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Abstract. The thermodynamic modeling method was used to determine the temperature of beginning of reduction of iron, vanadium, silicon, and tita-
nium in ilmenite concentrate by carbon or hydrogen at different amounts of reducing agent in the system. The amount of excess carbon relative
to the stoichiometry of the iron reduction reaction does not affect the temperature of reduction beginning, but determines their reduction degree and
the amount of carbides formed. The amount of hydrogen in the system significantly affects the temperature of reduction beginning: with an increase
in water amount, this temperature of each element decreases, but to a different extent. The wider temperature range of beginning of reduction
by hydrogen and the quantitatively unequal effect of temperature create more opportunities for controlling the solid-phase selective reduction by
hydrogen in comparison with carbon. In contrast to the carbothermic process, the solid-phase reduction of titanium by hydrogen is negligible at rela-
tively low temperatures, at which titanium is reduced by carbon and forms carbides. The low solubility of hydrogen in solid iron excludes its influ-
ence on the behavior of elements at the stage of separation melting of solid-phase reduction products. This makes it possible to carry out reduction
in hydrogen flow by changing the temperature and amount of hydrogen in the reducing gas mixture, and to control the processes of selective solid-
phase reduction of elements. The use of hydrogen at the stage of solid-phase reduction makes it possible to selectively reduce iron with the storage
of titanium oxides in the oxide phase in form of TiO,, and after separation of the reduction products by melting, to obtain the products in demand
(carbon-free iron and TiO, concentrate).
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AnHomayus. MetooM TepMOAMHAMUYECKOTO MOJEIMPOBAHUS ONpPEACICHBl 3HAYEHMs TEMIIEpaTyphbl Hauanda BOCCTAHOBJIEHHs Kele3a, BaHAIHs,
KPEMHUS ¥ THTaHA WIBMEHUTOBOIO KOHIICHTPATa YIJICPOAOM HIIM BOJOPOJOM IIPH Pa3HOM KOJIMYECTBE BOCCTAHOBUTENS B cucteme. KommuecTBo
M30BITOYHOTO YIIEPO/a MO OTHOIICHUIO K CTEXMOMETPHHU PEAaKIMH BOCCTAHOBJICHHUS JKejle3a He BIMSCT Ha TeMIIepaTypy Hadajla BOCCTAHOBIICHUS
3JIEMEHTOB, HO OIPEAEISIET CTEIIeHh UX BOCCTAHOBIICHMS M KOJIMYECTBO OOpasyrommxcs kapouaoB. KommdyecTBo Bomopoaa B CHCTEME CyNIECT-
BEHHO BIIMACT HA TEMIIEpaTypy Hadaja BOCCTAHOBJICHHS: C YBEIMUCHUEM KOJMUYECTBA BOAOPOA TeMIIepaTypa Hadala BOCCTAaHOBIICHUS KaX/JI0Tr0 13
3JIEMEHTOB CHIKAETCS, HO B Pa3HOH cTeneHu. boee mmpokuii TeMIrepaTypHbIii HHTEpBajl Hadala BOCCTAaHOBIICHUS HJIEMEHTOB BOZOPOIOM 1 KOJIH-
YECTBEHHO HEOAMHAKOBOE BIIMSHHE TEMIEPATypbl CO3AIOT OOJIbIIIE BO3MOXKHOCTEH ISl yHpaBJIeHUs! TBEPAO(hA3HBIM CEIEKTHBHBIM BOCCTAHOB-
JICHHEM DJIEMEHTOB BOJOPOJIOM B CPAaBHEHUH C YIIEPOIOM. B oTiinume oT kapOoTepMUYecKoro mpoiecca TBepaodazHoe BOCCTAHOBICHHE TUTAHA
BOJZIOPOJIOM HUYTOXKHO MAJIO IIPU OTHOCUTENIFHO HU3KUX TEMIEPaTypax, IPH KOTOPBIX TUTAH BOCCTAHABIMBACTCS YIIIEPOJIOM U 00pa3yeT KapOubl.
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Majas pacTBOPUMOCTH BOJOPOJA B TBEPJIOM KeJIe3€ MCKIIIOYAeT €ro BIMSHHE HA NOBEJCHUE DJIEMEHTOB Ha CTaJUM Pa3/IeNIUTEIbHON IIaBKU
HPOLYKTOB TBEPAO(HA3HOTO BOCCTAHOBICHUS. DTO IO3BOJIIET IPOBOAUTH BOCCTAHOBICHHE B IIOTOKE BOIOPOZA IyTeM H3MEHEHHUS TEMIIEPaTyphl 1
KOJIM4ECTBA BOJIOPO/Ia B BOCCTAHOBUTEILHOM Ia30BOI CMECH, yIIPaB/IATh NPOLECCAMH CEJIEKTUBHOIO TBEP10(ha3HOT0 BOCCTAaHOBIICHHS 3JIEMEHTOB.
Hcnonp30BaHEe BOAOPOIA HAa CTaINH TBEPAO(A3HOTO BOCCTAHOBICHNUS IIO3BOJIIET CENEKTHBHO BOCCTAaHABINBATH JKEIE30 C COXPAHEHHEM OKCHIOB
TUTaHa B OKcuaHOM (ase B Buzge TiO,, a nocne pasiesneHus NPOAyKTOB BOCCTAHOBJIEHHMS IUIABIEHUEM MOJTYYaTh BOCTPEOOBAHHBIE MPOMYKTHI

