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Electromagnetic field effects on the kinetics of solid-state reduction of

BausiHue 3J1eKTPOMAarHMTHOTO 1OJISI HA KHHETHKY TBepPA0(a3HOTOo

BOCCTAHOBJICHUA OKCHUAO0B 7KeJ1€3a I'a3aMU

AHomauisi. Mema. Memoto pobomu € 0ocnidxKeHHS Qi3UKO-XiMiYHUX 3aKOHOMIpHOCMeU iHMeHCcUIKyo4020 ernusy ene-
KmpomazgHimHo20 rorisi Ha rpouec meepdogha3Ho20 8i0HO8IEHHS okcudie 2a3amu. Memoduka. ExcriepumeHmu rpoego-
Ounu y 3MiHHOMY MazgHIimHOMY ros1i 3 Yacmomoto 3MiHHO20 MoKy 8 iHOykmopi do 40 kY. 3 sukopucmaHHsIM mepmozpa-
simempuyHoi Memoduku. [pouec HenpsaMo20 8i0HO8IEHHs 00CIOXKYy8aru i3 USHaYEHHSIM CMYeHIo ma weudkocmi 8io-
HoereHHs1 okcudy y diana3oHi memnepamyp 973-1373 K 3 sukopucmaHHsaM Pi3HUX 3aii30- pyOHUX Mamepiaris. Pe3yiib-
mamu. Pesynbmamu nabopamopHux ekcriepuMeHmig cgid4amb rpo 8riu8 8UCOKOYaCMOMHO20 e/1eKMpPOMagHimHo20
rons, wo iHmeHcudgikye, Ha npoyec meepdoghasHo20 8iI0HOBMEHHS 3ani3opydHUX mamepiarig. [TodaHo hi3UKO-XiMidHY
modernb MexaHi3My iHmeHcugikyrodoeo srnusy EMI Ha npouec 8idHosneHHs. BucokoyacmomHe rone cymmeso rpuc-
Koproe npouyecu Oughysil, a makox nidsuwye efieKmpoHHy ma cmpyKkmypHy 0eghekmHicmb KpucmarniyHux rpam, wo ro-
3UMUBHO 8I11U8arslo Ha pPo38UMOK adcopbuitiHo-ximiyHOT naHKu. Haykoea Hoeu3Ha. ExcriepumeHmarsnsHo nidmeepoxeHo
erinue EMI Ha KiHemuKy 2a308020 8i0HO8IEHHS 3ani3opyOHux mamepiarnis. [pakmuyHa 3Ha4ywjicms. I[HmeHcugikauis
npoyecie meepdoghasHo2o 8iOHOBIIEHHS 3ari3opydHoI cuposuHu 3abeanedye iHmeHcugikauito npouyecy ma niduueHHs
podyKmMueHoCcmi rpoyecy.

Knroyoei cnoea: meepdoghasHe 8i0HOBMEHHS, iHMeHcuikauyisi, okcudu 3arnisa, 3MiHHe efleKmpoMazHimHe rorie.

Abstract. Objective. The aim of the work is to study the physicochemical correlations of the intensifying effect of an
electromagnetic field on the process of solid-phase reduction of oxides by gases. Methods. The experiments were carried
out in an alternating magnetic field with an alternating current frequency in the inductor up to 40 kHz using the thermo-
gravimetric technique. The process of indirect reduction was studied to determine the degree and rate of oxide reduction
in the temperature range of 973-1373 K using various iron ore materials. Results. The results of laboratory experiments
indicate the influence of a high-frequency intensifying electromagnetic field on the process of solid-phase reduction of iron
ore materials. A physicochemical model of the mechanism of the intensifying effect of EMF on the reduction process is
presented. The high-frequency field significantly accelerates the diffusion processes and increases the electronic and
structural defectiveness of the crystal lattice, which positively influenced the development of the adsorption-chemical link.
Scientific novelty. The effect of EMF on the kinetics of gas reduction of iron ore materials has been experimentally
confirmed. Practical significance. The intensification of solid-phase reduction of iron ore raw materials leads to the

intensification of the process and increase of the process productivity.
Keywords: solid-phase reduction, intensification, iron oxides, alternating electromagnetic field.

