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Abstract. The conversion of non-magnetic or weakly magnetic constituents of iron ores into the magnetic ‘magnetite’ phase was investigated using 

partial reduction by hydrogen at temperatures below 400 °C. The examined four commercial iron ores from Russian and Chinese deposits have 
significant differences in their compositions and morphologies. All ore samples were crushed using mechanical abrasion in a stamp and sieved 
with a mesh size of 1.5 mm. Reduction was carried out in a tube furnace under isothermal conditions at 375 and 400 °C for one hour. To study the 
kinetics of the reduction process, non-isothermal studies of selected ores were сonducted using a thermogravimetric analyzer with heating to 800 °C 
at a heating rate of 10 °C/min in hydrogen flow. The authors made a detailed characterization of the annealed products using X-ray diffraction, scan-
ning electron microscopy and energy dispersive spectroscopy to determine the magnetic characteristics of initial and partially reduced ores. X-ray 
diffraction patterns showed hematite peaks in the initial samples; both magnetite and metallic iron peaks were detected in the samples reduced at 375 
and 400 °C. Such behavior was observed for all four samples under investigation. The most important result of the study is the confirmation of an order 
of magnitude increase in saturation magnetization for hematite ores, in addition the reduced ore samples show soft magnetic properties with average 
coercive force values   of approximately 20 kA/m. Application of the low-temperature reduction by hydrogen to iron-containing ores is very promising 
for production of the materials that could later be subjected to enrichment using magnetic separation methods. 
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Аннотация. В работе исследовали превращения немагнитных или слабомагнитных компонентов железных руд в магнитную фазу «магнетит» 

в результате частичного восстановления водородом при температурах ниже 400 °C. Исследованные четыре вида промышленных 
железных руд российских и китайских месторождений существенно различаются по составу и морфологии. Для подготовки образцов 
руды измельчали с помощью механического истирания в ступке и просеивали через сита с размером ячеек 1,5 мм. Восстановление 
проходило в изотермических условиях в трубчатой печи при температурах 375 и 400 °C в течение одного часа. Для изучения кинетики 
процесса восстановления были проведены неизотермические исследования выбранных руд с использованием термогравиметрического 
анализатора при нагреве до 800 °C со скоростью нагрева 10 °С/мин в токе водорода. Детальная характеризация исходных и частично 
восстановленных руд осуществлялась с использованием рентгеновской дифракции, сканирующей электронной микроскопии и энергоди-
сперсионной спектроскопии для определения магнитных характеристик. На рентгеновских дифрактограммах исходных образцов присут-
ствуют пики гематита, а в восстановленных как при 400 °C, так и при 375 °C – пики магнетита и металлического железа. Аналогичное 
поведение наблюдалось для всех четырех рудных образцов. Наиболее важным результатом исследования является подтверждение увели-
чения намагниченности насыщения на порядок для гематитовых руд, при этом восстановленные образцы руды показали магнитомягкие 
свойства со средними значениями коэрцитивной силы примерно 20 кА/м. Таким образом показано, что применение метода низкотем-
пературного восстановления водородом на железных рудах с низким содержанием магнитных фаз является весьма перспективным для 
получения материалов, которые в дальнейшем могут быть подвергнуты обогащению методами магнитной сепарации. 

Ключевые слова: железные руды, водородное восстановление, гематит, магнетит, кинетика металлизации, «зеленая» металлургия, обогаще-
ние полезных ископаемых, магнитные свойства
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Применение метода низкотемпературного 
восстановления водородом для улучшения 

магнитных характеристик железных руд
Ю. В. Конюхов1 , Р. Ханна2, Н. А. Масленников1, 

К. Ли3, Ц. Лян3, И. Н. Бурмистров1, Д. Ю. Карпенков4, 
С. В. Кашевский1, М. В. Кравченко5

 Introduction

Humanity is currently deeply concerned about 
the issue of global warming, which is primarily linked 
to carbon dioxide emissions [1; 2]. Approximately 7 % 
of global CO2 emissions are attributed to the metallurgi-
cal industry [3]. On average, producing one ton of crude 
steel generates 1.9 tons of CO2 emissions [4]. Accor-
ding to the World Steel Association, steel production 
in the Russian Federation reached 71.5 million tons in 
2022, while China produces over 1 billion tons of crude 
steel annually [5]. 

