenite compared to
synthetic ilmenite. They observed that the
generation of silica-rich regions and
manganese-enriched areas hindered complete
iron reduction during Bama ilmenite reduction.

Recently, Saghafi et al. [16] investigated the
reduction process of Kahnuj ilmenite pellets
using a hydrogen-carbon monoxide gas
mixture. Their findings indicated that
increasing the temperature and prolonging
reaction time accelerated the degree of iron
metallization. The study only examined the
statistical analysis of variables effect, without
developing the nature of the concentrate or
behavior of impurities during reduction.
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According to the literature, variations in
impurity levels, chemical composition, and
reduction temperatures significantly influence
the reduction behaviors of ilmenite [21-23].
Moreover, according to the authors'
investigation, there existed limited information
concerning the hydrogen reduction of Kahnuj
ilmenite concentrate. Hence, this study aims to
investigate the reduction of Kahnuj ilmenite
concentrate using pure hydrogen within a
temperature range of 500 to 1100 °C.

Methodology

The raw material utilized in this study was
pellets made from the Kahnuj natural ilmenite
concentrate. Non-isothermal reduction
experiments were conducted in a stainless steel
tube in the temperature range of 500-1100 °C.
The weight of the pellets was measured before
and after the experiments. Subsequently, the
ilmenite pellets were divided into two equal
parts for comprehensive characterization. The
degree of reduction (o) was calculated using
Equation 2, considering practical weight loss
(Amp) relative to theoretical weight loss (Amy),
where Am; represents the total weight of
oxygen associated with Fe?* and Fe®".

Am

practical
o= —-" Eq.2
Am q

theoretical

Microstructural characteristics were examined
using an optical microscope (Olympus, Japan)
and SEM microscope (Tescan-Vega XMU)
equipped with an EDS analyzer. Phase
composition analysis was conducted using
Bourevestnik DRON-8 X-ray diffractometer
(XRD). XRF (Philips PW2404) was employed
to determine the chemical composition.

Results and Discussion

This study examined the reduction of pellets
made from Kahnuj ilmenite concentrate using
pure hydrogen. The Kahnuj ilmenite
concentrate consists of ilmenite (FeTiOs) as the
main phase, hematite, and a minor presence of
sphene or titania with the composition of
CaTiSiOs, observed within micro-cracks in the
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ilmenite structure. The results from non-
isothermal reduction experiments revealed that
both weight loss and reduction degree increased
with increasing reduction temperature. The
increase in the reduction extent results in the
diffusion of metallic iron out of the ilmenite
structure, where it accumulates around the
particle. The maximum value of non-isothermal
reduction was 76% at a temperature of 1100°C.
Furthermore, extending the reduction time up to
60 minutes at 1100 °C leads to the aggregation
of the pseudobrookite phase, characterized by
the composition (Fe, Mg)Ti.0Os, at the center of
the ilmenite particles, preventing further iron
oxide reduction.

Conclusion

The findings suggest that hydrogen reduction of
Kahnuj ilmenite concentrate can effectively
remove iron oxides within the ilmenite
structure and separate metallic iron and TiO;
from each other. This solid-state reduction
offers a new post-reduction separation,
particularly, through magnetic separation.
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