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Abstract. The article presents the results of studying the processes of reduction of iron ore titanomagnetite pellets with synthesis gas by means
of thermodynamic modeling using the Terra software package. Its use made it possible to model and predict chemical and phase transforma-
tions in iron ore titanomagnetite pellets during reduction using hydrogen-containing synthesis gas, taking into account the effect of temperature,
hydrogen concentration and other parameters on reduction. Calculations were performed with different gas mixture contents to evaluate the model
efficiency. Content of the CO—~N,—~H,—CH, gas mixture for calculations varied with an increase in CO and H,, decrease in N, and constant CH,,.
Thermodynamic modeling showed that when balance of the main phases in high-temperature systems is achieved during reduction with various gas
mixtures, the concentration of distribution of silicon, aluminum, titanium, magnesium, and calcium elements remains constant. Significant changes
are observed in the concentration of iron, vanadium, and manganese, which is associated with the features of reduction process and composition
of the gases used. Dependences of the system equilibrium composition on temperature at various element contents were obtained. The constructed
thermodynamic model describes the reduction process and can be used to optimize it under various production conditions.
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AnHomayus. B crarbe mpecTaBiIeHbl pe3yJbTaThl MCCIICIOBAHHS IPOLECCOB BOCCTAHOBICHUS JKEIE30PYIHBIX THTAHOMArHETUTOBBIX OKAThIIICH
CHHTE3-Ta30M C MOMOILBIO TEPMOJMHAMHYECKOTO MOJICIIMPOBAHMS C MCIIOIb30BAaHUEM IMporpaMmHoro xomekca «Teppa». Ero mpumenenue
TTO3BOJIMJIO CMOJICIIPOBATh U CIIPOTHO3UPOBATh XUMUYECKUE U (Da30BbIEC PEBPAIICHUS B JKEJIC30PYAHBIX THTAHOMAarHETUTOBBIX OKAaTBIIIAX IPH
BOCCTAHOBIICHUH C HCIIOJIB30BAaHUEM BOIOPOJCOAEPIKAILETO CHHTE3-Ta3a, yYUThIBAs BIMSAHHE TEMIIEPATypbl, KOHIEHTPALUH BOIOPOAA U JAPYTHX
rnapaMeTpoB. PacueTsl MPOBOJMINCH C Pa3IMYHBIM COJCpPIKAHUEM ra30Boi cMecH Aiist oueHkKH d(dexruBroctr Monean. Conaepixanue ra3oBoii
cmecu CO-N,—-H,—CH, mna pacueros usmensnoch ¢ yeenndenneM CO u H,, ymenbuienuem N, n nocrosuneiv CH,. Tepmomunamudeckoe
MOJICJTUPOBAHKE [TOKA3aJI0, YTO HPH JOCTHKECHUH OalaHCa OCHOBHBIX ()a3 B BBICOKOTEMIIEPATYPHBIX CUCTEMAX MPH BOCCTAHOBJICHUH PA3IHYHBIMH
ra30BbIMH CMECSMH KOHIIEHTPALMS pPaciipeielIeHHs] KpEMHUSI, AIIOMUHHUS, TATAHA, MATHUS U KaJIbLUS OCTASTCs IIOCTOSIHHOM. 3HAaYNTENbHbIE N3Me-
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HCHUA Ha6m0)1a}o’rc;{ B KOHLEHTpAILUU COACPIKAHUS KEJI€3a, BaHAJAUA U MapraHua, 410 CBsA3aHO C 0COOCHHOCTSIMU Tporecca BOCCTaHOBJICHUS
1 COCTaBOM MCIIOJIb3yEMBIX I'a30B. HOHy‘IeHLI 3aBUCUMOCTH PABHOBECHOI'O COCTaBa CHUCTEMbI OT TEMIICPATYPhI IIPU PA3IIAIHBIX COACPIKAHUAX
DJICMCHTOB. HOCTpOCHHaﬂ TEpMOAMHAMUYECKass MOAECIIb OIUCHIBACT MPOLECC BOCCTAHOBICHUSA U MOXKET OBITH UCIIOJIB30BaHA JJIs1 OIITUMU3AIUH

JIAHHOTO TIpoIecca B pa3jINYHbIX YCIOBUAX IIPOU3BOJACTBA.