Introduction

One of the most important challenges facing the
steel industry today is to reduce mineral and energy
consumption, as well as to incorporate various man-
made materials into the technological process. The
most effective way to solve this problem is to further
develop the physicochemical basis and technological
aspects of solid-phase reduction of ore materials. The
share of metals produced by this technology in the
world is constantly increasing [1]. However, despite its
significant advantages, the existing technological
schemes of solid-phase reduction have a significant
drawback - low productivity. Currently, various meth-
ods of intensification of reduction processes have been
developed and successfully applied: physical, chemi-
cal-catalytic and energy impact on the reacting system.
Common to these intensification methods is the impact
on the diffusion and crystal-chemical links of the
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reduction process. However, the intensification of
metal oxide reduction processes involving different
types of energy impact remains insufficiently studied.
Various external energy (physical) influences as
possible regulators of physical and chemical pro-
cesses have long attracted the attention of research-
ers. Thanks to numerous studies, the most significant
successes in this area have been achieved using elec-
tromagnetic and corpuscular radiation [2-6]. For exam-
ple, under the influence of a-particles, the decomposi-
tion reactions of carbon monoxide, its oxidation, and
many others are accelerated [6]. The observed effects
are due to the excitation of gas molecules, their ioniza-
tion, and the formation of atoms and radicals.
Radiation has a great impact on solids, including
oxide semiconductors. High-frequency electromag-
netic effects (visible light, y-rays, etc.) cause the ap-
pearance of super-equilibrium free electrons and
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electron holes in crystals (possibly through an interme-
diate exciton state) [6,7]. Some of the free charge car-
riers can be localized on structural defects in the crys-
tal lattice. All this leads to changes in the chemisorption
and catalytic properties of the semiconductor surface.
[2,6,7].

High-energy corpuscular radiation (fluxes of a and
B particles, protons, neutrons, etc.) causes the appear-
ance of additional vacancies and inter-node ions in the
lattice of crystals [2,5,6,8]. The generated structural
defects, in turn, affect the concentration of electronic
defects in the semiconductor, its chemisorption and
catalytic activity. Similar shifts occur during the devel-
opment of nuclear reactions that lead to the appear-
ance of foreign atoms in the lattice.

Radiation not only affects the reaction of gases with
each other on the surface of solids (heterogeneous ca-
talysis) but also changes the rate of interaction of the
latter with gases. It has been established that irradia-
tion can accelerate the oxidation of metals and their re-
duction from oxides [9]. Author in study [10] has shown
a significant intensification of the reduction of iron ox-
ides by Hz2 and CO under the influence of ionizing and
gamma irradiation (during the reaction or preliminary);
at the same time, the temperature of the beginning of
the process decreased at a noticeable rate. It should
be noted that the positive effect of y-rays was also ob-
served when they were used simultaneously with cat-
alysts. The observed kinetic shifts are usually associ-
ated with favorable changes in the conditions of gas
chemisorption, weakening of metal-oxygen bonds, ac-
celeration of ion diffusion through crystal lattices, and
facilitation of the formation of new phases.

Acoustic effects of ultrasonic frequencies have a
wide range of effects on the course of physical and
chemical processes. They accelerate the processes of
dissolution and diffusion in solid phases, and some
chemical reactions [11]. It is shown in study [11] a sig-
nificant increase in the rate of iron oxidation by air, its
reduction by hydrogen and CO from oxides. These ef-
fects are associated with the intensification of external
diffusion mass transfer due to mechanical perturba-
tions of the gas medium; with the acceleration of solid-
phase diffusion and the facilitation of crystal lattice re-
arrangement due to their loosening by ultrasonic vibra-
tions, dissipation of wave energy at the gas/solid inter-
face.

