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ABSTRACT

This work investigates the effect of electromagnetic fields (EMF) of varying frequencies on the reduction process of iron oxides
and industrial iron ore in a hydrogen atmosphere using thermogravimetric analysis. Both extremely low-frequency (50 Hz) and
middle-frequency (25 kHz) EMFs were found to increase the reduction degree and accelerate the reduction reaction compared
with experiments without EMF. The application of extremely low-frequency EMF did not cause additional thermal heating of

investigated samples. However, with middle-frequency EMF, heating of charged material was observed, which was effectively

compensated for by the furnace’s automatic power regulation. Experiments with industrial iron ore confirmed that EMF appli-

cation had a positive effect on reduction process even above the Curie temperature, indicating that the effect is not governed by

magnetic properties of iron. These findings demonstrate that EMF-assisted hydrogen reduction can enhance reaction kinetics and

reduce hydrogen consumption, offering a promising pathway toward more energy-efficient and sustainable steelmaking.

1 | Introduction

The iron and steelmaking industry is currently facing several
problems. For many years, it profited from using energy-dense,
cheap coal. As a result, in 2023, 70.4% of the world’s steel was
produced using the blast furnace-basic oxygen furnace (BF-
BOF) process [1]. The major drawback of this production method
is its high CO, emissions rate, averaging at 2.32 tons of CO, per
ton of crude steel [1]. As the result, the iron and steelmaking sec-
tor is responsible for 7%—-8% of global anthropogenic greenhouse
gas emissions and should therefore decrease its CO, emissions,
ideally achieving net-zero emissions in the near future [2]. One of
the main methods currently accepted worldwide is to substitute
carbon with hydrogen gas (H,) as a reductant and energy
source. To realize this in practice, there is growing interest
in replacing existing BFs with shaft furnaces for the solid-phase
direct reduction of iron ore [3-7]. Currently, direct reduced iron
(DRI) accounts for only around 10% of global iron production,

68% of which is produced using gas-based methods [1, 8].
However, this trend is set to change in the future due to gov-
ernment policies and investments in decarbonizing the steel-
making sector [9-12].

The BF-BOF route remains dominant in ironmaking due to its
high productivity and relatively low cost of production [13]. To
achieve comparable productivity in DRI production, extensive
research has been devoted to the use of H, as a reductant in
solid-state iron oxide reduction [7, 14-21]. In addition, other
researchers have investigated the influence of external energy sour-
ces on physicochemical processes in reduction systems [22-24].

Ionizing and non-ionizing radiation (such as ultrasonic waves, vis-
ible light, electromagnetic fields, y-rays, and others) has been stud-
ied by various authors for its influence on the reduction of iron
oxides. Radiation has been shown to accelerate both the oxidation
of metals and their reduction from oxides [25]. Studies [26-28]
report significant enhancements in the reduction kinetics of iron
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oxides by H, and carbon monoxide under ionizing and gamma
radiation—either during or prior to the reaction. These enhance-
ments often include a reduction in onset temperature and are
linked to favorable changes in gas chemisorption, weakening of
metal-oxygen bonds, increased ion diffusion, and facilitated phase
transitions. The positive effects of y-rays are particularly notable
when used in conjunction with catalysts [27].

Ultrasonic acoustic energy also influences a wide range of physical
and chemical processes. It promotes mass transfer, accelerates dif-
fusion within solid phases, and aids structural rearrangements at
the crystal lattice level [29]. In his work, Chauhan [29] showed that
ultrasonic treatment increases both the oxidation of iron by air and
its reduction by H, and carbon monoxide. These outcomes are gen-
erally attributed to intensified external mass transfer, faster diffu-
sion, and energy dissipation at the gas-solid interface.