Kawueswle cao8a: TEPMOANHAMHNYCCKOC MOJACIIMPOBAHUEC, BOCCTAHOBJICHUE, BOAOPOA, CUHTE3-I'a3, OKAThIIIN, THATAHOMArHETUT, KEJIC30

BbaazodapHocmu: Pabota BBIIOIHEHA B paMKaxX pealr3aliy FoCyIapcTBCHHOTO 3aJaHus MIHCTHTYTa MeTauTyprun Ypaibekoro oraenenns PAH.

Jns yumupoeanus: Imurpues A.H., Byposa lO.E., Burekuna I'10., bapoun H.M., TepentseB J[.M. Tepmonunamudeckoe MOJEIHPOBAHUE TPO-
1ecca BOCCTaHOBIICHHS JKEIIE30PYAHBIX MATEPHAIOB BOJOPOICOICPIKAIIINMHU Ta3aMu. M3secmus 6y306. Yepnas memannypeus. 2025;68(2):163-170.

https://doi.org/10.17073/0368-0797-2025-2-163-170

- INTRODUCTION

Currently, considerable attention is being paid
to the development of various approaches to decarboni-
zing metallurgical production. The conventional blast fur-
nace process for metal production involves the emission
of large volumes of carbon dioxide into the atmosphere.
One of the possible solutions is to move toward decarboni-
zation without radical changes to the production process
by capturing CO, emissions followed by their utilization
or storage. A more fundamental approach involves repla-
cing carbon monoxide with pure hydrogen or, more fea-
sibly, using synthesis gas — a combination of hydrogen
and carbon monoxide — which can substitute a signifi-
cant portion of solid carbon-based fuel in the blast fur-
nace process and offers the potential for progress toward
decarbonization while meeting high environmental stan-
dards [1 — 3].

One approach to reducing CO, emissions during pig
iron production is the injection of coke oven gas and blast
furnace gas into the blast furnace in order to decrease
the specific coke consumption. For the effective injec-
tion of blast furnace gas, the CO, and H,O content must
be minimized as much as possible [4 — 5]. In this regard,
coke oven gas is far more suitable from a process stand-
point — its CO, content is approximately 3 vol. %. For
instance, ArcelorMittal has announced the implementa-
tion of a coke oven gas injection technology at its plant
in Spain!. The companies Dillinger and Saarstahl have
invested €14 million in a new coke oven gas conversion
plant for blast furnace injection at the Rogesa plant?.
According to various estimates, injecting 100 m® of coke
oven gas per ton of pig iron can reduce the carbon con-
sumption from coke by 30 kg per ton of pig iron.

Due to technical limitations, the use of hydrogen alone
in a blast furnace is not feasible; therefore, its applica-
tion within the blast furnace—converter route may only

! Gas in Metal Production [Electronic resource]. URL: https://stal-
kom.ru/gaz-pri-proizvodstve-metalla/ (accessed 07 March 2025).

2Germany launches first hydrogen-based steel production [Electronic
resource]. URL: https://gmk.center/news/v-germanii-zapustili-pervoe-
proizvodstvo-stali-na-vodorode/ (accessed 07 March 2025)

3 Thyssenkrupp Converts One of Its Blast Furnaces to Hydro-
gen [Electronic resource]. URL: https://metallurgprom.org/articles/
analytics/877-thyssenkrupp-perevodit-odnu-iz-domennyh-pechej-na-
vodorod.html (accessed 07 March 2025)
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be regarded as an interim step toward the transition to direct
reduced iron production?® [6 — 8].

Many studies have focused on the production of hyd-
rogen-enriched gas through the gasification of various types
of biomass [9 — 13], including charcoal, tar, hydrocarbons,
wood, and synthetic natural gas. At small-scale enterprises,
this approach is becoming one of the measures aimed
at reducing CO, emissions.

The reduction of iron ore materials by hydrogen-con-
taining gases during pig iron production is associated with
certain challenges [14 — 17]. Computational experiments
make it possible to analyze the state of the system and
the physicochemical processes involved, and, based on
the resulting models, draw conclusions about the behavior
of the substances under study.