There is information on the effect of external electric
fields on a wide range of processes [3,12]. Their impo-
sition on semiconductor materials, changing the sur-
face concentration of free charges, causes an electro
adsorption effect that allows regulating the donor-ac-
ceptor chemisorption of gases. By influencing the po-
sition of the Fermi level, external electric fields create
an electrocatalytic effect and affect the rate of chemical
reactions. In strong fields, semiconductors are en-
riched with additional charge carriers (mainly due to
thermoelectric and impact ionization), which also af-
fects the surface properties and reactivity of the solid.
It is worth noting the possibility of superimposing
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electron transfer on the diffusion flow in ionic crystals
and metals [4,12].

There is connection between the magnetic proper-
ties of solids and their catalytic and adsorption proper-
ties, and reactivity with gases and also influence of
magnetic fields on the development of some physico-
chemical processes. In recent years, a limited number
of works have been published on the kinetics of the re-
duction of iron oxides by gases under magnetic effects
(see [13-15]). The authors noted an increase in the rate
of reduction of iron oxides by hydrogen under the ap-
plication of a magnetic field and a decrease in the tem-
perature of the beginning of the process; in the flow of
CO and CHq4, there was no positive effect (in a constant
and alternating field). The established regularities were
unambiguously explained. For example, in [13], the ac-
celeration of the process was associated with the at-
traction of hydrogen orthohydrogen molecules by fer-
romagnetic solid phases and the resulting increase in
the pressure of the reducing agent near the reaction
surface. In work [14], the intensification effect was in-
terpreted in thermodynamic terms as the introduction
of an additional amount of energy due to the magnetic
field.

The kinetic regularities and the mechanism of re-
duction of iron oxides by gases under the conditions of
application of electromagnetic fields of different react-
ing frequencies (up to 5-10* Hz) to the system were
studied.

Experimental procedure

The reduction of iron ore samples streamlined by
gases was carried out at the installation, the scheme
of which is shown in Fig. 1. To generate electromag-
netic effects, it was additionally equipped with a water-
cooled inductor located coaxially with the reactor and
heating element.

In the case of generating low-frequency magnetic
fields, the inductor was a multi-turn copper wire sole-
noid. It was powered from the power grid through an
autotransformer, which allowed changing the field
strength H. A multivibrator was used to adjust the fre-
quency of the latter (f < 50 Hz). In experiments with a
constant magnetic field, the solenoid was powered
through a rectifier.

To create electromagnetic effects of high frequen-
cies (f = 50 kHz), an inductor made of a copper water-
cooling tube was used. It was powered and the field
parameters were controlled using a power generator
UZG 5-1.6 and a master generator GZ-33. The power
supplied to the inductor was set and maintained by an
indicator with a scale range from 0 to 100 relative units
(W). The voltage (U) was measured with a tube volt-
meter.

Various iron ore materials were used in the re-
search: chemically pure iron oxides and industrial con-
centrates. The following were subjected to reduction:
Fe203 of AG qualification, crystalline (particle size 0.5-
2 mm); iron ores in pieces and grains of various sizes
- Lysakovskaya (Fetota = 41.6-43.7%), Kryvyi Rih hem-
atite (Fetotal = 54.7%), magnetite (Fewta = 56.7%), rich
martite ore; raw and subjected to oxidative firing at



1523 K; fluxed agglomerate with basicity of 1.1 and
1.33 with oxygen content of 22.5 and 22.2%, respec-
tively.

Results and discussion

At the first stage of the work, the effect of alternating
magnetic fields of industrial frequency (f =50 Hz) on
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the rate of reduction (ur) of crystalline iron oxide (Fe)
by hydrogen was studied. The study revealed an inten-
sifying effect of external influences, which increases
with increasing Wz (Fig. 2).

