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Purpose. To justify and develop a model that describes the effect of magnetic treatment of blast reagents and carbon-containing
products on the gasification process for predicting the intensification of gas formation.

Methodology. The study involves theoretical modeling based on experimental data to investigate the influence of magnetic
fields on the underground coal gasification process and co-gasification of coal and carbon-containing products. The Arrhenius
equation was used to estimate the rate constants of gasification reactions in the temperature range of 800—1,000 °C. The effect of
the magnetic field was incorporated by adjusting the activation energy (£,). The results of analytical and experimental studies were
processed using methods of computer and mathematical modeling.

Findings. The results show that the application of magnetic fields significantly intensifies the gasification process of carbon
containing products. Increasing the reactivity of the blast reagents, particularly water and oxygen, leads to a higher overall yield of
combustible gases. The use of magnetic fields in the gasification process substantially increases the reaction rate (k) due to the re-
duction in activation energy (E,), improving the overall efficiency of gasification.

Originality. For the first time, an analytical model has been developed to describe the effect of magnetic treatment of blast re-
agents and carbon-containing products on the gasification process in the temperature range of 800—1,000 °C. The obtained reac-
tion rates follow an exponential trend. The established and correlation-validated pattern shows the relationship between changes
in the approximation coefficient (F) and the change in the carbon fraction (C, %) during the magnetic treatment of blast compo-
nents within the specified temperature range.

Practical value. The results of this study can be applied to enhance the efficiency of industrial gasification processes, particu-
larly underground coal gasification and co-gasification of coal and carbon-containing productss.
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Introduction. The global energy crisis, exacerbated by the
depletion of readily accessible fossil fuel reserves and rising en-
vironmental concerns, has driven the demand for more effi-
cient and sustainable energy production methods [1, 2]. Tradi-
tional energy sources such as coal, oil, and natural gas are be-
coming increasingly expensive to extract, and their environ-
mental impact is drawing heightened scrutiny [3, 4]. Topical
issues include the exploration of prospective methods for coal
mine methane utilization, which offers the potential to gener-
ate an additional valuable energy resource for the regional de-
velopment of coal-mining areas [5]. As a result, alternative
methods for energy production are being actively pursued, with
underground coal gasification (UCG) emerging as one of the
most promising technologies. UCG enables the conversion of
coal into syngas directly at the site of its occurrence, offering a
method to exploit coal seams that are otherwise too deep, thin,
or hazardous to mine through conventional means [6]. This
process not only provides access to previously untapped coal
resources but also minimizes surface disruption, reducing the
overall environmental footprint of coal extraction.

While UCG presents a compelling solution, the efficiency
of the gasification process is often limited by factors such as
coal seam characteristics and the quality of the blast (air, oxy-
gen, and steam) used to facilitate the reaction [7]. In particu-
lar, the thermochemical interaction between blast reagents
and carbon-based materials plays a crucial role in determining
the overall yield and quality of syngas [8]. Therefore, intensify-
ing the gasification process to enhance syngas production is a
key area of focus for researchers.

One promising avenue for process intensification is the ap-
plication of magnetic fields to the gasification process [9].
Magnetic fields can influence the behavior of both blast re-
agents and carbon-based products by altering the spin states of
molecules, particularly oxygen and water [10]. This modifica-
tion of molecular properties can result in more efficient chem-
ical reactions, increasing the carbon participation rate and
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improving the overall gasification process. Studies have shown
that the use of magnetic fields can lead to a higher yield of
combustible gases, making the gasification process more effec-
tive and economically viable.

Analysis of recent research and publications. The growing
need for efficient and sustainable energy production has led to
extensive research into underground coal gasification (UCG)
as a method to exploit coal seams that are otherwise inacces-
sible through conventional mining techniques. UCG allows
for the in-situ conversion of coal into syngas, a mixture of car-
bon monoxide, hydrogen, and methane, which can be used
for energy production or as feedstock for chemical processes.
The application of magnetic fields to intensify gasification
processes is a relatively new approach that promises to en-
hance energy efficiency and reduce the environmental impact
of traditional coal utilization.

Underground coal gasification is a technique for convert-
ing coal into synthesis gas in situ, offering potential for integra-
tion with carbon capture and storage [11]. Several studies have
explored the fundamentals of gasification processes, focusing
on the interaction between carbonaceous materials and gasifi-
cation agents such as oxygen, water, and steam. The reaction
mechanisms underlying these processes have been extensively
documented, highlighting the role of exothermic reactions like
carbon combustion and endothermic reactions such as the
water-gas shift reaction [12]. Thermochemical models, such as
the Arrhenius-based reaction rate equations, have been instru-
mental in predicting the behavior of these reactions under
various temperature and pressure conditions [13]. However,
these models typically do not account for the influence of ex-
ternal factors such as magnetic fields on the reaction kinetics,
an area this study seeks to address.

The application of magnetic fields to enhance chemical re-
activity has garnered attention in recent years. Magnetic fields
can significantly influence chemical reactions, particularly un-
der specific conditions. Research shows that magnetic fields
can influence electron spin states, particularly in paramagnetic
species like oxygen, thereby altering their reactivity. Weak
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magnetic fields may induce changes in rate constants of radical
reactions, leading to bifurcation of steady states and abrupt
changes in temperature and concentration in non-equilibrium
systems [14]. High magnetic fields can influence chemical re-
actions, affecting reaction pathways, nanomaterial growth,
product phases, and the spins of catalyst surfaces [15]. Mag-
netic fields can alter the energy levels of active species in cata-
lytic reactions by interacting with their spin states [16]. While
most studies have focused on small-scale reactions, their find-
ings provide a foundation for applying magnetic fields in larger
industrial processes like UCG.