The depletion of traditional iron ore reserves in the Urals,
which have been exploited for over 300 years, poses a chal-
lenge for the ferrous metallurgy industry, prompting a tran-
sition to alternative types of iron ore. One such alternative
is titanium-bearing ore, which contains, in addition to iron,
vanadium and titanium. Its integrated processing — inclu-
ding the production of steel, vanadium pentoxide, pigment-
grade titanium dioxide, and titanium sponge — represents
a technologically and economically complex task that
requires the optimization of the recovery processes for all
valuable components. As demonstrated by the experience
of the Institute of Metallurgy of the Ural Branch of the Rus-
sian Academy of Sciences, a promising solution lies in
the use of information systems that describe the physi-
cochemical and thermophysical processes occurring in
metallurgical units. These systems enable the optimization
of process parameters and enhance the recovery efficiency
of target components — both of which are critical for the eco-
nomic viability of titanium-bearing ore processing.

The aim of this study is to examine the thermodynamics
of the reduction of iron ore titanomagnetite pellets in atmo-
spheres of various gas mixtures, including those similar in
composition to synthesis gas, blast furnace gas, coke oven
gas, and other hydrogen-containing process gases viewed
as promising for recycling applications.

[ RESEARCH METHODOLOGY

This study employed the method of thermodynamic
modeling based on the analysis of the equilibrium state
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of systems. The research was conducted using the Terra
software package developed at Bauman Moscow State
Technical University [18 —20]. The advantages of this
software include:

— the ability to define equilibrium conditions of a ther-
modynamic system with the environment using any pair
of thermodynamic parameters (P — pressure, V — specific
volume, T — temperature, S — entropy, H — enthalpy, and
U — internal energy);

— the ability to perform equilibrium calculations for
thermodynamic systems of arbitrary elemental composi-
tion;

—the inclusion of any individual substances in the
expected composition of the system by adjusting the input
data, and the determination of the equilibrium phase com-
position without the need to predefine thermodynamically
permissible states;

— the option to exclude any substances from the equi-
librium composition;

—the assignment of specific concentrations for sub-
stances, with the remaining composition calculated
accordingly;

— the ability to account for the volume occupied by
condensed phases, and more.

The material used in the study consisted of titanium-
bearing iron ore pellets. The initial chemical composi-
tion of the pellets is presented in Table 1. The reduction
modeling was carried out for atmospheres composed
of CO-N,-H,-CH, gas mixtures. The compositions
of the reducing gases are shown in Table 2.

The thermodynamic database used for the calculations
was compiled based on data from IVTANTHERMO and
HSC, and includes thermodynamic property sets for both
the initial components of the gas phase (CO, CH,, H,, N,)
and the expected products of their interactions (CO,, H,0O
and many others), as well as condensed carbon (graphite).

Two independent parameters were used: temperature
(in the range of 493 — 1793 K, in 100 K increments) and
pressure (0.1 MPa).

[ RESULTS AND DISCUSSION

The initial system for the reduction of pellets in
an atmosphere of hydrogen-containing gases consists
of a gas phase and condensed phases. The gas phase

Table 1. Initial composition of the gas reducing system

Ta6auya 1. UcxoaHblii COCTAB CHCTEMbI
JIJISl BOCCTAHOBJICHUS Ta3aMH

Composition, wt. %
SiO, | V,0, | TiO,
4201 0.54 | 2.75

FeO
3.00

CaO
1.19

MgO
2.85

MnO
0.24

Fe,O,
82.83

ALO,
2.40

includes CO, N, H,, and CH,. The condensed phase con-
sists of a metallic solution (s1) and an oxide solution (s2).

The composition of the condensed oxide phase is
shown in Fig. 1.

According to the graphical data, the most significant
components are Fe(sl), FeO(s2), and Fe,0,(s2), each
with a concentration exceeding 10" mol. fraction. In
the temperature range of 1100 — 1793 K (Fig. 1, a), Fe(s1)
becomes the dominant component, with a concentration
of 0.88 mol. fraction. Under reduction in gas mixtures 2
and 3, Fe(s1) also becomes the predominant component
in the temperature range of 1193 — 1793 K (Fig. 1, b, ¢).

Changes in the composition of the gas phase are shown
in Fig. 2. At temperatures above 900 K, the main compo-
nents of the gas phase are H,, N, (p ~ 0.58 atm), and CO.