(GesyrmepoucToe Kene3o U KOHIEHTpar okcuia tutana Tio,).
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B INTRODUCTION

Russia faces a shortage of raw materials for the pro-
duction of pigment-grade titanium dioxide (TiO,) and
metallic titanium. In 2019, the import of pigment-grade
titanium dioxide amounted to 53.6 thousand tons, cove-
ring 67.5 % of domestic consumption [1]. Pigment-
grade TiO, is produced at the “Crimean Titan” plant
(Armiansk) using the sulfuric acid process, while metal-
lic titanium is manufactured using chloride technolo-
gies at the “VSMPO-AVISMA” facility (Berezniki) and
the “Solikamsk Magnesium Plant” (Solikamsk).

Globally, the chloride process is the predominant
method for producing pigment-grade titanium dioxide, as
it has a lower environmental impact compared to the sul-
furic acid process [2]. However, due to the lack of an
efficient strategy for processing chlorination by-pro-
ducts, the chloride process typically relies not on ilme-
nite concentrate, but on natural rutile concentrates or
high-titanium slags obtained through the pyrometallur-
gical Sorel process. The Sorel process, which involves
electric arc smelting, is the primary pyrometallurgical
method used to treat ilmenite concentrate. This pro-
cess yields vanadium-rich pig iron and high-titanium
slag. During smelting, 96 — 97 % of iron and 45 — 48 %
of vanadium contained in the concentrate are trans-
ferred to the metallic phase. Titanium is partially reduced
to lower oxides and, in some cases, to its metallic form,
with up to 2 % of the titanium content entering the metal
phase [3]. The Sorel process is highly energy-intensive
due to the formation of a high-melting-point slag and is
therefore employed primarily in regions with low-cost
electricity [4].

A reduction in electricity consumption during the pro-
cessing of ilmenite-based feedstock can be achieved
by carrying out the reduction reactions in a separate unit
designed for solid-phase metallization, using low-cost
reductants and fuels. In this approach, the electric arc fur-
nace is used solely for separating the metallization pro-
ducts. An assessment of using a metallized charge in elect-
ric arc smelting has shown that, at a metallization degree
of approximately 70 %, the electricity consumption per

172

ton of high-titanium slag is reduced by about 35 %, and
by a further 20 % when the contribution of sensible heat
is considered [5].