The impact of external electric fields has likewise been explored.
Such fields can modify diffusion and electron transfer in ionic
crystals and metals, thereby affecting reaction kinetics [30, 31].
Similarly, magnetic fields have been found to alter the rate of iron
oxide reduction. A number of studies highlight accelerated
reduction by H, under magnetic influence, with a lowered onset
temperature, though no comparable effect is observed for CO or
CH, [32-34]. The work by Svare (1973) linked this effect to the
local enrichment of H, at the ferromagnetic surface [32], while
Peters (1973) attributed it to an additional energy contribution
from the magnetic field [33]. Nevertheless, no systematic study
has been conducted on the influence of EMF on the reduction
process of iron oxides.

Therefore, the aim of this study was to systematically investigate
the influence of EMF on the reduction of iron oxides by H, under
EMF application at various frequencies. To achieve this, different
iron oxide materials were reduced in a thermogravimetric appa-
ratus under controlled reducing atmospheres. Changes in the
mass of the samples and gas absorbers were continuously
recorded and used to analyze the reduction process.

2 | Materials and Methods

Reduction experiments were carried out using high-purity hema-
tite (Fe,03), magnetite (Fe;0,4), and oolitic iron ore from Orken-
Lisakovsk (Kazakhstan). The chemical compositions of the
Orken-Lisakovsk ore is presented in Table 1. The particle sizes
of the ore was in the range of 0.5-2 mm.

The reduction experiments were performed in a laboratory ther-
mogravimetric system, the schematic of which is shown in
Figure 1.

For each experiment, 5 g of iron oxide sample were placed in an
alumina crucible (inner diameter 10 mm, outer diameter 30 mm).
The crucible was initially positioned in the cold zone of the fur-
nace. The furnace was then isolated and flushed with argon to
establish an inert atmosphere. Heating was performed in a

resistance furnace equipped with a 1 mm Ni-Cr-Fe heating ele-
ment (accuracy = 0.5 °C). The furnace temperature was raised to
the target range of 673-1173 K. After reaching the set tempera-
ture, the crucible was lowered into the hot zone of the furnace
and was held there for 5 min to stabilize the temperature of the
furnace and to heat up the charge itself. Thereafter, the gas atmo-
sphere was switched to a reducing consisting of pure H, at the
controlled gas flow rate.

During the reduction process, changes in the mass of the sample
(accuracy +0.01 g) and the absorbers for off-gases were continu-
ously recorded. These data were used to calculate the degree and
rate of reduction. The degree of reduction was defined as the ratio
of the oxygen removed during the reduction process to the total
oxygen initially bound to iron in the sample. The average reduc-
tion rate was defined as the ratio of the total oxygen removal to
the reduction time until complete reduction was achieved. The
reaction was considered complete when no further change in
mass was observed during a 10 min holding period. Upon com-
pletion, the furnace was flushed with argon to remove residual
reducing gases, and the crucible was transferred to the cold zone
for cooling under an argon atmosphere.

Experiments were performed both without EMF and with exter-
nally applied EMF. For extremely low-frequency EMF, the
inductor was a multi-turn copper solenoid powered through
an autotransformer, which allowed to achieve magnetic field
intensity of 24 kA/m. The alternating current frequency supplied
to the solenoid was adjusted using a multivibrator.

Middle-frequency magnetic field was generated using a water-
cooled copper tube inductor. The inductor was powered and con-
trolled using a UZG-5 power generator (up to 5kW, 7-40 kHz,
distortion (into 600 Q load) up to 0.3 %) in combination with
a GZ-33 master generator (up to 5W, 20-200 kHz). The power
supplied to the inductor was monitored using an indicator (scale
range 0-100), while the applied voltage was measured with a tube
voltmeter. The magnetic field intensity H was 432 A/m.

Because the application of EMF can cause additional heating of
the sample, further experiments were conducted to evaluate this
effect. To quantify the temperature rise induced by EMF, supple-
mentary measurements were performed, comparing the temper-
ature difference between a thermocouple placed below the
crucible and another embedded within the sample. In addition,
experiments using two modes of variable furnace power control
were carried out:

Mode 1: Reduction under EMF with constant furnace power,
allowing the sample temperature to rise due to external field
effects.

Mode 2: Reduction under EMF with active furnace power
adjustment, maintaining a constant sample temperature despite
the EMF.