The phase distribution of iron, vanadium, and manga-
nese as a function of temperature is presented in Fig. 3.
In the temperature range of 500 — 893 K, the domi-
nant iron phase is Fe,O,(s2) with a concentration
of up to 86 mol. %. In the 593 — 993 K range, FeO(s2) in
appears in concentrations ranging from 11 to 40 mol. %.
At 993 K, the formation of iron carbide Fe,C(s2) occurs,
reaching concentrations of 88, 94, and 95 mol. %,
respectively. The formation of Fe,C(s2) is attributed
to an increase in carbon content in the gas phase, which
is confirmed by the rise in CO and CO, concentrations.
A further temperature increase to 1000 — 1793 K leads
to the appearance of metallic iron Fe(s1), with concentra-
tions ranging from 89 to 98 mol. %.

At 500 K, condensed manganese silicate Mn,SiO,(s2)
dominates, accounting for approximately 85 mol. %.
Between 593 and 1093 K, the concentration of
Mn,SiO,(s2) decreases to 15, 13, and 12 mol. %, respec-
tively, accompanied by an increase in condensed manga-
nese oxide MnO(s2) from 34 to 86 mol. %. Further hea-
ting to 1700 K results in an increase in the concentration
of gaseous manganese hydride MnH, reaching 9, 34, and
55 mol. %, respectively.

In the temperature range of 500 — 793 K, the domi-
nant vanadium phase is condensed V,0,(s2), accounting
for about 96 mol. %. As the temperature rises to 1700 K,
the share of V,0,(s2) gradually decreases to 26, 22, and
19 mol. %. At the same time, an increase in the concent-
ration of condensed vanadium oxide VO(s2) is observed
above 893 K. Additionally, the concentration of con-

Table 2. Compositions of reducing gases

Tabauya 2. CocTaBbI BOCCTAHOBUTEILHBIX Ta30B

Mixture Composition, wt. %
No. CcO N, H, CH,
1 20 65 10
35 35 25
3 50 5 40
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Fig 1. Composition of the condensed oxide phase during gas reduction:
M, — concentration of the i-th component in the system of mole fractions (1.00 mol. fr. = 100 mol. %):
a — gas mixture /; b — gas mixture 2; ¢ — gas mixture 3

Puc. 1. CocTaB KOH/ICHCHPOBAHHOW OKCHJIHOM (ha3bl IPH BOCCTAHOBJICHUH Ta30M:
Ml. — KOHIIEHTPAIHsI {-T0 KOMIIOHEHTa B CcTeMe MOIbHBIX oseit (1,00 moi. mon. = 100 momn. %):
a — cMech ra3oB /; b — cMech ra3oB 2; ¢ — CMeCh ra3oB 3
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Fig. 2. Gas phase composition during reduction with different mixtures of gases (Z, 11, I1])

Puc. 2. CoctaB ra3oBoii (a3bl Ipy BOCCTAHOBJIEHUH Pa3IMUHbIMU cMecCsIMU ra3oB (1, 11, 111)

densed V,0,(s2) increases with temperature, reaching 29,
16, and 10 mol. % at 1700 K.

In the temperature range of 500 — 1493 K, the majority
of silicon is present in the form of condensed magnesium
silicate MgSiO,(s2), with a concentration ranging from
27 to 43 mol. %. The concentrations of calcium silicate
CaSiO,(s2) (approximately 16 mol. %) and magnesium
silicate Mg,SiO,(s2) (22 to 26 mol. %) remain nearly
constant throughout the 500 — 1700 K range. A tempera-
ture increase to 1500 — 1700 K leads to a rise in the con-
tent of condensed silicon dioxide SiO,(s2) to 34 mol. %.

The investigation of the sample’s phase composi-
tion over the 500 — 1793 K temperature range revealed
the following patterns. In the initial state (500 K),
Al O,(s2) is the dominant mineral phase of aluminum,
accounting for 70 mol. %. Upon heating to 1700 K,
the Al,O,(s2) content decreases to 58 mol. %, indicating
the occurrence of phase transformations. Simultaneously,
the concentration of MgAl,O,(s2) increases from 30
to 42 mol. %, pointing to the formation of a new phase. In
the 500 — 1700 K range, the primary mineral phase of tita-