Under increasing pressure from environmental groups 
and society, the metallurgical industry will soon need 
to reduce its CO2 emissions, necessitating a shift to more 

environmentally friendly and energy-efficient production 
technologies. Among the most promising approaches is 
the direct reduction of iron by hydrogen [6; 7], as this 
process generates water vapor (H2O) instead of carbon-
containing gaseous byproducts (CO/CO2 ). 

The widespread adoption of direct reduction by 
hydrogen is currently limited by the high cost of hydro-
gen, which depends on the methods used for its pro-
duction [8]. The main methods for producing hydrogen 
include steam reforming of methane and natural gas, coal 
gasification, water electrolysis, pyrolysis, partial oxida-
tion, biotechnology, and atomic hydrogen processes [9]. 
According to [10], global hydrogen consumption in 2020 
was 115 million tons, and forecasts predict this figure 
will rise to 530 million tons by 2030. 
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Producing one ton of steel requires approximately 
51 kg of hydrogen [11]. Calculations indicate that con-
verting hematite to magnetite consumes only 4.31 kg 
of hydrogen per ton of Fe3O4 . Therefore, during the ini-
tial transition to hydrogen metallurgy, it seems practical 
to focus on the partial reduction of iron-bearing materials 
during the beneficiation stage, rather than fully reducing 
them to metallic iron. 

In many iron ores, iron is entirely or partially present 
as hematite, which is challenging to extract. In such cases, 
reduction by hydrogen can convert hematite into magne-
tite, allowing its subsequent extraction through magnetic 
separation [12; 13]. Magnetite-based super-concentrates, 
with an iron content exceeding 72 % [14; 15], can be 
injected into the lower part of blast furnaces [16; 17]. This 
approach can reduce CO2 emissions by altering the mass 
and thermal balance of the furnace and eliminating 
the sintering stage. Additionally, these super-concentrates 
have potential as the primary raw material for direct iron 
reduction processes in shaft and hearth furnaces [18]. 
Using partially reduced oxides as feedstock is expected 
to shorten the time required for full iron reduction [19], 
thereby improving production energy efficiency. 

Most research on the kinetics of reduction by hydro-
gen of iron ore materials focuses on processes at tem-
peratures between 500 and 1000 °C, culminating in 
the production of metallic iron [4; 20]. In these studies, 
magnetite formation is treated as an intermediate reac-
tion in the overall reduction process leading to pure iron. 
However, studies on the low-temperature (below 400 °C) 
reduction of iron ores by hydrogen are rare. This study 
aimed to investigate the feasibility of converting non-
magnetic or weakly magnetic components of iron ores 
into magnetite through partial reduction in a hydrogen 
flow at temperatures below 400 °С. 

 Sample preparation and research methods

The study focused on hematite ore (sinter ore) from 
the Varichev Mikhailovsky GOK (ore A), iron ore from 
the Pechegubsky deposit of the Olenegorsk GOK (ore B), 
and ores provided by partners from China (ores C and D). 

For the Russian ores, gangue material was separated 
using laboratory sieves. All ores were then mechanically 
ground in a laboratory mortar and sieved through a mesh 
with 1.5 mm openings. 

Isothermal reduction experiments were con-
ducted in a Carbolite Gero KST/KZS tube furnace 
(UK) at 375 and 400 °C. Ceramic boats with dimen-
sions of 100×20×15 mm were used, and the thickness 
of the powder layer was maintained at 2 – 3 mm. Samples 
were preheated in a helium flow, after which the helium 
flow was replaced with hydrogen. Hydrogen was supplied 
by SAM-1 and TsvetChrom hydrogen generators (Rus-
sia) with a combined capacity of 80 L/h and dried before-

hand using a silica gel system. After holding the samples 
at the target temperature, they were cooled in a helium 
flow. 

Reduction studies under linear heating modes were 
performed at a rate of 10 °C/min in a hydrogen atmos-
phere using an SDT Q600 thermogravimetric analyzer 
(USA). 