The interaction of magnetic fields with gasification pro-
cesses has only recently begun to be explored. Early studies
indicate that magnetic fields can significantly affect the ther-
mochemical behavior of both carbonaceous materials and gas-
ification agents, leading to an increase in syngas yield. Recent
studies have explored the use of magnetic fields to enhance
gasification processes [10] found that magnetic field-activated
injected blast can intensify underground coal gasification, in-
creasing the yield of combustible components. Similarly, [17]
investigated the effects of gradient magnetic fields on co-firing,
focusing on field-enhanced heat and mass transfer. Research-
ers have noted that the presence of a magnetic field can lower
the activation energy for key reactions, such as the partial oxi-
dation of carbon and the reaction of steam with coal, thereby
accelerating the gasification process. This aligns with the cur-
rent study’s findings, where magnetic treatment of blast re-
agents enhanced the overall efficiency of gasification by in-
creasing carbon participation rates. [18] further explored the
impact of gradient magnetic fields on swirling flame dynamics
during biomass gasification, observing enhanced burnout of
volatiles and cleaner heat energy production. These studies
collectively suggest that magnetic fields can be effectively ap-
plied to various gasification processes to improve efficiency,
control combustion characteristics, and potentially reduce
emissions. Also, studies suggest that magnetic field enhance-
ment can significantly improve various gasification processes,
offering potential for more efficient energy production from
carbon-containing raw materials.

Identification of unresolved part of the general problem. De-
spite extensive research into underground coal gasification and
the influence of magnetic fields on chemical reactions, a criti-
cal unresolved aspect remains the precise mechanisms by
which magnetic fields affect the thermochemical interactions
between blast reagents and carbon-containing products in
large-scale gasification processes. While previous studies have
demonstrated the potential for magnetic fields to lower activa-
tion energy and enhance reaction rates, especially in small-
scale settings, there is still a lack of comprehensive models that
accurately predict these effects in industrial-scale UCG. Spe-
cifically, the correlation between magnetic field strength, car-
bon participation in varying temperature ranges has yet to be
fully understood and quantified. Addressing these gaps is es-
sential for optimizing the efficiency and sustainability of UCG
as a clean energy solution.

The purpose of this research is to develop a model that de-
scribes the effect of magnetic fields on the co-gasification process
of carbon-based materials. By exploring how magnetic fields in-
fluence the thermochemical interactions between blast reagents
and coal, this study aims to provide a deeper understanding of
how UCG can be optimized for better energy production. This
model will help identify the key parameters required to maximize
the efficiency of the gasification process, paving the way for fu-
ture innovations in clean energy technology.

Theoretical background. 7hermochemical interaction in
gasification. Gasification, particularly in underground coal
gasification, is a complex thermochemical process where car-
bonaceous materials like coal react with blast reagents — typi-
cally a combination of air, oxygen, and steam — to produce
syngas [19]. The efficiency of this process largely depends on
the interactions between the carbon in coal and the blast re-

agents, primarily through a series of chemical reactions that
release energy and form a mixture of gases including carbon
monoxide (CO), hydrogen (H2), carbon dioxide (CO.), and
methane (CHa4). These gases are then used for various energy
applications [20].

In the UCG process, carbon (C) primarily reacts with wa-
ter (H20) and oxygen (O2) from the blast to produce syngas.
The primary reactions involved are [12]

Primary reactions, kJ/mol

C+0,— CO,+394; (1)
2C + 0, - 2CO +221; )
C+H,0 - CO + H, — 130; 3)
C +2H,0 — CO, + 2H, - 80.3. ()

Reaction of carbon with oxygen (combustion) (1) is exo-
thermic reaction releases a significant amount of heat, which
helps sustain the high temperatures necessary for other endo-
thermic gasification reactions [21]. The combustion of carbon
with oxygen is fundamental in maintaining the process’s ther-
mal balance [22]. Partial oxidation of carbon (2) produces car-
bon monoxide, an essential fuel gas that contributes to the
overall energy yield of syngas. This reaction is also exothermic
and aids in maintaining the gasification temperature. Reaction
of carbon with water vapor (steam) (3) is endothermic, mean-
ing it absorbs heat. It is crucial for generating hydrogen (H,), a
valuable component of syngas, and carbon monoxide (CO), a
fuel gas. This reaction forms the basis of the water-gas shift
reaction used in gasification processes to balance the ratio of
CO and H, in the syngas. Reaction of carbon with excess water
vapor (4) is secondary reaction also produces hydrogen and
carbon dioxide (CO,). The higher yield of CO: reduces the en-
ergy content of syngas, making it less efficient for combustion.
Therefore, controlling the steam-to-carbon ratio is essential to
prevent excessive CO, formation [23].

The introduction of magnetic fields can influence the ther-
mochemical reactions involved in UCG, particularly through
the modification of the spin states of molecules like oxygen
and water. Research has shown that magnetic fields can affect
the alignment of electron spins, altering the reactivity of oxy-
gen and enhancing the formation of syngas. This phenomenon
is particularly relevant when considering the co-gasification of
carbonaceous products in UCG. Studies, as highlighted in
previous [10] have demonstrated that magnetic fields can in-
tensify the gasification process by increasing carbon participa-
tion and boosting the yield of combustible gases.

The application of magnetic fields leads to a higher inter-
nal energy state of the reactant molecules, facilitating more
efficient reaction pathways. For instance, water molecules ex-
posed to magnetic fields tend to exhibit higher reactivity, which
accelerates the steam-carbon reactions, thereby enhancing
hydrogen production. Similarly, oxygen molecules in a mag-
netic field become more reactive, promoting partial oxidation
and increasing the production of carbon monoxide.