i1

Fig. 1. The scheme of the experimental thermogravimetric setup 1-mechanoelectrical transducer; 2-scale
divider; 3-counter-EMF; 4-automatic potentiometer KSP-4; 5-basket with a sample of the material under study;
6-reactor; 7-thermocouple PR 30/6; 8-resistance furnace; 9-temperature regulator VRT-3; 10-gas cylinders; 11-
rotameter; 12-flow regulator; 13-valve box; 14-CO; absorber; 15-hoist; 16-saturator; 17-XA-thermocouple with
PP-63; 18-CO; absorbers; 19-H,O absorbers; 20-three-way valve, 21-water-cooled inductor, 22-frequency gen-

erator.
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Fig. 2. Effect of an alternating field on the reduction of Fe2Os by hydrogen at 773 K (a) and 973 K (b):

1-outside the field, 2-in the field H = 24 kA/m

Temperature variations in the range of 773-1073 K
showed that the application of a magnetic field accel-
erates the process most at 873-973 K. The character
of the kinetic curves remains the same (Fig. 3a). Up to
973 K, the reduction () developed stepwise; exceed-
ing this temperature led to a zonal flow of the process.
In the experiments at 773 K, the appearance of meta-
stable wustite was observed.

The effect of an alternating magnetic field on the
duration of the complete recovery of hematite Tw=100 in
the temperature range 773-1073 K is illustrated in Ta-
ble 1.

Similar patterns were observed in experiments with
powdered materials - chemically pure Fe203 and
Fes04. The magnetic field of industrial frequency
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significantly accelerated the oxygen removal almost
throughout the entire process (Fig. 3b).
Table 1.

Time of complete reduction of crystalline Fe203 by hydrogen under normal conditions and under the
application of an alternating magnetic field (H = 24 kA/m)

T,K 773 873 973 1073
o QOutside the field 34.5 26 21.7 17.2
=100 In the field 32 225 17.7 16
w [%] w [%]
100 - 100 -
2
SU =1 8{} -1 /
b
60 60 - 3
4
40 - 40 -
20 - 20 -
a) b)
0 ] Ll 1 L 1 0 L] 1 L 1
0 5 10 15 20 25 0 5 10 15 20
Time [min] Time [minf

Fig. 3. Kinetics of reduction of iron oxides by hydrogen under industrial frequency EMF: a) - Fe20s3;
1,2-873 K, 3,4-973 K, 1,3-outside the field, 2,4-in the field; b) - 973 K, powder; 1,2-Fe»03, 3,4-Fe304; 1,3-outside

the field, 2,4-in the field

The next stage of the work was to study the effect
of a high-frequency electromagnetic field on the kinet-
ics of gas reduction of iron ore materials. The studies
revealed significant opportunities to intensify the pro-
cess using this method.

The reduction of chemically pure Fe203z with hydro-
gen (300 cm®/min) showed that the application of an
EMF (f=25kHz; W =30, which corresponds to
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The application of low-frequency magnetic fields
(f < 50 Hz) did not cause the charge to heat up. A ther-
mocouple inserted inside the powdered Fe203, Fe3O4
and Fe charges did not record any temperature
changes. Measurements during the reduction of gran-
ular Lysakivska ore with Hz at 873 K led to similar re-
sults.

A different picture was observed under conditions
of electromagnetic influences of high frequencies. A

106

U=80V, H~5KkA/m) strongly accelerates the re-
moval of oxygen from the charge in the low tempera-
ture region: 573-673 K. Thus, w, which was achieved
in 20 min at 673 K, increased from ~ 40 to 70%, i.e.,
more than 1.7 times, and in the first 10 min of the ex-
periment - 1.6 times. Increasing the temperature re-
duced the intensifying effect: at 873 K, it increased
from 52 to ~ 65% or 1.25 times (Fig. 4).

Fig. 4. Effect of a high-frequency electromag-
netic field (f = 25 kHz, W = 30, H ~ 5kA/m) on the
kinetics of Fe20s reduction by hydrogen
(Wh2 = 300 cm3min): 1,2-673 K; 3,4-873 K; 1,3-out-
side the field; 2,4-under the influence of the field,
mode Il

thermocouple located under the sample showed an in-
crease in its temperature with a constant power con-
sumption by the heating element. This additional heat-
ing of the charge decreased as the reduction tempera-
ture increased. The test showed, however, that the ob-
served intensification of the process could not be re-
duced to a single heating (quantitative relationships
are discussed below).