The phase composition of the samples was analyzed 
using a TDM-20 tabletop X-ray diffractometer (China) 
equipped with a copper anode. Diffraction data were 
processed using Match!3 software (Crystal Impact, Ger-
many).

The gas atmosphere generated during oxidative 
annealing at 800 °C was studied using a ChemBet Pul-
sar flow chemisorption analyzer (USA), which also 
regulated the air flow rate. During the experiments, 
a U-shaped quartz reactor was heated in an air flow at 
a rate of 50 °C/min up to 500 °C. The gas-air mixture was 
then heated further to 800 °C at a rate of 30 °C/min and 
directed to a Pfeiffer Vacuum OmniStar GSD 320 quadru-
pole mass spectrometer (Germany). The mass spectrome-
ter analyzed a range of 1 to 300 atomic mass units (amu). 
Since no significant signals were observed in the ranges 
of 1 – 10 and 45 – 300 amu, the analysis focused on 
the range of 10 – 45 amu.

Micrographs were obtained using a TESCAN 
VEGA3 SB scanning electron microscope (Czech Repub-
lic). Elemental analysis was conducted via energy-disper-
sive spectroscopy (EDS) using an INCA Energy 450 attach-
ment (UK). The probe diameter for elemental composition 
measurements was 300 nm, with an accuracy ±1 %.

Magnetic properties were measured using a VSM-130 
vibrating sample magnetometer (Dexing Magnet Com-
pany, China) with a magnetic moment measurement 
accuracy of 1·10–6 A·m2.

 Results and discussion

Fig. 1 presents micrographs of the initial materials. 
The ore particles of Russian origin predominantly have 
a rounded shape (Fig. 1, a, b), which is typical of natu-
ral materials that have not been subjected to inten-
sive grinding. The particle size distribution in ore A is 
relatively narrow, ranging from 10 to 160 µm. In ore B, 
most particles are within the range of 50 – 800 µm, 
with some exceeding 1 mm in diameter. Ore C (of Chi-
nese origin) contains particles with flaky and fractured 
shapes (Fig. 1, c). The fractured particles are small, ran-
ging from 3 to 35 µm, while the flaky particles are much 
larger, measuring between 10 and 100 µm in size and 
1 – 3 µm in thickness. This microstructure suggests that 
ore C is like a mixture of two or more types of iron ore 
materials. Ore D (also of Chinese origin) consists of frac-
tured and spherical particles (Fig. 1, d) of submicron size, 
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ranging from 3 to 35 µm. It is well-known that magnetite 
ores are generally difficult to grind, and grinding is one 
of the most cost-intensive operations in mineral benefi-
ciation. The submicron size of the particles in ore D may 
indicate that the material underwent preliminary condi-
tioning to extract more valuable elements. 

Table 1 summarizes the elemental composition 
of the initial and hydrogen-treated ores (processed for 

1 h at 375 °C), as determined by energy-dispersive X-ray 
spectroscopy (EDX). The results reveal similar composi-
tions among the studied materials. The Russian ores are 
characterized by high silicon content (over 20 wt. %), 
as they had not undergone prior beneficiation. Sodium, 
at concentrations of 0.7 – 0.8 wt. %, is present only in 
ore B. Sulfur, in amounts ranging from 0.2 to 0.6 wt. %, 
is found in all samples except ore C, where no sulfur was 

Table 1. Elemental composition of iron ore materials in the initial state and after processing 
in hydrogen flow at a temperature of 375 °C for 1 h

Таблица 1. Элементный состав железорудных материалов в исходном состоянии и после обработки  
в токе водорода при температуре 375 °С в течение 1 ч

Material state
Element content, wt. %

O Na Mg Al Si S K Ca Fe Mn Ti Ba
Ore А

Initial state 41.74 –* 0.45 2.91 20.10 0.61 0.46 0.53 33.21 – – –
After processing 26.76 – 0.51 2.55 21.10 1.37 0.52 1.16 46.03 – – –

Ore B
Initial state 46.73 0.81 2.38 3.42 21.88 0.18 1.05 1.92 21.48 – 0.15 –

After processing 41.37 0.71 2.33 3.14 27.40 0.43 1.02 2.35 21.34 – – –
Ore C

Initial state 33.10 – 1.02 1.23 1.43 – 0.26 5.28 57.67 – – –
After processing 23.16 – 1.35 1.73 2.70 – 0.37 6.36 64.32 – – –

Ore D
Initial state 33.69 – – 1.55 3.20 0.35 0.40 2.81 56.76 0.85 – 0.39

After processing 29.23 – 0.65 1.85 4.39 0.52 0.52 4.52 57.14 1.18 – –
* – below the detection limit of the EDX method for the respective element.