The effectiveness of UCG is largely determined by how
well the key parameters — temperature, pressure, and blast
composition — are controlled [24]. Magnetic fields offer a
promising method for optimizing these parameters by influ-
encing the molecular interactions between the blast reagents
and the coal. The resulting model of magnetic field-enhanced
gasification processes will provide insights into how to maxi-
mize syngas production while minimizing unwanted by-prod-
ucts like COs.. In this case the thermochemical interactions in
UCG involve a delicate balance of reactions between carbon,
water, and oxygen. Understanding and optimizing these inter-
actions, particularly through the use of magnetic fields, will
lead to more efficient and sustainable gasification processes.

Magnetic fields and molecular activation in gasification.
Magnetic fields can significantly influence the behavior of gas-
ification reactants, particularly water (H,0) and oxygen (O,)
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molecules. These effects are rooted in quantum mechanical
principles, particularly the Pauli exclusion principle and inter-
combination transitions, which affect the spin states of elec-
trons and enhance the chemical reactivity of these molecules
[25]. By altering the spin configuration of electrons, magnetic
fields modify the way molecules participate in chemical reac-
tions, making the gasification process more efficient. At the
quantum level, each electron in an atom or molecule possesses
two types of angular momentum: orbital angular momentum,
which arises from the electron’s motion around the nucleus,
and spin angular momentum, an intrinsic property of the elec-
tron. These spins are crucial in determining how electrons in-
teract and form chemical bonds.

The Pauli exclusion principle states that no two electrons
in an atom or molecule can occupy the same quantum state
simultaneously [26]. This means that electrons in the same or-
bital must have opposite spins (a “paired” state). In normal
conditions, the electrons in water and oxygen molecules are
paired, resulting in stable, low-energy molecular configura-
tions. However, when a molecule is exposed to an external
magnetic field, this stability is disrupted.

A magnetic field can cause the reorientation of electron
spins, especially when the field is inhomogeneous (i. e., varies
in strength across space). This reorientation can force some
electrons to move from their paired, low-energy singlet state
into an unpaired triplet state, where the spins are aligned in the
same direction [27, 28]. This transition is known as an inter-
combination transition. The triplet state is higher in energy
and less stable, which means the molecules in this state be-
come more chemically reactive.

For example, oxygen is a paramagnetic molecule, mean-
ing that it naturally has two unpaired electrons in its ground
state. These electrons form a weak bond that can be disrupted
more easily under the influence of a magnetic field, leading to
higher reactivity. By transitioning to an excited triplet state,
oxygen molecules in a magnetic field are more prone to dis-
sociate into highly reactive oxygen atoms, which enhances
the oxidation reactions essential for gasification. Similarly,
water molecules, which are normally diamagnetic (non-mag-
netic with paired electrons), can transition into a paramag-
netic state when exposed to a magnetic field. This reorienta-
tion of the electrons in water molecules increases their chem-
ical reactivity, especially in reactions with carbon in the gas-
ification process.

Under normal conditions, the water molecule’s hydrogen
atoms form bonds with oxygen via p-electrons, whose spins
are aligned oppositely according to the Pauli exclusion prin-
ciple, resulting in a singlet state. This singlet state is a stable
configuration with paired spins, contributing to the low reac-
tivity of water under standard conditions.

When a magnetic field is applied, the spins of some p-elec-
trons in water molecules are reoriented. This spin reorienta-
tion leads to a triplet state, where one of the paired electrons
flips its spin, creating a molecule with unpaired electrons. This
makes the water molecule paramagnetic and increases its in-
ternal energy. In the triplet state, the molecule becomes much
more reactive because the magnetic field weakens the hydro-
gen bonds that normally hold the water molecules together.

In gasification, this transition is crucial. Water molecules
in their paramagnetic triplet state react more readily with car-
bon, participating in endothermic reactions that produce syn-
gas (hydrogen and carbon monoxide). The increased reactivity
of water due to magnetic fields makes it a more efficient reac-
tant, enhancing the overall gasification process.

The hydrogen bonds between water molecules play a sig-
nificant role in determining their chemical behavior. These
bonds, which are relatively weak compared to covalent bonds,
form between the hydrogen atom of one water molecule and
the oxygen atom of another. In the gasification process, break-
ing these hydrogen bonds is essential for the efficient conver-
sion of steam into reactive components.

A magnetic field can disrupt these hydrogen bonds through
its effect on the electron spins in the water molecules. As the
spins of the bonding electrons in water are reoriented into a
triplet state, the stability of the hydrogen bonds decreases [29,
30]. The probability of hydrogen bond formation is reduced by
half under the influence of a magnetic field. This occurs be-
cause the electrons in the excited triplet state are less likely to
form the stable configurations needed for hydrogen bonds.

As a result, water molecules treated with a magnetic field
become more chemically active, and their internal energy in-
creases. In the context of gasification, this enhanced chemical
activity leads to more efficient reactions with carbon, facilitat-
ing the production of hydrogen and carbon monoxide from
water vapor. Since less energy is required to break the weak-
ened hydrogen bonds, the overall efficiency of the gasification
process improves.

Oxygen (0O,) is a key reactant in the gasification process,
particularly in its role as an oxidizer [31]. Under normal condi-
tions, oxygen molecules exist in a paramagnetic state due to
the presence of two unpaired electrons, which form a three-
electron bond that is relatively weak. In a magnetic field, these
unpaired electrons undergo spin reorientation, leading to anti-
bonding orbitals and further weakening the bond between the
oxygen atoms. As the bond weakens, oxygen molecules be-
come more likely to dissociate into highly reactive oxygen at-
oms. These reactive atoms can then more efficiently oxidize
carbon, driving the combustion reactions that provide the nec-
essary heat for gasification. The increase in chemical reactivity
of oxygen due to the magnetic field thus directly contributes to
the enhancement of gasification efficiency.