Given the above, experiments with the application
of electromagnetic fields were carried out in two
modes:

| - to fix the temperature rise caused by external en-
ergy effects without changing the power supply to the
heater;

Il - to stabilize the temperature in the reactor core
by reducing the voltage supplied to the heating
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element.

The transition from the first mode to the second nat-
urally reduced the accelerating effect of the field, but it
remained very significant (Fig. 5a). Increasing the flow
rate of Hz contributed to the development of the pro-
cess (Fig. 5b); however, the acceleration effect did not
increase, as was the case with low-frequency mag-
netic effects.

w [%)]
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80 -
4
60 -+ 3
40 - 5
1
20 A
b
0 B T T T ) 1
0 5 10 15 20
Time [min]

Fig. 5. Kinetics of Fe20s reduction by hydrogen under high-frequency electromagnetic action
(f = 25 kHz, W = 30) at 673 K: a) - Wh2 = 600 cm®min, 1-out of the field; 2,3-under the influence of the field (2-
mode |, 3-mode Il); b) - mode Il, 1,3-out of the field; 2,4-in the field; 1,2-W\, =300 cm3¥min; 3,4-

Wh2 = 600 cm3/min.

During the reduction of Fe20s, a short incubation
period was observed, followed by a self-acceleration of
the process (Figs. 4 and 5). This may be due not only
to the peculiarities of the development of the crystal-
chemical link, but also to the heating of the sample af-
ter its transfer from the upper cold zone of the reactor
to the working zone. Under normal conditions, the ki-
netic reduction curves were characterized by kinks,

indicating a predominantly stepwise process. The ap-
plication of high-frequency fields shortened the incuba-
tion period and smoothed out the kinks; a shift towards
a zonal mode of process development occurred.

In general, similar patterns of the process and the
same nature of the electromagnetic field effect were
observed during the reduction of chemically pure
FesO4 (Fig. 6).

Fig. 6. The effect of high-frequency EMF (f = 40

kHz, W = 30) on the kinetics of FesO4 reduction by

hydrogen with Wh2 =600 cm®/min: 1,2-673 K; 3,4-
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Calculations show that at W2 = 300 cm3/min, the
composition of the off gases at the first stage of Fe203
reduction is far from equilibrium. External energy influ-
ences do not significantly change this picture. At the
subsequent stages of the process, under normal con-
ditions, the H20 concentration approaches equilibrium.
In the case of superposition of fields, the water vapor
content reaches equilibrium and even exceeds it. This
should be attributed to some overlap of different

973 K; 1,3-outside the field; 2,4-in the field; mode |

degrees of recovery and inaccuracy of thermodynamic
data, especially at low temperatures. At an increased
H: flow rate of 600 cm3/min, the exhaust gases con-
tained a significant excess of reducing agent and gas-
eous products, apparently, did not significantly inhibit
the accelerating effect of electromagnetic fields.

The intensification of the process also occurred in
the case of reduction of chemically pure iron oxides
with carbon monoxide (Fig. 7).
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Fig. 7. Effect of a high-frequency electromagnetic
field (f = 40 kHz, W = 30) on the kinetics of reduction of
magnetite concentrate by carbon

monoxide at

(Wco =600 cm®min): 1,2-673 K; 3,4-973 K; 1,3 -outside

Time [min]

At elevated temperatures, an increase in ur was ob-
served throughout the experiment; the rate of the car-
bon gasification reaction, which proceeded slowly, was
weakly dependent on the application of external ef-
fects. In the low-temperature region, electromagnetic
fields accelerated the initial stage of oxygen removal
and simultaneously promoted earlier decomposition.
As a result, ur decreased, but, unlike the reduction un-
der normal conditions, it remained significant despite
the intensive course of the gasification reaction.

Table 2.

the field; 2,4-under the influence of the field; mode I.

The analysis of experimental data showed that at
W = 600 cm?®/min, the CO2 concentration in the off gas
at all stages of the recovery does not reach equilibrium
values.