Based on pilot tests for processing concentrates from
the Chineiskoe deposit, a two-stage pyrometallurgical
process was proposed for the recovery of iron, titanium,
and vanadium [6]. This technology involves the pre-
liminary reduction of iron with carbon in a rotary kiln,
achieving a metallization degree of 90 — 93 %, followed
by separation of hot metallized concentrate in an electric
arc furnace to obtain vanadium pig iron and titanium slag.
Although this process has been recommended for other
medium- and high-titanium concentrates, it has not yet
been implemented on an industrial scale.

Hydrogen can serve as an alternative reducing agent
for iron during the processing of titanium-bearing iron
ore materials. Both theoretical studies [7; 8] and experi-
mental research [9 — 11] have demonstrated that hydro-
gen offers several advantages over carbon-based reduc-
tants, which is particularly important for the selective
reduction of metals from complex ores.

Thermodynamic modeling is widely used to assess
the conditions under which chemical reactions occur
in metallurgical processes. In most cases, thermody-
namic calculations are based on evaluating chemical
reactions through changes in Gibbs free energy. This
approach involves identifying the most probable reac-
tion from among the possible ones by comparing AG(T)
values. However, in complex systems such as ores and
concentrates, this type of calculation is labor-intensive
and, in some cases, unfeasible due to the large number
of components involved. Therefore, the use of computer-
based software packages is considered the most efficient
approach for modeling complex systems.

The thermodynamic modeling of element reduction
from ilmenite concentrate has been explored in numerous
studies [12 — 21]. Reference [12] examined the distribu-
tion of titanium, iron, and impurities between the metal
and slag phases during carbon reduction, depending
on the temperature range (1550 — 1750 °C) and slag
basicity. In [13], the influence of CO—-H, gas mixture
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composition was analyzed over a temperature range
of 500 —1200 °C. Study [14] investigated carbother-
mic reduction under vacuum conditions. According
to [15], the lower titanium oxides formed during hydro-
gen reduction at temperatures above 827 °C can be used
to reduce iron from ilmenite. Reference [16] exami-
ned the reduction process at 0.10132 MPa with varying
amounts of ilmenite, carbon, and hydrogen. In [17],
changes in Gibbs free energy were calculated for a num-
ber of reactions involved in the carbothermic reduction
of elements in ilmenite across a broad temperature range
(25 -1650 °C). Study [18] also focused on carbother-
mic reduction from ilmenite concentrate under vacuum.
In [19], the reduction process was studied using palm
kernel biomass as a reductant at 1000 — 1200 °C. Refe-
rence [20] analyzed the influence of Na,CO; on reduction
during electric smelting. Study [21] explored reactions
occurring in Ar—H, gas mixtures with varying hydrogen
content in 800 — 1000 °C temperature range. However,
a comparative analysis of reduction conditions for ele-
ments in ilmenite concentrate using carbon versus hydro-
gen is lacking in the literature.

The objective of the present study is to compare,
through thermodynamic modeling, the conditions of ele-
ment reduction in ilmenite concentrate using carbon or
hydrogen as the reducing agent.

[ RESEARCH METHODOLOGY

Thermodynamic calculations were carried out using
an ilmenite concentrate with the following composition
(wt. %: O 42.6; Mg 0.4; A10.3; Si0.7; Ti24.0; V 0.3;
Mn 0.4; Fe 31.3.

The equilibrium phase composition of the system com-
ponents and the temperature sequence of their transfor-
mations during carbon or hydrogen reduction were deter-
mined using thermodynamic modeling with the Terra
software package [22]. The calculations were based on
the Terra thermodynamic database, supplemented by
thermodynamic data for individual substances from refe-
rence sources [23 —25]. The amount of reducing agent
was set either at the stoichiometric level required for iron
reduction or in excess. For carbon, the excess levels were
10, 20, 30, and 100 wt. %; for hydrogen, the amounts
exceeded the stoichiometric requirement by factors
of 10, 100, and 1000. The total pressure in the system
was assumed to be constant at 0.10132 MPa. Equilibrium
phase compositions were calculated over the temperature
range of 750 — 1700 °C in 50 °C increments for carbon
reduction and 500 — 1700 °C for hydrogen reduction.
The calculated data on phase composition were tabulated
and conventionally divided into three phases: metal (iron,
titanium, vanadium, and silicon, including carbides and
silicides), slag (oxides), and gas. The degree of metalli-
zation, as well as the composition of the metallic, slag,

and gas phases, were analyzed and presented in the form
of graphical dependencies for clarity.