In the steam gasification process, the efficiency of steam as
a reactant is significantly influenced by its molecular structure
|32]. Water molecules treated with magnetic fields have fewer
hydrogen bonds, making them easier to dissociate into H, and
O, during gasification. This increases the efficiency of the
steam-carbon reaction, particularly in the production of hy-
drogen, which is a critical component of syngas. By reducing
the number of hydrogen bonds, the magnetic field allows
steam to react more readily with carbon, producing syngas at
higher rates. This reduction in bond strength also means that
less energy is required to initiate and sustain the gasification
reactions, making the process more energy-efficient.

Methodology. The hypothesis that magnetic fields inten-
sify gasification processes by increasing the internal energy
of water and oxygen molecules is grounded in the quantum
mechanics of electron behavior in these molecules. By influ-
encing the spin states of electrons, magnetic fields can reori-
ent their configuration, thereby increasing the molecules’
internal energy and enhancing their reactivity. This section
explores the physical and chemical principles behind this ef-
fect, focusing on electron spin reorientation and its impact
on gasification.

The central hypothesis is that magnetic fields enhance the
gasification process by altering the electron spin states of gas
molecules such as H,0 and O,, leading to an increase in inter-
nal energy. This results in more efficient chemical reactions
between blast reagents and carbon during gasification. The fol-
lowing chain of events outlines this hypothesis:

- magnetic fields induce changes in the spin states of elec-
trons in water and oxygen molecules;

- this reorientation increases the internal energy of these
molecules, making them more reactive;

- higher reactivity leads to faster and more efficient reac-
tions in the gasification process;

- as a result, the gas yield (primarily hydrogen and carbon
monoxide) is enhanced, improving the overall efficiency of the
gasification process.

To understand how magnetic fields impact the gasification
process, it is essential to delve into the physics of electron spin
and magnetic field interactions. Electrons possess an intrinsic
property called spin, which generates a magnetic moment.
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This magnetic moment can interact with external magnetic
fields, altering the behavior of the electrons within a molecule.

In a typical molecule, electrons are paired according to the
Pauli exclusion principle, which dictates that no two electrons
in the same orbital can have the same spin orientation. In the
ground state, electrons occupy the lowest energy levels with
paired, opposite spins, creating a singlet state. This configura-
tion is stable, and the molecule’s chemical reactivity is rela-
tively low.

When an external magnetic field is applied to the mole-
cule, the energy levels of the electrons are split due to Zeeman
splitting, where the magnetic field interacts with the magnetic
moment of the electrons. This effect is described by the Zee-
man effect, which explains how electron energy levels shift un-
der the influence of a magnetic field. In the presence of a
strong magnetic field, the paired electrons can reorient their
spins, transitioning from a singlet to a triplet state, where the
spins are aligned in parallel.

This reorientation is known as spin reorientation or an in-
tercombination transition. The triplet state is higher in energy
and less stable than the singlet state. Molecules in this state are
more chemically reactive due to the increased internal energy.
In the context of gasification, this enhanced reactivity allows
water and oxygen molecules to participate more readily in
thermochemical reactions, such as the formation of hydrogen
and carbon monoxide.

The energy associated with an electron’s magnetic mo-
ment is given by the following equation (quantum mechanical
explanation)

E=-y,- B, 5)

where E — the energy, J; uz — the Bohr magneton, which rep-
resents the magnitude of the electron’s magnetic moment,
J/T; B — the strength of the applied magnetic field, T.

As the magnetic field strength increases, the difference be-
tween the energy levels of the electrons also increases, causing
a greater separation between the spin states. The probability of
an electron flipping its spin — transitioning from a singlet to a
triplet state-rises with the field strength. This is described by
the Boltzmann distribution, where the population of electrons
in higher energy states increases at higher temperatures or un-
der stronger magnetic fields.

The transition from a singlet to a triplet state can be under-
stood in terms of the Pauli exclusion principle. In a singlet
state, the spins are paired (opposite), and the molecule is in a
low-energy configuration. When the magnetic field is applied,
the interaction between the field and the electron spins causes
some of the paired electrons to flip their spins, violating the
stable singlet configuration and entering the triplet state. In
this state, the molecule becomes paramagnetic, meaning it has
unpaired electrons that are more chemically active.

Water molecules, which are normally diamagnetic, have
paired electrons in their ground state, making them relatively
unreactive. When a magnetic field is applied, the spins of the
p-electrons that form the bonds between oxygen and hydrogen
atoms can reorient. The transition from a singlet state to a trip-
let state occurs when one of the paired electrons flips its spin,
creating a higher-energy state with unpaired electrons. This
transition increases the internal energy of the water molecule,
enhancing its reactivity in gasification reactions. Specifically,
the magnetic field weakens the hydrogen bonds between water
molecules by disrupting the alignment of the electron spins.
The result is a more chemically active steam that reacts more
efficiently with carbon in the gasification process.

In chemical terms, the reduction in hydrogen bond
strength allows the water molecule to dissociate more easily
into hydrogen and oxygen, as represented in the following re-
action H,O + C — CO + H,. The reactivity of the water mol-
ecule is directly proportional to its internal energy. By elevat-
ing the internal energy through spin reorientation, magnetic
fields accelerate the production of syngas.

Oxygen is naturally paramagnetic, meaning it already has
unpaired electrons in its ground state. However, the application
of'a magnetic field further enhances the reactivity of oxygen mol-
ecules by increasing the number of electrons in higher-energy
antibonding orbitals. In oxygen molecules, the bonding between
oxygen atoms involves paired and unpaired electrons. Under the
influence of a magnetic field, the unpaired electrons can occupy
antibonding orbitals, destabilizing the O, molecule and making
it more likely to dissociate into highly reactive oxygen atoms (O).
This dissociation is critical in the combustion reactions during
gasification, where oxygen atoms rapidly oxidize carbon to pro-
duce carbon monoxide and dioxide. The reaction of oxygen with
carbon in the presence of a magnetic field can be represented as
0, + C — CO,.The increase in oxygen atom reactivity due to the
magnetic field intensifies the oxidation of carbon, providing the
necessary heat for sustaining the gasification process.