The degree of acceleration of the process by elec-
tromagnetic effects significantly depended on their pa-
rameters: frequency and power supplied to the induc-
tor. In the tested frequency range, an increase in f to
~ 35 kHz generally accelerated the removal of oxygen
(some deviations were observed around 15 kHz; later,
the intensifying effect stabilized (Table 2).

Effect of the electromagnetic field frequency and power supplied to the inductor on the degree of
reduction of Fe20z by hydrogen during 20 min at 673 K (W2 = 600 cm®/min; temperature regime Il)

f, kHz with W = 30 Qutside the field | 2 10 20 30 40 50
wr=20, %0 545 64.5 68 66.5 74.5 78 78
W with f = 42 kHz Qutside the field | 10 20 30 40

wr=20, %0 545 58.5 67 78.5 92.5

An increase in the power of external influences at
different values of (f) proved to be very effective in
terms of process acceleration. As for the reduction of
Fe203 with hydrogen at 673 K, this is illustrated in Ta-
ble 2. Similar results were obtained in the region of
higher temperatures, as well as in the CO flow. For ex-
ample, in the experiments on the reduction of Fe3zOa4 by
carbon monoxide at 973 K, wr=2s in the field with
W =30 and 50, the reduction rate increased from
67.5% to 76 and 82.5%, respectively.

Studies of the gas reduction of industrial iron ore
materials have confirmed the significant potential of in-
tensifying electromagnetic fields of high frequencies.
The degree of acceleration of the process in experi-
ments with magnetite concentrate (Fig. 8) was close to
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that of chemically pure iron oxides observed during the
reduction.

The general patterns of the field effect were pre-
served during the transition from powder to granular
charge. Thus, in the experiments with Lysakivska ore,
the application of the field (f = 40 kHz, W = 50, which
corresponds to U =120V, H~ 3.5 kA/m) increased
the ur at 773 K by 1.5 times. This result was obtained
under conditions of stabilized temperature; in mode I,
the average value of ur almost doubled. In the region
of elevated temperatures, the effectiveness of external
influences decreased, but even at 1173 K, there was a
significant reduction in the time of complete recovery
(Fig. 9). No noticeable heating of the charge was
observed.
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The studies showed that the nature of the field fre-
quency effect coincides with that discussed earlier. As
before, the power of external influences was strongly
felt. This can be illustrated by the results of the reduc-
tion of magnetite concentrate with hydrogen at 973 K:
an electromagnetic field with a frequency of 25 kHz
and W = 30 increased the reduction from 63 to ~ 69%,
and in the case of W = 50, this value increased to 77%.

External influences significantly accelerated the re-
moval of oxygen from pelleted ore materials. The pos-
itive effect of high-frequency fields (f = 40 kHz, W = 50)
was established in experiments with oxidized magnet-
ite pellets. Even at an elevated temperature of 1173 K,
the oxygen recovery in the Hz stream increased from
58.5 to 68%, and in the CO stream from 24 to ~ 30%.

Conclusions

1. The intensifying effect of weak electromag-
netic fields with a frequency of 0.5-5-10* Hz during the
reduction of iron by gases - Hz, CO and their mixtures -
has been established.
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Fig. 8. Kinetics of reduction of magnetite concen-

trate by hydrogen (Whz = 600 cm3/min) under high-
frequency EMF (f = 25 kHz, W =30): 1,2-773 K; 3,4-
973 K; 1,3-outside the field; 2,4-under the influence of
the field; mode |

Figure 9. Kinetics of reduction of iron ore mate-
rials by hydrogen (W2 = 600 cm®/min) under con-
ditions of high-frequency EMF (f = 40 kHz, W = 50):
iron ore in grains 0.5-1.0 mm; 1,2,3-773K; 4,5-
1173 K; 1,4-out-of-field; 2,3,5-under EMF conditions;
2,5-mode II; 3-mode |;

2. High-frequency electromagnetic fields most
strongly accelerated the reduction of iron in the tem-
perature range of 573-773 K. With an increase in fre-
quency (up to 35-40 kHz) and intensity, the effective-
ness of their superposition increased.