Fig. 1. SEM photos: ore A (a), B (b), C (c) and D (d) 

Рис. 1. Микрофотографии: руда А (а), B (b), С (c) и D (d)
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detected. The absence of sulfur in ore C may be due to its 
high calcium content, which could either have been inten-
tionally added or naturally present in the raw material as 
carbonates or other compounds. 

The presence of carbon in the studied iron ore mate rials 
was examined by analyzing the gases released during cal-
cination in air. The spectra confirmed that at 800 °C, CO2 
is released at m/z = 44, resulting from the decomposi-
tion of carbonates. As an example, Fig. 2 shows the mass 
spectrum of the gas phase generated during the calcina-
tion of a sample from ore C in air at 800 °C. The total 
mass loss during oxidative annealing was 3.52 % for 
ore A and 3.16 % for ore B. In contrast, the Chinese iron 
ores exhibited significantly higher mass losses: 19.59 % 
for ore C and 12.45 % for ore D. These higher values for 
the Chinese ores can be attributed to their higher carbo-
nate content and lower silica content. 

The interaction of iron ore materials with hydrogen 
under non-isothermal conditions showed noticeable dif-
ferences in mass-change patterns. A comparative analysis 
of the thermogravimetric curves (Fig. 3) revealed both 
common trends and distinctive features in the metalliza-
tion process of iron ores from different sources in a hydro-
gen stream. Metallization refers to the partial or complete 
decomposition of oxides and their reduction to metals or 
lower oxides. 

For ore A, the first two peaks on the thermogram 
(Fig. 3, a, DTG curve) correspond to the removal 
of adsorbed moisture. The peak near 300 °C likely repre-
sents the decomposition of hydroxides, which may have 
formed during the ore’s exposure to moisture. In the tem-
perature range of 350 – 450 °C, hematite is reduced 
to magnetite. In subsequent stages, magnetite is reduced 
to metallic iron (below 570 °C), bypassing the forma-
tion of wüstite. Since mass loss does not cease at 570 °C, 

it is possible that an intermediate FeO product forms 
in the 570 – 800 °C range. A small peak near 800 °C is 
likely due to the decomposition of carbonates. The maxi-
mum reaction rate occurs at 570 °С. 

Fig. 2. Mass spectra of the gas phase formed during air blowing  
of ore A at 25 and 800 °С

Рис. 2. Масс-спектры газовой фазы, образующейся при продувке 
воздухом руды A при температурах 25 и 800 °С

Fig. 3. Thermogravimetric curves of iron ore processing in hydrogen 
flow in linear heating mode at a rate of 10 °С/min: 

a – ore A; b – ore B; c – ore C; d – ore D

Рис. 3. Термогравиметрические кривые обработки железных руд 
в токе водорода в режиме линейного нагрева 

со скоростью 10 °С/мин:
а – руда А; b – руда B; c – руда С; d – руда D
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The temperature ranges for the metallization of ores B 
and A are similar (Fig. 3, b), despite ore B being classi-
fied as a magnetite type. Its composition includes small 
amounts of iron hydroxide and hematite. At the final stage, 
a significant mass loss occurs due to its higher calcium 
content and, consequently, a greater amount of carbo-
nates. The maximum reaction rate is observed at 580 °С. 

The thermogram of ore C (Fig. 3, c) shows two pri-
mary peaks, supporting the earlier hypothesis that this 
sample was produced by mechanically mixing two dif-
ferent iron ore materials (likely natural ore and a bene-
ficiation byproduct). The maximum reaction rates are 
observed at 520 and 650 °C. The lower temperature 
for the first peak can be attributed to the high disper-
sion of particles, which enhances the reactivity of some 
of the ore material. 