To quantify the impact of magnetic fields on gasification,
the following chemical and thermodynamic principles are em-
ployed. By raising the internal energy of the molecules, the
activation energy required for gasification reactions decreases.
The rate of reaction (k) is given by the Arrhenius equation (ac-
tivation energy lowering)

Ea

k= Ae RT, (6)

where k — the rate constant; A — the pre-exponential factor;
E, — the activation energy, J/mol; R — the gas constant,
8.314 J/mol - K; T'— the temperature, K.

Activation energy (£,) for coal gasification typically ranges
between 100 to 200 kJ/mol, depending on the type of coal and
the specific gasification process used. This value can vary sig-
nificantly based on factors like the coal’s rank, the presence of
catalysts, and the conditions under which gasification occurs.
The presence of a magnetic field effectively lowers the E, by
increasing the internal energy of reactant molecules, leading to
a higher reaction rate.

The efficiency of gasification (thermodynamic efficiency) is
also influenced by the Gibbs free energy (AG) of the reactions, J

AG=AH - TAS, %)

where AH — the enthalpy change, J; AS — the entropy change,
J/K; AH — the absolute temperature, K.

Magnetic fields increase entropy (AS) by introducing more
possible spin configurations, making the reactions thermody-
namically favorable.

Results and discussion. In order to compare the experi-
mental data from research [10] (carbon participation share
with and without magnetic treatment of blast mixtures) with
analytical calculations, we can consider thermodynamic prin-
ciples and reaction kinetics under the influence of a magnetic
field. The main reactions of carbon gasification with oxygen
and steam can be described analytically using the Arrhenius
equation and Gibbs free energy considerations. The Arrhenius
equation for the rate constant k as a function of temperature 7’
(6). For the gasification reactions, an increase in the tempera-
ture (as shown in the experiments where carbon participation
was higher at 1,000 compared to 800 °C) will exponentially in-
crease the reaction rate due to the decrease in E,. From previ-
ously obtained results, with a 500 E magnetic field applied, the
carbon participation increased from approximately 47.2 % at
800 °Cto0 59.4 % at 1,000 °C (Table 1).

The experimental data shows that the carbon participation
share (%) increases with both temperature and magnetic field
treatment. The magnetic field enhances molecular activation,
effectively lowering the activation energy (£,) for reactions in-
volving both oxygen and steam. The Gibbs free energy AG of
these reactions is temperature dependence (7). In the presence
of a magnetic field, the entropy (AS) increases due to the high-
er number of accessible molecular states (from spin reorienta-
tion), which further reduces the Gibbs free energy, making
reactions more spontaneous.
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Table 1

Values of carbon participation share (C), in solid fuel gasifica-
tion at a temperature change and magnetic treatment of the
injected blast mixtures (at magnetic field strength of 500 E)

Temperature in gasification zone
The injected blast mixtures (7),°C

800 | 850 | 900 | 950 | 1,000
Untreated with a magnetic 29.7 | 31.8 | 344 | 35.8 | 39.2
field, %
Treated with a magnetic field, | 47.2 | 49.4 | 53.3 | 55.2 | 59.4
%
Difference in data, units 17.5 | 17.6 | 18.9 | 19.4 | 20.2
Difference in data, % 58.9 | 553 | 549 | 542 | 515

For an analytical comparison, can be calculated the car-
bon gasification rates at different temperatures using the Ar-
rhenius equation with and without the magnetic field impact.
By incorporating the experimentally derived values, the ana-
Iytical model can be refined to predict gasification efficiency
across various temperatures. The enhancement from the mag-
netic field can be quantified by adjusting the activation energy
in the Arrhenius model for treated vs untreated conditions.

To calculate the analytical data and compare it with the
experimental results from [10], we will use the Arrhenius equa-
tion to estimate the rate constants for carbon gasification at
different temperatures, both with and without the magnetic
field influence.

Let consider several assumptions. For carbon gasification,
we assume a typical value of 4 = 10° mol~'s™". Activation energy
(E,) are as follows. Without magnetic field: £, = 200 kJ/mol.
With magnetic field: The activation energy decreases by
around 10 % due to molecular activation, so we assume
E, =180 kJ/mol under the magnetic field. The final value of E,
was calculated as the difference between the initial value and
the carbon participation share difference indicated in previous
research [10]. The Arrhenius equation given by (5) require gas
constant that is equal to 8.314 J/mol - K.

The analytical model uses the Arrhenius equation to esti-
mate the rate constants of gasification reactions at different
temperatures, both with and without magnetic field influence.
These rate constants are linked to the efficiency of carbon par-
ticipation in the gasification process. Obtained results are pre-
sented on Table 2 and Fig. 1.

Ea
In Fig. 1 RT is exponential factor of activation energy in

the Arrhenius equation. This term governs how temperature

and activation energy influence the reaction rate. When expo-

nential factor is large (due to high activation energy or low
Ea

temperature), the exponential function e &7 becomes small,

meaning the reaction rate decreases. Conversely, lower values

of exponential factor led to a larger exponential term, increas-
ing the reaction rate.

The Fig. 2 demonstrates the general principle of thermally
activated reactions: higher temperatures lead to increased mo-
lecular activity, reducing the effective activation energy re-
quired for gasification reactions.