To ensure the reliability of the results, each experiment presented
in this study was performed in triplicate.

TABLE 1 | Chemical composition of Orken-Lisakovsk iron ore in wt. %.
Feiotal FeO Sio, Al,O;3 CaO MgO MnO S P
24.38 12.59 48.49 2.15 1.19 1.31 0.35 0.03 0.27
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FIGURE1 | The scheme of the experimental thermogravimetric setup 1, mechanoelectrical transducer; 2, scale divider; 3, EMF generator; 4, auto-

matic potentiometer; 5, sample holder; 6, isolation wall of the furnace; 7, thermocouple type-B (A = * 0.5%); 8, resistance furnace; 9, temperature

controller; 10, gas cylinders; 11, rotameter; 12, flow regulator; 13, valve box; 14, H,O absorber; 15, hoist; 16, saturator; 17, type-K thermocouple

(A = £ 0.75%) with potentiometric device; 18, water-cooled inductor; 19, middle-frequency generator.

3 | Results and Discussion

3.1 | Effect of Extremely Low-Frequency EMF on
Reduction

Extremely low-frequency EMFs (f=1 to 300 Hz) are commonly
used in steelmaking for melting or stirring on an industrial scale
[35, 36]. Therefore, a series of experiments were conducted to
study the influence of an extremely low-frequency (f= 50 Hz)
EMF on the reduction of iron oxides in a H, atmosphere. The
results of experiments on the reduction of high-purity Fe,O;
and Fe;0, at an H, flow rate of 300 cm®/min and a temperature
of 973K are presented in Figure 2.
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FIGURE 2 | Results of the reduction of high-purity Fe,O; and Fe;0,
at a H, flow rate of 300 cm®/min at 973 K.

The results showed that the application of an extremely low-
frequency EMF to both Fe,O; and Fe;0, accelerated the reduc-
tion of the samples compared with the experiments conducted
without EMF, with no significant difference observed between
the two oxide types. After 5min of reduction, the difference in
reduction degree with and without EMF was 7% for the Fe,O3
sample and 5% for the Fe;O, sample. After 15 min, the difference
was 5% for Fe,O; and ~ 5.8% for Fe;0,. Therefore, high-purity
Fe,0; was selected for further experiments to study the effect of
EMF on the reduction process, since both oxides exhibited simi-
lar responses to EMF application.

In addition, several experiments were conducted to investigate
how the application of EMF influences the reduction of iron
oxide under varying temperatures and gas flow rates. For this
purpose, Fe,O; samples were subjected to reduction both without
and with the application of an extremely low-frequency (f=
50 Hz) EMF over a temperature range of 773-1073K and at
H, flow rates ranging from 100 to 500 cm®/min. The results
are presented in Figure 3.

The results presented in Figure 3 demonstrate that increasing the
temperature at which reduction takes place decreases the time
required to achieve complete reduction, while increasing the
H, flow rate enhances the reduction rate. These findings are
in good agreement with those of other authors, which have
shown that higher temperatures and flow rates accelerate the
reduction process [14, 37, 38].

An increase in the reduction temperature by 300 K halved the
time required for complete reduction in both cases—with and
without EMF application. Moreover, the application of EMF sig-
nificantly shortened the overall reduction time, with the most
pronounced effect observed in the temperature range of 873-
973K. At 973K, the application of EMF reduced the process
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FIGURE 3 | (a) Time required to achieve a complete reduction of Fe,0O5 at various temperatures without and under application of extremely low-
frequency EMF at a H, flow rate of 300 cm®/min. (b) Effect of a various H, flow rate on reduction of Fe,O; at 673K and 973 K.

duration by approximately 4 min. Additionally, the influence of
EMF on Fe,0j; reduction became more significant with increas-
ing temperature and H, flow rate.