- MODELING RESULTS AND DISCUSSION

Based on the results of thermodynamic modeling,
several elements in ilmenite concentrate — namely iron,
titanium, vanadium, and silicon — were found to actively
participate in the reduction process and contribute
to the formation of the metallic phase (see Figure).

Among these, iron is the most readily reducible element.
Its reduction by both carbon and hydrogen occurs across
the entire range of temperatures and reductant quantities
examined, with the only exception being hydrogen at its
stoichiometric amount. Below 1050 °C, the degree of iron
metallization with carbon increases steadily, regardless
of the amount of reductant present. Above 1050 °C, metal-
lization continues to rise, but the rate of increase varies
depending on the level of carbon excess.

An increase in the amount of hydrogen in the system
promotes a higher degree of iron metallization. The maxi-
mum degree of iron metallization by carbon reaches
99.39 % in the temperature range of 1250 — 1700 °C
ata 100 wt. % excess of reductant relative to the stoichio-
metric amount. When reduced by hydrogen, the maxi-
mum degree of metallization reaches 99.36 % at 1700 °C
with a 1000-fold excess of hydrogen. In both cases,
complete reduction is not achieved due to the formation
of the complex oxide FeAL,O,. In the carbon reduction
system, iron in the metallic phase is primarily present in
the form of iron carbide Fe,C, whereas in the hydrogen
system it is found as a separate component. Reduced sili-
con binds part of the iron in the form of silicides FeSi
and Fe,Si, forming in the carbon system at temperatures
above 1050 °C, and in the hydrogen system at tempera-
tures above 750 and 1200 °C.

Vanadium reduction by carbon is observed across
the entire studied temperature range, whereas reduc-
tion by hydrogen occurs between 750 and 1700 °C.
In the 800 — 1050 °C range, carbon reduction results in
a progressive increase in the equilibrium degree of vana-
dium metallization, with vanadium carbide (VC) forming
in the metallic phase. In calculations using stoichiomet-
ric or slightly excessive (10 wt. %) carbon, the degree
of vanadium metallization decreases above 1050 °C, fol-
lowed by an increase at temperatures above 1500 °C for
stoichiometric carbon and above 1350 °C for 10 wt. %
excess. This behaviour is attributed to the formation of not
only vanadium carbides but also silicon carbides. With car-
bon excesses of 20, 30, and 100 wt. % over stoichiometry,
the vanadium metallization degree increases with tempera-
ture, reaching 100 % at 1100 °C. In the case of hydrogen
reduction, increasing the amount of hydrogen in the system
leads to a decrease in the temperature at which vanadium
begins to appear in the metallic phase. For stoichiometric
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hydrogen and 10- and 100-fold excesses, these threshold
temperatures are 1450, 1200, and 950 °C, respectively.
The maximum equilibrium degree of vanadium metalliza-
tion is observed at 1650 — 1700 °C and reaches 99.99 %.

Silicon reduction by carbon occurs over the tempe-
rature range of 1000 — 1700 °C. At 1000 and 1050 °C,
the degree of silicon metallization is independent
of the amount of carbon. Above 1050 °C, the metalliza-
tion degree increases with both temperature and carbon
content. The maximum degree of silicon metallization is
observed at 1700 °C and amounts to 30.83, 99.52, 99.9,
99.95, and 100.00 % for stoichiometric carbon and 10,
20, 30, and 100 wt. % excesses, respectively.