This results in higher rate constants, which enhance the
overall efficiency of the gasification process. The presence of a
magnetic field accelerates the reaction rate further, as seen by
the higher rate constants compared to those without magnetic
influence. This is likely due to the effect of the magnetic field
on the spin states of oxygen and water molecules, increasing
their reactivity by lowering the activation energy for gasifica-
tion. The impact is more pronounced at higher temperatures,
suggesting that the magnetic field’s ability to reduce activation
energy becomes more effective when combined with thermal
effects. The relationships (Fig. 2) between temperature and the
rate constants of gasification reactions, comparing conditions
with and without the influence of a magnetic field shows that,
as temperature increases (from 800 to 1,000 °C), the rate con-
stants also increase significantly, following the Arrhenius
equation, which predicts an exponential rise in reaction rates
with temperature. Under both conditions (with and without a
magnetic field), the rate constants increase exponentially with
temperature, consistent with the Arrhenius equation. Howev-
er, the magnetic field-enhanced rates are consistently higher,
indicating that the magnetic treatment provides a significant
advantage in boosting reaction kinetics.

As can be seen from Fig. 3 at 800 °C, the experimental car-
bon participation share is 29.7 % without a magnetic field and
47.3 % with magnetic treatment. The analytical rate constants
show an increase in reaction rates by a factor of approximately
7.11 under magnetic treatment. This is calculated by compar-
ing the analytical rate constants with and without magnetic

13.04-107 57!

1.83-107 57!
experimental increase in carbon participation from 29.7 to
47.3 %, reflecting a roughly 58.9 % increase in carbon gasifica-
tion efficiency.

At 900 °C, the experimental data reports carbon participa-
tion of 34.4 % without a magnetic field and 53.3 % with mag-
netic treatment. The analytical rate constant increases from
12.40 - 1010 86.13 - 10 s7! (F=6.94), increasing the reaction
rate, which aligns with the experimental 54.9 % improvement
in carbon participation.

At 1,000 °C, the experimental carbon participation is
39.2 % without the magnetic field and 59.4 % with it. The rate
constant increases under magnetic treatment, going from
62.11 - 107 t0 418.84 - 1074 57! (F=6.74), closely matching the
51.5 % increase observed in the experimental carbon partici-
pation.

Magnetic field-enhanced gasification offers practical ben-
efits for industries that rely on coal gasification for energy pro-
duction. By improving the reaction rates and reducing the en-

treatment (s7'), F . This correlates with the

Table 2
Parameters of analytical model of gasification reactions at different temperatures, both with and without magnetic field influence
Untreated with a magnetic field Treated with a magnetic field
Temperature | Exponential factor, Exponential factor, Factor Otfl
(D), C/K _Ea tl?ti‘;%r(l)sf]m k | E,, kJ/mol _Ea Rate constant k appro(x }r)na Y
RT at £, =200 kJ/mo RT
800/1,073 22.42 1.83-10°10 182.5 20.46 13.04-10°10 7.11
850/1,123 21.42 49810710 183.4 19.54 32.78-10°1° 6.59
900/1,173 20.51 12.40-10°10 181.1 18.57 86.13:10°1° 6.94
950/1,223 19.67 28.68:10°10 180.6 17.76 193.31-10°1¢ 6.74
1,000/1,273 18.90 62.11-10°1° 179.8 16.99 418.84-10°10 6.74
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Fig. 2. Rate constants of gasification reactions at different tem-
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Fig. 3. The relationship between the pattern of change in the
approximation factor (F) and the pattern of change in the
carbon participation share (C, %) under magnetic treat-
ment of blast air within the temperature range of 800—
1,000 °C

ergy activation required for gasification, this method could
make UCG and similar processes more economically viable
and environmentally friendly. The technology holds potential
for reducing greenhouse gas emissions by maximizing the pro-
duction of hydrogen and carbon monoxide while minimizing
unwanted by-products like carbon dioxide. While significant
progress has been made in understanding the fundamental
mechanisms of gasification, the application of magnetic fields
presents an innovative approach to process intensification. Fu-
ture research should focus on optimizing magnetic field pa-
rameters for large-scale applications and further refining theo-
retical models to predict reaction behaviors under varying
magnetic field strengths.

Conclusions. The application of magnetic fields in gasifica-
tion significantly enhances the reactivity of molecules like water
and oxygen by increasing their internal energy through electron
spin reorientation. This effect lowers the activation energy re-
quired for gasification reactions, accelerating syngas production
and improving overall process efficiency. Magnetic fields also
weaken hydrogen bonds in water, making the molecules more
reactive and further boosting the gasification process. Analytical
data based on the Arrhenius equation supports these findings,
showing that magnetic fields increase reaction rates, which align
closely with experimental increases in carbon participation. This
demonstrates the potential of magnetic field-enhanced gasifica-
tion for more efficient energy production and higher syngas yield.

The application of magnetic fields in the gasification process
significantly increases the reaction rates (k), as indicated by the

FEa
“RT term in the analytical rate constants. This highlights the

substantial impact of magnetic fields in enhancing the gasifica-
tion process by lowering the activation energy (£,), thereby im-
proving reaction rates and overall carbon gasification efficiency.

Our results shows that magnetic fields can significantly en-
hance the efficiency of gasification by increasing the rate con-
stants, especially at higher temperatures, making the gasifica-
tion process faster and more efficient. This supports the hy-
pothesis that magnetic fields can be used to intensify industrial
gasification processes, leading to better syngas production and
overall system efficiency.

Acknowledgements. The presented results have been obtained
within the framework of the research work GP-512 “Co-gasifica-
tion of carbon-containing raw materials during ultrathin coal
seams gasification with a focus on hydrogen production”, state
registration No. 0123U100985 funded by the Ministry of Educa-
tion and Science of Ukraine. The author expresses gratitude to the
editors, as well as anonymous reviewers for useful suggestions and
recommendations taken into consideration during revision.