It is well known, however, that the application of EMF can
potentially induce additional heating of charged materials,
thereby accelerating the reduction process. To examine this pos-
sibility, an additional experiment was conducted to determine
whether an extremely low-frequency EMF (f=50Hz) causes
measurable heating of the charge. For this purpose, a second
thermocouple was inserted into the charge at 973 K, and reduc-
tion was carried out under EMF application while monitoring
the temperatures from both thermocouples. No detectable tem-
perature difference was observed when EMF was applied.
Therefore, the observed acceleration of the reduction process
resulting from EMF application cannot be attributed to addi-
tional heating of the material.

3.2 | Effect of Middle-Frequency EMF on
Reduction

The next stage of the study was to investigate the influence of
middle-frequency EMF on the reduction process of iron oxide.
For this purpose, Fe,O; was reduced in a H, atmosphere both
without and with the application of a middle-frequency
(f=25kHz) EMF at 673 K. The results are presented in Figure 3.

As shown in Figure 3, the application of middle-frequency EMF
significantly increased the reduction degree after 20 min of reduc-
tion compared with the experiment without EMF, by ~30%.

Similar to the experiments conducted with extremely low-fre-
quency EMF, additional tests were performed to determine
whether the application of middle-frequency EMF caused any
heating of the charge. In contrast to the extremely low-frequency
case, different results were obtained. Although the furnace power
was kept constant, a temperature increase of ~ 18 K at 773 K and
about 8 K at 1073 K was observed in the charge, indicating that
the magnitude of temperature rise decreased as the experimental
temperature increased.

To further investigate this effect, reduction experiments under
EMF were conducted in two different power control modes

(Figure 3). Switching from Mode I (constant furnace power)
to Mode II (stabilized furnace temperature) reduced—but did
not eliminate—the accelerating effect of EMF on the reduction
process. This suggests that the enhanced reduction degree is not
solely due to additional heating of the charge. Moreover, increas-
ing the H, flow rate further promoted reduction, although the
effect of EMF on the reduction rate was less sensitive to flow rate
than in the extremely low-frequency experiments. Nevertheless,
the application of middle-frequency EMF resulted in a substan-
tially greater increase in the reduction degree compared with
extremely low-frequency EMF.

3.3 | Reduction Experiments of Industrial
Iron Ores

To further confirm the positive effect of middle-frequency EMF
on the reduction process of iron oxides, industrial iron ore mate-
rial was used in the next stage of the study. The Orken-Lisakovsk
iron ore was reduced in a H, atmosphere, and the results are pre-
sented in Figure 4.
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FIGURE 4 | Reduction of Fe,O; at 673 K with varying H, flow rates

and with varying power control modes.
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The reduction experiments were conducted at two temperatures
(973K and 1173 K) to examine whether the magnetic properties
of iron could influence the results. Overall, the application of
EMF significantly accelerated the reduction process of the indus-
trial samples. At 973 K, the reduction degree increased by 7.6%
after 5 min and by 8.2% after 15 min. At 1173 K, the increase was
8% after 5 min and 4% after 10 min. As the results, effects of EMF
are comparable to those observed for high-purity oxides. Notably,
this effect persisted even at elevated temperatures (e.g., 1173 K),
which exceed the Curie point of iron (1043 K [39]), above which
iron loses its magnetic properties. Therefore, the observed results
are unlikely to be explained by the magnetic behavior of iron.

Several nonthermal EMF effects may enhance hydrogen-iron oxide
reduction. EMFs are known to shift adsorption equilibria and sur-
face dipoles [40-43]. Specifically, applied fields can increase H, cov-
erage on iron oxide by enhancing uptake on the substrate [44].
Furthermore, EMFs can promote spin transitions and modify elec-
tron transfer pathways during reduction [45]. By facilitating H,
adsorption and H-H dissociation, these fields potentially assist pro-
ton diffusion or vacancy migration within the oxide lattice [45]. All
these effects can lead to increased pore formation in the reducing
material during the initial stages of the reduction reaction. This
consequently can increase the penetration of reducing gas into
the pellet at the following stages [15, 46] .

