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Аннотация. В статье представлены результаты исследования процессов восстановления железорудных титаномагнетитовых окатышей 

синтез-газом с помощью термодинамического моделирования с использованием программного комплекса «Терра». Его применение 
позволило смоделировать и спрогнозировать химические и фазовые превращения в железорудных титаномагнетитовых окатышах при 
восстановлении с использованием водородсодержащего синтез-газа, учитывая влияние температуры, концентрации водорода и других 
параметров. Расчеты проводились с различным содержанием газовой смеси для оценки эффективности модели. Содержание газовой 
смеси CO – N2 – H2 – СН4 для расчетов изменялось с увеличением CO и H2 , уменьшением N2 и постоянным СН4 . Термодинамическое 
моделирование показало, что при достижении баланса основных фаз в высокотемпературных системах при восстановлении различными 
газовыми смесями концентрация распределения кремния, алюминия, титана, магния и кальция остается постоянной. Значительные изме-
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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 – N2 – H2 – CH4 gas mixture for calculations varied with an increase in CO and H2 , decrease in N2 and constant CH4 . 
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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 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 CO2 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 CO2 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 CO2 and H2O 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 CO2 content is approximately 3 vol. %. For 
instance, ArcelorMittal has announced the  implementa-
tion of a coke oven gas injection technology at its plant 
in Spain1. The companies Dillinger and Saarstahl have 
invested €14 million in a new coke oven gas conversion 
plant for blast furnace injection at the  Rogesa plant2. 
According to various estimates, injecting 100 m3 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 

be regarded as an interim step toward the transition to direct 
reduced iron production3 [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 CO2 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 

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

2 Germany 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)

нения наблюдаются в концентрации содержания железа, ванадия и марганца, что связано с особенностями процесса восстановления 
и составом используемых газов. Получены зависимости равновесного состава системы от температуры при различных содержаниях 
элементов. Построенная термодинамическая модель описывает процесс восстановления и может быть использована для оптимизации 
данного процесса в различных условиях производства. 
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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 – N2 – H2 – СН4 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, СН4 , H2 , N2 ) 
and the expected products of their interactions (CO2 , H2O 
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 

includes CO, N2 , H2 , and CH4 . 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(s1), FeO(s2), and Fe3O4(s2), each 
with a concentration exceeding 10–1 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, c).

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 H2 , N2 (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 Fe3O4(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 Fe3C(s2) occurs, 
reaching concentrations of  88, 94, and 95 mol. %, 
respectively. The formation of  Fe3C(s2) is attributed 
to an increase in carbon content in the gas phase, which 
is confirmed by the  rise in CO and CO2 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 Mn2SiO4(s2) 
dominates, accounting for approximately 85 mol. %. 
Between 593 and 1093 K, the  concentration of 
Mn2SiO4(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 V2O3(s2), accounting 
for about 96 mol. %. As the temperature rises to 1700 K, 
the share of V2O3(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 1. Initial composition of the gas reducing system

Таблица 1. Исходный состав системы  
для восстановления газами

Composition, wt. %
Fe2O3 FeO CaO SiO2 V2O5 TiO2 MgO MnO Al2O3

82.83 3.00 1.19 4.20 0.54 2.75 2.85 0.24 2.40

Table 2. Compositions of reducing gases

Таблица 2. Составы восстановительных газов

Mixture 
No.