nium is TiO,(s2). Between 993 and 1700 K, the con-
centration of TiO,(s2) decreases from 70 to 43 mol. %.
The CaTiO,(s2) content remains stable at approximately
28 mol. % throughout the entire temperature inter-
val. At temperatures above 1093 K, the concentrations
of MgTi,O,(s2) and Mg,TiO,(s2) increase to 12 and
6 mol. %, respectively, indicating the formation of new
mineral phases. The predominant magnesium phase
throughout the 500 — 1793 K range is Mg,SiO (s2), with a
molar fraction of 43 — 54 mol. %. Heating to 1793 K leads
to a decrease in MgSiO,(s2) content from 43 to 27 mol. %.
A slight increase in the Mg, TiO,(s2) concentration
to 6 mol. % is also observed. Between 500 and 1793 K,
most of the calcium remains in the form of condensed
CaSiO,(s2) (~49 — 55 mol. %), while the CaTiO,(s2) con-
tent (~45 mol. %) remains unchanged in all three cases.
Thus, increasing the temperature to 1793 K results in
significant restructuring of the mineral composition due
to reactions between various phases. Changes in the CO,
N,, and H, content of the gas mixture do not affect the ele-
mental distribution of silicon, aluminum, titanium, mag-
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Fig 3. Iron (a), manganese (b), vanadium (c)
balance by phase during gas reduction:

= — gas mixture /; ===— gas mixture 2; — — — gas mixture 3

Puc. 3. bananc xenesa (a), mapranua (b), Banagus (¢)

1o (a3aM MpU BOCCTAHOBIICHUH Ta30M:

== — CMECh I'a30B [; === — CMECh I'a30B 2; — — — CMECh I'a30B 3
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nesium, and calcium. However, substantial changes are
observed for iron, vanadium, and manganese.

In the temperature range of 500 — 893 K, the amount
of condensed Fe,O,(s2) phase decreases, with gas mix-
ture 3 showing a lower Fe,0,(s2) content than mixture /.
The maximum concentration of FeO(s2) in the system is
approximately 40 mol. % at 793 K for gas mixtures / and 2,
and 34 mol. % at 693 K for mixture /. The maximum con-
tent of iron carbide Fe,C(s2) is about 96 mol. % at 1093 K
in gas mixture 3, approximately 94 mol. % at 993 K in
mixture 2, and ~88 mol. % in mixture /. The formation
of Fe(s1) begins at 993 K in mixtures / and 2, and at 1193 K
in mixture 3. The amount of Fe(s1) formed in reducing gas
mixture / is higher than in mixtures 2 and 3.

When the temperature exceeds 1093 K, the contents
of condensed V,0,(s2) and V,0(s2) are lower compared
to those in gas mixture /. The concentration of VO(s2) is
highest in gas mixture 3.

The amounts of MnO(s2) and Mn,SiO,(s2) are greater
between 1093 and 1393 K in mixture 3 compared to mix-
ture /; however, in the 1393 — 1793 K range, their concen-
trations increase in mixture /. In addition, an increase in
hydrogen content in the gas phase leads to a higher con-
centration of MnH.

- CONCLUSIONS

The study of thermodynamic processes involved in
the indirect reduction of titanomagnetite iron ore pellets
using various gas atmospheres made it possible to iden-
tify patterns in the phase composition changes of the sys-
tem depending on temperature and the composition
of the reducing gas mixture.

Experimental results confirmed that in the tempera-
ture range of 500 — 1793 K, the equilibrium concentra-
tions of silicon, aluminum, titanium, magnesium, and
calcium remain virtually unchanged when different gas
mixtures containing CO, N, H,, and CH, in varying pro-
portions are used.

At the same time, significant changes in the con-
centrations of iron, vanadium, and manganese
were observed depending on the composition
of the gas mixture. For instance, in gas mixture /
(20% CO—-65%N,—-10% H, -5 % CH,) a decrease
in Fe,C(s2) content and an increase in Fe(s1), Fe,0,(s2),
V,0,(s2), V,0,(s2), MnO(s2), and Mn,SiO,(s2) contents
were observed in the 1393 — 1793 K temperature range.

In gas mixture 3 (50 % CO-5%N,-40% H, -
-5% CH,) a reduction in Fe,O,(s2) content and an
increase in FeO(s2), Fe,C(s2), VO(s2), MnO(s2), and
Mn,SiO,(s2) contents were noted in the 1093 — 1393 K
temperature range.

The obtained results demonstrate the significant influ-
ence of the reducing gas mixture composition — particu-
larly hydrogen content — on the phase equilibrium during
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the indirect reduction of iron ore pellets. This has impor-
tant implications for the optimization of technological
processes in iron production.
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