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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 conducted 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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AHHomauuﬂ. B pa60Te HCCJICA0BAIN MIPEBPAILICHUSI HEMAarHUTHBIX WU CJ1a0OMarHUTHBIX KOMITIOHEHTOB KeJIe3HBIX PyA B MAarHUTHY1O (basy «Mar"HeTuT»

B pe3ynbTare YacTHYHOTO BOCCTAaHOBJIEHHWs BoAopoaoM mpu Temmeparypax Hike 400 °C. MccnemoBaHHBIE YeTHIpE BHIA MPOMBINUICHHBIX
JKEJIE3HBIX Py POCCHHCKHMX M KHTAHCKUX MECTOPOXKICHHH CYIIIECTBEHHO Pa3IM4aloTCs 10 cOocTaBy M Mopdoioruu. s MoAroToBKH 00pa3ioB
PYABI U3MENBYAIN C TIOMOIIBI0 MEXaHHYECKOTO UCTHPAHMs B CTYNKE M MPOCEMBAIIM Yepe3 cuTa ¢ pasmepom siueek 1,5 Mm. BoccranoBnenue
TIPOXOJIIJIO B M30TEPMHUYECKHUX YCIOBHAX B TpyOuaroil meun rnpu temreparypax 375 n 400 °C B TedeHne oxHoro yaca. st M3yueHHs KHHETUKU
rpolecca BOCCTAHOBJICHUS ObUIN MPOBEICHBI HEM30TEPMUUCSCKHUE HCCIESIOBAHNS BBIOPAHHBIX Py C UCIIONB30BAHUEM TEPMOTPABUMETPUUECKOTO
ananm3aropa npu Harpese 10 800 °C co ckopocthio HarpeBa 10 °C/MuH B Toke Bojxopona. JletaipHas XapaKTepH3alys UCXOIHBIX W YaCTUYHO
BOCCTAHOBIICHHBIX PYJI OCYIIECTBIISIIACH C HCTIOIb30BAHUEM PEHTI€HOBCKOH MU (PAKIMHU, CKAHUPYIOIIEH HIEKTPOHHOW MUKPOCKOITUH U YHEPTOIHU-
CIIEPCHOHHOMH CIIEKTPOCKOITUH JUTS OTIPEICIICHNSI MATHUTHBIX XapaKTepHCTHK. Ha peHTreHOBCKuX T pakTorpaMMax HCXOIHBIX 00pa3IioB PHUCYT-
CTBYIOT IIMKHU T€MaTUTa, a B BOCCTaHOBIEHHBIX Kak mpu 400 °C, Tak u mpu 375 °C — IUKK MarHeTuTa U METAITMYECKOTO KeJe3a. AHaJIOTHIHOe
MoBeJIeHHe HaOJII0NAIOCh JUIs BCEX YeThIpeX PYyIHbIX 00pasioB. Hanboee BaKHBIM pe3ylibTaToOM HCCIEI0BAHUS SBISICTCS TOATBEPKICHUE YBEIIU-
YeHHs HAMarHUYEHHOCTH HACBIILCHUs Ha TIOPSIIOK JUISl TeMaTHTOBBIX Py, TIPH 3TOM BOCCTAHOBJICHHBIE 00Pa3LIbl PY/bl MOKA3aJIM MATHUTOMSITKUE
CBOMCTBA CO CPEIHHMH 3HAUCHUSMH KOAPIMTHBHOW CHIIbI puMepHO 20 KA/M. TakuMm 00pa3oM 1oka3aHo, YTO MPUMEHEHHE METO/Ia HU3KOTEM-
MepaTypHOro BOCCTAHOBJICHUS BOJOPOZOM Ha XKEJIE3HBIX PyIax ¢ HU3KUM COAEPKaHMeM MAarHUTHBIX (a3 sBISETCS BeChbMa MEePCIEeKTHBHBIM IS
TTOJTYYEHHS MaTepHaIoB, KOTOPBIC B JajibHEHIIIEM MOTYT OBITh ITOJJBEPTHYTHI 00OTal[eHUI0 METOJaMU MAarHUTHOM Ceraparyu.
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- 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 CO, emissions are attributed to the metallurgi-
cal industry [3]. On average, producing one ton of crude
steel generates 1.9 tons of CO, 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 CO, 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 (H,O) instead of carbon-
containing gaseous byproducts (CO/CO,).