Silicon reduction by hydrogen at a 1000-fold excess
relative to the stoichiometric amount is observed within
the temperature range of 650 — 1700 °C. As the hydrogen
content in the system increases, the temperature at which
silicon enters the metallic phase decreases —down to 1250
and 900 °C for 10-fold and 100-fold excesses, respectively.
At stoichiometric hydrogen levels, no silicon reduction is
observed. Within the range of 1350 — 1700 °C, a maxi-
mum silicon metallization degree of 100 % is reached
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at a 1000-fold hydrogen excess. In both cases, silicon in
the metallic phase is predominantly present as iron sili-
cides FeSi and Fe,Si.

Titanium reduction by carbon occurs at temperatures
of 1050 °C and above, while reduction by hydrogen is
only observed at temperatures above 1550 °C and only
in the case of a 1000-fold excess of hydrogen. When
the carbon excess is below 10 wt. % of the stoichiomet-
ric amount, the titanium metallization degree remains
negligible, reaching only 0.02 % at 1100 °C. With carbon
excesses of 20, 30, and 100 wt. %, the maximum equilib-
rium degree of titanium metallization reaches 0.77, 4.37,
and 44.02 % at 1450, 1350, and 1700 °C, respectively.

Solid-phase titanium reduction by hydrogen is not
possible at stoichiometric levels or at hydrogen excesses
below a factor of 100. The maximum degree of titanium
metallization reaches only 0.05 % at 1700 °C, even
at a 1000-fold excess of hydrogen over the stoichiomet-
ric amount. In the carbon system, titanium is present in
the metallic phase in the form of titanium carbide (TiC),
whereas in the hydrogen system it appears dissolved in
the iron phase.
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Selective reduction of iron from ilmenite is achievable
with both carbon and hydrogen. For effective separation
of the elements present in ilmenite concentrate, it is essen-
tial to achieve a high degree of solid-phase iron metalliza-
tion while avoiding titanium metallization and ensuring
that titanium is not reduced during the separation smel-
ting of the solid-phase reduction products. Under the con-
ditions required for high solid-phase iron metallization,
other components of the ilmenite concentrate (vana-
dium, silicon, titanium) may also be partially reduced.
However, titanium reduction is highly undesirable in
this context. Vanadium, being one of the valuable com-
ponents of ilmenite concentrate, can be recovered from
both the metal and slag phases during further processing.
However, the current technologies for vanadium recovery
from the metal phase are associated with significant losses
at all processing stages, which reduces the overall vana-
dium yield from the ore. Silicon, present in the concent-
rate as part of the gangue material, has no practical value
when reduced to the metallic phase due to its low content.

The results of the calculations showed that iron reduc-
tion in ilmenite occurs at significantly lower temperatures
when hydrogen is used as a reductant compared to carbon.
Moreover, the degree of metallization is highly sensitive
to the amount of hydrogen in the system. At the stoichio-
metric amount of hydrogen, the onset temperature of iron
reduction is approximately 900 °C, while a 10-, 100-,
or 1000-fold excess lowers this temperature to below
500 °C. In contrast, the onset temperature of iron reduc-
tion by carbon remains nearly constant at around 700 °C,
regardless of the carbon excess.

Titanium is virtually not reduced by hydrogen, even
when the hydrogen content exceeds the stoichiomet-
ric requirement for iron reduction by a factor of 1000.
In contrast, in the presence of carbon, titanium forms
a stable compound — titanium carbide (TiC) — which
enables a relatively high degree of metallization. Howe-
ver, when carbon is limited, it is preferentially consumed
in the reduction of other elements.

Vanadium exhibits similar behavior to titanium in
the presence of carbon. However, due to its lower oxy-
gen affinity, vanadium is reduced at comparatively lower
temperatures — closer to those required for iron reduction.
The extent of vanadium reduction by hydrogen depends
strongly on the hydrogen content. At stoichiometric levels
and even at a tenfold excess, vanadium is scarcely reduced.
In contrast, at 100- and 1000-fold hydrogen excesses,
the degree of metallization approaches 100 % at 1700 and
1400 °C, respectively. Notably, vanadium reduction by
hydrogen occurs at higher temperatures than with carbon.