Composition, wt. %
СО N2 H2 СН4

1 20 65 10 5
2 35 35 25 5
3 50 5 40 5
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Fig 1. Composition of the condensed oxide phase during gas reduction: 
Mi – concentration of the i-th component in the system of mole fractions (1.00 mol. fr. = 100 mol. %):

a – gas mixture 1; b – gas mixture 2; c – gas mixture 3

Рис. 1. Состав конденсированной оксидной фазы при восстановлении газом: 
Mi – концентрация i-го компонента в системе мольных долей (1,00 мол. дол. = 100 мол. %): 

а – смесь газов 1; b – смесь газов 2; c – смесь газов 3
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densed V3O5(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 MgSiO3(s2), with a concentration ranging from 
27 to  43 mol. %. The concentrations of  calcium silicate 
CaSiO3(s2) (approximately 16 mol. %) and magnesium 
silicate Mg2SiO4(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 SiO2(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), 
Al2O3(s2) is the  dominant mineral phase of  aluminum, 
accounting for 70 mol. %. Upon heating to  1700 K, 
the Al2O3(s2) content decreases to 58 mol. %, indicating 
the occurrence of phase transformations. Simultaneously, 
the  concentration of MgAl2O4(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 TiO2(s2). Between 993 and 1700 K, the  con-
centration of  TiO2(s2) decreases from 70 to  43 mol. %. 
The CaTiO3(s2) content remains stable at approximately 
28 mol. % throughout the  entire temperature inter-
val. At temperatures above 1093 K, the  concentrations 
of  MgTi2O5(s2) and Mg2TiO4(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 Mg2SiO4(s2), with a 
molar fraction of 43 – 54 mol. %. Heating to 1793 K leads 
to a decrease in MgSiO3(s2) content from 43 to 27 mol. %. 
A slight increase in the  Mg2TiO4(s2) concentration 
to 6 mol. % is also observed. Between 500 and 1793 K, 
most of  the  calcium remains in the  form of  condensed 
CaSiO3(s2) (~49 – 55 mol. %), while the CaTiO3(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, 
N2 , and H2 content of the gas mixture do not affect the ele-
mental distribution of silicon, aluminum, titanium, mag-

Fig. 2. Gas phase composition during reduction with different mixtures of gases (I, II, III) 

Рис. 2. Состав газовой фазы при восстановлении различными смесями газов (I, II, III)
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Fig 3. Iron (a), manganese (b), vanadium (c) 
balance by phase during gas reduction:

 – gas mixture 1;  – gas mixture 2;  – gas mixture 3

Рис. 3. Баланс железа (а), марганца (b), ванадия (c) 
по фазам при восстановлении газом:

 – смесь газов 1;  – смесь газов 2;  – смесь газов 3

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 Fe3O4(s2) phase decreases, with gas mix-
ture 3 showing a lower Fe3O4(s2) content than mixture 1. 
The maximum concentration of  FeO(s2) in the  system is 
approximately 40 mol. % at 793 K for gas mixtures 1 and 2, 
and 34 mol. % at 693 K for mixture 1. The maximum con-
tent of iron carbide Fe3C(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  1. The  formation 
of Fe(s1) begins at 993 K in mixtures 1 and 2, and at 1193 K 
in mixture 3. The amount of Fe(s1) formed in reducing gas 
mixture 1 is higher than in mixtures 2 and 3.

When the  temperature exceeds 1093 K, the  contents 
of condensed V2O3(s2) and V3O5(s2) are lower compared 
to those in gas mixture 1. The concentration of VO(s2) is 
highest in gas mixture 3.

The amounts of MnO(s2) and Mn2SiO4(s2) are greater 
between 1093 and 1393 K in mixture 3 compared to mix-
ture 1; however, in the 1393 – 1793 K range, their concen-
trations increase in mixture 1. 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, N2 , H2 , and CH4 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  1 
(20 % CO – 65 % N2 – 10 % H2 – 5 % СН4 ) a decrease 
in Fe3C(s2) content and an increase in Fe(s1), Fe3O4(s2), 
V2O3(s2), V3O5(s2), MnO(s2), and Mn2SiO4(s2) contents 
were observed in the 1393 – 1793 K temperature range. 

In gas mixture  3 (50 % CO – 5 % N2 – 40 % H2 – 
– 5 % СН4 ) a reduction in Fe3O4(s2) content and an 
increase in FeO(s2), Fe3C(s2), VO(s2), MnO(s2), and 
Mn2SiO4(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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