References.
1. Gajdzik, B., Wolniak, R., Nagaj, R., Zuromskaité-Nagaj, B., &
Grebski, W.W. (2024). The influence of the global energy crisis on
energy efficiency: A comprehensive analysis. Energies, 17(4), 947.
https://doi.org/10.3390/en17040947.
2. Farghali, M., Osman, A.I., Mohamed, I. M., Chen, Z., Chen, L.,
Thara, 1., & Rooney, D.W. (2023). Strategies to save energy in the
context of the energy crisis: a review. Environmental Chemistry Letters,
21(4), 2003-2039. https://doi.org/10.1007/s10311-023-01591-5.
3. Salieiev, 1. (2024). Organization of processes for complex mining
and processing of mineral raw materials from coal mines in the context
of the concept of sustainable development. Mining of Mineral Deposits,
18(1), 54-66. https://doi.org/10.33271/mining18.01.054.
4. Bissengaliyeva, A. M., Dyussegalieva, K.O., & Kydyrbek, R.Y.
(2021). Influence of radioactive emissions on the environmental situ-
ation of the western region. Engineering Journal of Satbayev University,
143(6), 26-33. https://doi.org/10.51301 /vest.su.2021.i6.04.
5. Sai, K.S., Petlovanyi, M. V., & Malashkevych, D.S. (2023). A new
approach to producing a prospective energy resource based on coalmine
methane. /OP Conference Series: Earth and Environmental Science,
1254(1), 012068. https://doi.org/10.1088/1755-1315/1254/1/012068.
6. Takyi, S.A., Zhang, Y., Si, M., Zeng, F., Li, Y., & Tontiwachwuthi-
kul, P. (2023). Current status and technology development in imple-
menting low carbon emission energy on underground coal gasification
(UCG). Frontiers in Energy Research, 10, 1051417. https://doi.
org/10.3389 /fenrg.2022.1051417.
7. Su, F.Q., He, X.L., Dai, M.J., Yang, J.N., Hamanaka, A.,
Yu, Y.H., & Li, J.Y. (2023). Estimation of the cavity volume in the
gasification zone for underground coal gasification under different
oxygen flow conditions. Energy, 285, 129309.
8. Smith, E. K., Barakat, S. M., Akande, O., Ogbaga, C. C., Okoye, P.U.,
& Okolie, J.A. (2023). Subsurface combustion and gasification for hy-
drogen production: Reaction mechanism, techno-economic and lifecy-
cle assessment. Chemical Engineering Journal, 148095. https://doi.
org/10.1016/j.cej.2023.148095.
9. Lozynskyi, V., Falshtynskyi, V., Kozhantov, A., Kieush, L., &
Saik, P. (2024). Increasing the underground coal gasification efficien-
cy using preliminary electromagnetic coal mass heating. /OP Confer-

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2024, N2 5 35



ence Series: Earth and Environmental Science, 1348(1), 012045.
https://doi.org/10.1088/1755-1315/1348/1/012045.

10. Lozynskyi, V., Falshtynskyi, V., Saik, P., Dychkovskyi, R., Zhau-
tikov, B., & Cabana, E. (2022). Use of magnetic fields for intensifica-
tion of coal gasification process. Rudarsko-geolosko-Nafini Zbornik,
37(5), 61-74. https://doi.org/10.17794/rgn.2022.5.6.

11. Otto, C., & Kempka, T. (2020). Synthesis gas composition predic-
tion for underground coal gasification using a thermochemical equi-
librium modeling approach. Energies, 13(5), 1171. https://doi.
org/10.3390/en13051171.

12. Lozynskyi, V. (2023). Critical review of methods for intensifying
the gas generation process in the reaction channel during underground
coal gasification (UCG). Mining of Mineral Deposits, 17(3), 67-85.
https://doi.org/10.33271/mining17.03.067.

13. Khan, H., Adeyemi, 1., & Janajreh, 1. (2024). Synergistic Effects
of the Co-gasification of Solid Recovered Fuel and Coal Blend Using
Entrained Flow Technology. Waste Biomass Valor, 2024. https://doi.
org/10.1007/s12649-024-02588-z.

14. Kipriyanov, A.A.Jr., & Purtov, P. A. (2012). Prediction of a Strong
Effect of a Wek Magnetic Field on Diffusion Assisted Reactions in
Non Equilibrium Conditions. Bulletin of the Korean Chemical Society,
33(3), 1009-1014. https://doi.org/10.5012/bkes.2012.33.3.1009.

15. Hu, L., Xia, G., & Chen, Q. (2019). Magnetochemistry and
chemical synthesis. Chinese Physics B, 28(3), 037102. https://doi.
org/10.1088/1674-1056/28/3/037102.

16. Westsson, E., Picken, S., & Koper, G. (2020). The Effect of Mag-
netic Field on Catalytic Properties in Core-Shell Type Particles. Fron-
tiersin Chemistry, (8), 163. https://doi.org/10.3389/fchem.2020.00163.
17. Barmina, I., Zake, M., Krishko, V., & Gedrovics, M. (2010).
Modification of Wood Pellets and Propane Co-firing in a Magnetic
Field. Scientific Journal of Riga Technical University. Environmental
and Climate Technologies, 4(1). https://doi.org/10.2478 /v10145-010-
0012-9.

18. Barmina, 1., Zake, M., Strautins, U., & Marinaki, M. (2017). Ef-
fects of gradient magnetic field on swirling flame dynamics. Engineer-
ing for Rural Development, 148-154. https://doi.org/10.22616
erdev2017.16.n025.

19. Otto, C., & Kempka, T. (2020). Synthesis gas composition predic-
tion for underground coal gasification using a thermochemical equi-
librium modeling approach. Energies, 13(5), 1171. https://doi.
org/10.3390/en13051171.

20. Wiatowski, M., Basa, W., Pankiewicz-Sperka, M., Szyja, M.,
Thomas, H.R., Zagorscak, R., & Kapusta, K. (2024). Experimental
study on tar formation during underground coal gasification: Effect of
coal rank and gasification pressure on tar yield and chemical composi-
tion. Fuel, 357, 130034. https://doi.org/10.1016/j.fuel.2023.130034.
21. Saik, P., & Berdnyk, M. (2022). Mathematical model and meth-
ods for solving heat-transfer problem during underground coal gasifi-
cation. Mining of Mineral Deposits, 16(2), 87-94. https://doi.
org/10.33271/mining16.02.087.