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 Fe,O,. 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 CO, 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 °C.

- SAMPLE PREPARATION AND RESEARCH METHODS

The study focused on hematite ore (sinter ore) from
the Varichev Mikhailovsky GOK (ore 4), 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 100x20x15 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-
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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
arate 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 1107 A-m?2,

[ 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 4 is
relatively narrow, ranging from 10 to 160 um. In ore B,
most particles are within the range of 50— 800 um,
with some exceeding 1 mm in diameter. Ore C (of Chi-
nese origin) contains particles with flaky and fractured
shapes (Fig. 1, ¢). The fractured particles are small, ran-
ging from 3 to 35 pm, while the flaky particles are much
larger, measuring between 10 and 100 um in size and
1 — 3 um 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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Fig. 1. SEM photos: ore 4 (a), B (b), C (c¢) and D (d)

Puc. 1. Muxkpodotorpaduun: pyna 4 (a), B (b), C (c) u D (d)

ranging from 3 to 35 um. 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

Tabauya 1. D1eMeHTHBIH COCTAB KeJ1e30PYIHBIX MATEPHAJIOB B HCXOIHOM COCTOSIHUHU U 10cJIe 00padoTKu
B TOKe Bogopoaa npu remneparype 375 °C B Teyenue 1 4

) Element content, wt. %
Material state - -
(0] ‘ Na ‘ Mg ‘ Al ‘ Si ‘ S ‘ K ‘ Ca ‘ Fe ‘ Mn ‘ Ti ‘ Ba
Ore 4
Initial state 41.74 | —* 045 | 291 | 20.10 | 0.61 | 046 | 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 | 2148 - 0.15 -
After processing | 41.37 | 0.71 | 233 | 3.14 | 2740 | 043 | 1.02 | 235 | 21.34 - - -
Ore C
Initial state 33.10 - 1.02 | 1.23 1.43 - 026 | 528 | 57.67 - - -
After processing | 23.16 - 135 | 1.73 2.70 - 037 | 636 | 64.32 - - -
Ore D
Initial state 33.69 - - 1.55 3.20 035 | 040 | 2.81 | 56.76 | 0.85 - 0.39
After processing | 29.23 - 0.65 1.85 4.39 0.52 | 0.52 | 452 | 57.14 1.18 - -
* — below the detection limit of the EDX method for the respective element.
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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 materials
was examined by analyzing the gases released during cal-
cination in air. The spectra confirmed that at 800 °C, CO,
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 4, 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 wiistite. Since mass loss does not cease at 570 °C,
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Fig. 2. Mass spectra of the gas phase formed during air blowing
of ore 4 at 25 and 800 °C
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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 °C.
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Fig. 3. Thermogravimetric curves of iron ore processing in hydrogen
flow in linear heating mode at a rate of 10 °C/min:
a—ore A; b—ore B; ¢ —ore C; d—ore D
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The temperature ranges for the metallization of ores B
and A4 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 °C.

The thermogram of ore C (Fig. 3, ¢) 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 4 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 (M /M)
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
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Fig. 4. XRD curves of ore 4 («) and ore D (b) in the initial state (/) and processed at temperatures of 375 (2) and 400 °C (3)
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Fig. 5. Hysteresis loops of ore materials in the initial state (/) and processed at a temperature of 375 °C (2):
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Table 2. Magnetic characteristics for ore materials in the initial state and processed at a temperature of 375 °C

Ta6auya 2. MarHUTHbIE XapAKTePUCTHKH /LISl PYIHBIX MATEPHAJIOB B HCXOITHOM COCTOSTHUU
u 00paboTaHHBIX IpU Temnepatype 375 °C

G Saturatiz)z.r;a;z)gftll:gization, Residuzlir.nna:;g)r/lﬁtgization, Coerlc(i;/f nforce, MM
y initial 5.50 0.49 12.7 0.09
after reduction 53.80 8.37 15.8 0.16
initial 24.80 0.51 2.4 0.02
B after reduction 21.30 0.49 2.3 0.02
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
SiO, 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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