Unlike titanium and vanadium, silicon forms iron sili-
cides. Its reduction is strongly influenced by the reduc-
tant’s chemical activity. In the presence of excess carbon,
silicon reduction begins at 1000 °C. By contrast, hydro-

gen reduction depends on the partial pressure of oxygen
in the system. Under high hydrogen excess — 100 and
1000 times the stoichiometric amount required for iron
reduction — silicon appears in the metallic phase at 950
and 750 °C, respectively.

It is worth noting that the temperature at which ele-
ments enter the metallic phase during carbon reduction
does not depend on the amount of carbon in the sys-
tem. Instead, the carbon content determines the extent
to which the reduction reactions proceed. In contrast,
the onset temperatures of element reduction by hydro-
gen T are strongly influenced by the H,O/H, ratio in
the system. For the system under study, the equilibrium
values of the H,O/H, ratio are presented in the Table.

[ ConcLusions

The temperatures at which iron, vanadium, silicon,
and titanium appear in the metallic phase during reduc-
tion of ilmenite concentrate by carbon are 700, 800,
1000, and 1150 °C, respectively, and are not affected by
the amount of carbon present in the system. The excess
carbon content relative to the stoichiometric requirement
for the iron reduction reaction determines the extent
of vanadium, silicon, and titanium reduction as the sys-
tem temperature exceeds the onset temperature for
the reduction of the corresponding element. By adjus-
ting the carbon content and the process temperature, it
is possible to control the development of reduction reac-

Temperatures of the elements appearance in metallic phase
and ratio of equilibrium amount of water vapor
to hydrogen during reduction of elements from ilmenite
by hydrogen

Temneparypsbl n0siBJIeHHs dJIEMEHTOB
B METALIHYECKOH (a3e H OTHOLIECHHE PABHOBECHOI0
KOJIMYECTBA NAPOB BOAbI K BOAOPOAY
IPH BOCCTAHOBJICHUH )JIEMEHTOB M3 HJIbMEHHUTA BOIOPOIOM

Reducible Hydrogen T oC H,0/H,,
element excess oy wt. %
Stoichiometric 900 1.420
Fe 10 <500 -
100 <500 -
1000 <500 -
Ti 1000 1550 0.013
Stoichiometric 1450 2.790
v 10 1200 0.640
100 950 0.079
1000 750 0.008
10 1250 0.660
Si 100 900 0.770
1000 650 0.008
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tions and achieve solid-phase selective reduction of iron
or simultaneous reduction of iron, silicon, and vanadium
while retaining titanium in the oxide phase.

The presence of carbon in excess of the stoichio-
metric amount for iron reduction leads to the formation
of iron, vanadium, and silicon carbides. As the tempe-
rature increases during the pyrometallurgical separation
stage, carbon contained in these carbides can partially
reduce and bind titanium into carbides, thereby reducing
the effectiveness of iron—titanium separation.

The onset temperatures for the reduction of iron,
vanadium, silicon, and titanium from ilmenite con-
centrate by hydrogen span a broader range and are signifi-
cantly influenced by the hydrogen content in the system.
As the hydrogen concentration increases, the onset tem-
perature for each element decreases, though to a different
extent. This wider temperature window and the non-uni-
form temperature dependence of element reduction pro-
vide greater flexibility for controlling solid-phase selec-
tive reduction by hydrogen compared to carbon.

The negligible solubility of hydrogen in solid iron
ensures that it does not affect the behavior of elements
during the separation smelting of solid-phase reduction
products. As a result, selective solid-phase reduction
of elements can be carried out in a hydrogen stream, with
process temperature serving as a control parameter for
reduction selectivity. This approach eliminates the risk
of titanium reduction and prevents the loss of titanium
dioxide TiO, during the separation of reduction products.
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