The metallization process for ore D (Fig. 3, d) differs 
from the other three samples. Despite the high dispersion 
of this material, reduction begins only at 550 °C, with 
the maximum reaction rate occurring at 770 °C. This sug-
gests that this iron ore material is not a concentrate but is 
more likely a byproduct obtained during mineral proces-
sing [21].

To investigate sample behavior under isothermal 
conditions, temperatures of 375 and 400 °C were cho-
sen, and samples of ores A and D were processed in 
hydrogen for 1 h at these temperatures. The diffraction 
patterns of the initial materials show peaks correspon-
ding to the hematite phase (Fig. 4). Treatment at 375 °C 
resulted in the complete transformation of the hematite 
phase into magnetite for all samples. Additionally, peaks 
for metallic iron appeared in the diffraction patterns, 
demonstrating the feasibility of producing metallic iron 
at temperatures below 400 °C. No significant differences 

were observed between the diffraction patterns obtained 
at 375 and 400 °C, indicating that the processes at these 
temperatures are qualitatively similar, differing only 
slightly in the extent of their completion. 

Fig. 5 presents the results of magnetic property mea-
surements for the initial materials and those processed 
at 375 °C in a hydrogen flow for one hour. 

Magnetization measurements were conducted on non-
compacted isotropic powders of both the initial ores and 
the reduction products. The key magnetic characteristics 
of the samples are summarized in Table 2.

An analysis of the field dependence curves indicates 
that all samples exhibit soft magnetic properties, with 
average coercive force values around 20 kA/m. The rec-
tangularity coefficient of the hysteresis loops (Mr /Ms ) 
suggests that the samples are composed of isotropic mag-
netic phases. Reduction annealing significantly increased 
the saturation magnetization of all samples (except ore B) 
by an order of magnitude. This increase is attributed 
to the formation of numerous iron-containing phases with 
high magnetic properties during thermal treatment. This 
observation is supported by X-ray phase analysis results. 
It is important to note that high saturation magnetization 
is a critical parameter for optimizing magnetic separation 
conditions for iron-containing ores. 

Thus, the significant enhancement in magnetic proper-
ties underscores the potential of low-temperature reduc-
tion by hydrogen for producing materials that can be fur-
ther processed using magnetic separation methods.

 Conclusions

The study demonstrated the feasibility of partial reduc-
tion of selected types of iron ore materials by hydrogen 

Fig. 4. XRD curves of ore A (a) and ore D (b) in the initial state (1) and processed at temperatures of 375 (2) and 400 °C (3)  

Рис. 4. Дифрактограммы руды A (а) и руды D (b) в исходном состоянии (1) и обработанных при температурах 375 (2) и 400 °C (3)
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Table 2. Magnetic characteristics for ore materials in the initial state and processed at a temperature of 375 °C

Таблица 2. Магнитные характеристики для рудных материалов в исходном состоянии 
и обработанных при температуре 375 °C

Ore sample Saturation magnetization, 
(А·m2)/kg

Residual magnetization,
(А·m2)/kg

Coercive force, 
kA/m Mr /Ms

А
initial 5.50 0.49 12.7 0.09

after reduction 53.80 8.37 15.8 0.16

B
initial 24.80 0.51 2.4 0.02

after reduction 21.30 0.49 2.3 0.02

С
initial 2.65 10.90 19.5 4.11

after reduction 62.00 0.48 20.1 0.01

D
initial 3.76 0.28 10.9 0.07

after reduction 62.90 13.90 24.9 0.22

at temperatures below 400 °C, including those with a high 
SiO2 content (over 20 wt. %) and large average particle 
sizes (over 1 mm).

It was established that processing the studied iron ore 
samples in a hydrogen flow at 375 °C for one hour results 
in the formation of magnetite phases and partially reduced 
iron. No residual hematite phases were detected in the dif-
fraction patterns of the samples. 

The processing of hematite iron ores with hydrogen 
at 375 °C significantly enhances their magnetic properties, 
making the material promising for enrichment using mag-
netic separation methods. 
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