The Orken-Lisakovsk ore showed a notably high reduction degree,
particularly at high temperatures. High silica concentrations typi-
cally densify the ore structure and promote the formation of low-
melting silicates [14, 47]. This can result in a viscous slag phase that
hinders gas-solid contact [47]. However, the experimental temper-
ature range used in this study eliminated low-melting phase forma-
tion. Consequently, gas permeability was maintained throughout
the process. Furthermore, as silica and associated silicate gangue
minerals are electrical insulators characterized by a very low dissi-
pation factor (~10™%) [48, 49], EMFs penetrate the silica-rich ore
with negligible attenuation (Figure 5).

These findings indicate that the application of EMF in the direct
reduction of iron ore in shaft furnaces using H, could be benefi-
cial. EMF accelerates ore reduction when a gaseous reducing
agent is employed and, more importantly, reduces the amount
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FIGURES5 | Resultsof the reduction of Orken-Lisakovsk iron ore at a
H, flow rate of 600 cm®/min at varying temperatures.

of H, required to achieve the same degree of reduction. This
is particularly significant given the high cost of H,, which largely
depends on its production method and, in particular, on the cost
of electricity [50, 51].

However, transitioning this technology from controlled lab-scale
experiments to large-scale industrial shaft furnaces presents a sig-
nificant challenge. Industrial shaft furnaces have significantly
larger diameters compared to typical laboratory TGAs. For exam-
ple, widely used MIDREX shaft furnaces range from 3.7m in
diameter for prototypes to 7.15m for the commercial furnace
in Portland, Oregon [52].

Consequently, industrial shaft furnaces can suffer from the skin
effect, making it challenging to maintain uniform magnetic and
electric field intensities throughout the burden. The skin effect
tends to concentrate induced currents on the periphery [53], cre-
ating a gradient where the outer and inner layers of the burden
undergo varying degrees of reduction. While the skin effect is
highly dependent on the conductive material (the burden), it
can be mitigated by shifting frequencies to lower values, as cur-
rent flow becomes more concentrated near the surface as fre-
quency increases [53].

Another issue is that shaft furnaces (e.g., MIDREX or HYL) typi-
cally consist of a steel vessel lined with refractory materials.
Because steel is ferromagnetic (except of austenitic steel), it
would absorb the electromagnetic energy. Therefore, the vessel
requires nonmagnetic construction materials, leading to inc-
reased capital investment. Furthermore, the use of induction
coils generates significant waste heat, requiring active cooling
systems. Moreover, the application of EMF can create a harsh
electromagnetic environment capable of inducing dangerous vol-
tages in nearby conductive structures and interfering with sensi-
tive electronics. These factors necessitate additional mitigation
costs. However, depending on market conditions, the process
may become economically viable if the energy and reductant sav-
ings from accelerated reduction offset the electricity and capital
costs. Therefore, a possible way to apply EMF with lower capital
costs is to utilize it in the upper part of the vessel to induce pore
formation.

4 | Conclusion

This study investigated the influence of EMF of varying frequen-
cies on the reduction behavior of high-purity iron oxides and
industrial iron ore in a H, atmosphere using the thermogravimet-
ric method. The following conclusions can be drawn:

1. The application of both low- and middle-frequency EMF
positively affects the reduction behavior of iron oxides in
H, with the most effect observed at the early stages of
reduction. This effect cannot be attributed to additional
heating of the charge caused by EMF, as the results showed
that only middle-frequency EMF induced a measurable
temperature increase. However, this effect is negligible
when furnace power is controlled, and the temperature rise
decreases with increasing experimental temperature.

2. The positive influence of EMF on the reduction behavior
was also observed during the reduction of industrial iron
ores in H,, confirming that this approach can be applied
for industrial-relevant materials.
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3. The accelerating effect of EMF on the reduction process
persists at temperatures above the Curie point, indicating
that the observed phenomena cannot be explained solely
by the magnetic properties of iron.

Overall, the results indicate that electromagnetic field-assisted
direct reduction can be observed as a promising approach to
accelerate the H,-based reduction of iron ores.
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