3. Inthis temperature range, electromagnetic ef-
fects (f = 25-40 kHz; H = 3.5-5 kA/m) increased the
rate of reduction of chemically pure iron oxides and
Lysakivskiy ore by 1.5-2 times.

4. Studies have shown that the application of
low-frequency magnetic fields passivates the product
of metallization of iron ore raw materials. High-fre-
guency effects have different effects on the oxidisabil-
ity of the reduction product, but they do not lead to its
pyrophoricity. Only the iron obtained by reduction in a
variable cross-section reactor under pulsed effects on
the reacting system had high oxidisability. However, it
was eliminated by a ten-minute exposure of the metal-
lized concentrate at 973 K in an inert atmosphere.

References
1. World Steel Association (2024). World Steel in Figures 17 p. Retrieved from: https://worldsteel.org/wp-

content/uploads/World-Steel-in-Figures-2024.pdf.

2. Meurig J., Thomas, W. (2015). Principles and Practice of Heterogeneous Catalysis. Wiley-VCH; 2nd edition

3. Lannoo, M., Bourgoin, J. (2012). Point Defects in Semiconductors. | Springer Berlin, Heidelberg ISBN978-3-642-
81576-8 Published: 10 January, XVII, 265 p. https://doi.org/10.1007/978-3-642-81574-4.

4. Rick, U. (2024). Crystallography and Crystal Chemistry. Springer Cham, 17(442). https://doi.org/10.1007/978-3-031-

49752-0.
5. Stiegler, J. 0., Mansur L. K. (2003).
https://doi.org/10.1146/annurev.ms.09.080179.002201.

Annual

Review of Materials Science 9(1), 405-454

6. Zhao, C et al. (2002). Radiation Physics and Chemistry. 65(4-5), 467-472.

109



ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2025, Ne 3
Theory and Practice of Metallurgy, 2025, No. 3

7. Zhiwei, C., Cheng, H., Tengfei Z., Juncheng H. (2019). Strike a balance between Adsorption and Catalysis
Capabilities in Bi2Se3-xOx Composites for high-efficiency antibiotics remediation, Chemical Engineering Journal 382,
122877. https://doi.org/10.1016/j.cej.2019.122877.

8. Saravanan, A., Kumar, P. S,, Jeevanantham, S., Anubha, M., Jayashree, S. (2022). Degradation of toxic
agrochemicals and pharmaceutical pollutants: Effective and alternative approaches toward photocatalysis. Environ Pollut.
https://doi.org/10.1016/j.envpol.2022.118844.

9. Kamran, S., Nik$a, K., Casanova-Chafer J., Llobet, E., Guell, F. (2023). The role of the pulsed laser deposition in
different growth atmospheres on the gas-sensing properties of ZnO films. Sensors and Actuators Chemical, 382, 133454.
https://doi.org/10.1016/j.snb.2023.133454.

10. Holmboe, M. (2023). Umea University, Sweden Date: Effect of gamma irradiation on the redox states of the structural
iron in bentonite clay November 2023. Available at www.ssm.se.

11. Panjak, M. (2004). Effect of ultrasound on the redox reactions of iron (Il) and (l11), Indian journal of chemistry- section
a 43(10), 2098-2101.

12. Gerhard E. (2009). Reactions at Solid Surfaces 2nd Edition.

13. Svore, |. (1973). Effect of magnetic field on reduction of hematite. Nature Phys. Sci, 244(135), 78-79.

14. Peters, C. N. (1973).-Accelerated reaction rates in a magnetic field. Nature Phys. Sci, 244(135), 79.

15. Yunli J., Hai Y., Jieyu Z., Zengwu Z. (2019). Effect of magnetic field on the reduction of CaO-containing iron oxides.
Acta Metall Sin, 55(3), 410-416. https://doi.org/10.11900/0412.1961.2018.00492.

HadicnaHo 0o pedakuii / Received: 06.04.2025
lMputiHamo do Opyky / Accepted: 30.08.2025

110