22. Yesmakhanova, L.N., Tulenbayev, M.S., Chernyavskaya, N.P.,
Beglerova, S.T., Kabanbayev, A.B., Abildayev, A.A., & Maussym-
bayeva, A.D. (2021). Simulating the coal dust combustion process
with the use of the real process parameters. ARPN Journal of Engineer-
ing and Applied Sciences, 16(22), 2395-2407.

23. Bazaluk, O., Lozynskyi, V., Falshtynskyi, V., Saik, P., Dych-
kovskyi, R., & Cabana, E. (2021). Experimental Studies of the Effect
of Design and Technological Solutions on the Intensification of an
Underground Coal Gasification Process. Energies, 14(14), 4369.
https://doi.org/10.3390/en14144369.

24. Kacur, J., Laciak, M., Durdan, M., Flegner, P., & Fran¢dkov4, R.
(2023). A review of research on advanced control methods for under-
ground coal gasification processes. Energies, 16(8), 3458. https://doi.
org/10.3390/en16083458.

25. Meetham, G.W. (2018). Requirements for and factors affecting
high temperature capability: Part A of ‘The Requirements for the
Limitations of Materials at High Temperatures’. Materials & Design,
95), 244-252. https://doi.org/10.1016/0261-3069(88)90001-5.

26. Giliberti, M., & Lovisetti, L. (2024). Pauli Exclusion Principle.
In Old Quantum Theory and Early Quantum Mechanics: A Historical
Perspective Commented for the Inquiring Reader, 353-393. Cham:
Springer Nature Switzerland.

27. Sztenkiel, D. (2023). Spin orbital reorientation transitions induced
by magnetic field. Journal of Magnetism and Magnetic Materials, 572,
170644. https://doi.org/10.1016/j.jmmm.2023.170644.

28. Wang, Y., Mehmood, N., Hou, Z., Mi, W., Zhou, G., Gao, X., &
Liu, J. (2022). Electric Field-Driven Rotation of Magnetic Vortex
Originating from Magnetic Anisotropy Reorientation. Advanced Elec-

tronic  Materials,  8(6),
aelm.202100561.

29. Li, P, Jiang, Y., Hu, Y., Men, Y., Liu, Y., Cai, W., & Chen, S.
(2022). Hydrogen bond network connectivity in the electric double
layer dominates the kinetic pH effect in hydrogen electrocatalysis on
Pt. Nature Catalysis, 5(10), 900-911. https://doi.org/10.1038 /s41929-
022-00846-8.

30. Luo, S., Elouarzaki, K., & Xu, Z.J. (2022). Electrochemistry in
magnetic fields. Angewandte Chemie International Edition, 61(27),
€202203564. https://doi.org/10.1002/anie.202203564.

31. Fang, H., Li, S., Ge, T., Liu, Y., Yu, Y., Liu, Y., & Li, L. (2024).
Effects of the steam-to-oxygen ratio and the equivalence ratio on un-
derground coal gasification. Combustion Science and Technology,
196(15), 3514-3526. https://doi.org/10.1080/00102202.2023.2177509.
32. Huang, W.G., Wang, Z.T., Duan, T. H., & Xin, L. (2021). Effect
of oxygen and steam on gasification and power generation in indus-
trial tests of underground coal gasification. Fuel, 289, 119855. https://
doi.org/10.1016/j.fuel.2020.119855.

2100561. https://doi.org/10.1002

AHajliTHYHE OOTPYHTYBAHHS TEPMOXIMIYHOT
B3a€MO/Iii peareHTiB AYTTA Ta BYIJIENEBMiCHUX
NMPOAYKTIB MiJ Ji€H0 MATHITHUX MOJIiB
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Merta. O6TpyHTYBaHHS i1 po3poOKa MOJeJI, 1110 OIUCYE
BIUIMB HaMarHiyyBaHHSI peareHTiB AYTTS Ta BYIJIELIEBMiCHUX
MPOAYKTIB Ha IMpolec rasudikalii Ijas TporHo3yBaHHS iH-
TeHcudikallii ra30yTBOPEHHSI.

Meronuka. [locnigKeHHsI BKJIIOUYAE TEOPETUYHE MOJIe-
JIIOBAaHHSI HAa OCHOBi €KCMEePUMEHTAJIbHUX JaHUX [JIs1 BU-
BUEHHSI BILUTMBY MarHiTHUX MOJIiB Ha MPOLIEC MiI3eMHOI ra3u-
(ikawii Byrijig Ta korasudikauii Byrijuis it ByrjieLieBMiCHUX
npoaykTiB. [1pu MoaeaoBaHHI TEPMOXiMIUHUX B3aEMOJIN Y
JOCTIIKeHHI OyJI0o BUKOPUCTAHO PiBHSIHHS AppeHiyca s
OLIIHKM KOHCTaHT IIBUIKOCTI peakiiiil rasudikailiii B miama-
30Hi Temrieparyp 800—1000 °C. BrumMB MarHiTHOro mnosst
OyJ10 BpaxoBaHO IILJISIXOM KOPUTYBaHHSI €Heprii akTupallil
(E,). O6poOKy pe3y/ibTaTiB aHATITUYHUX Ta €KCIEPUMEH-
TaJbHUX TOCTIIKEHb IMPOBEACHO 3 BUKOPUCTAHHSIM METO/IiB
KOMIT’ IOTEPHOTO ii MaTeMaTUYHOTO MOJICJIFOBAHHSI.

PesymbraTn. OTpuMaHi pe3ynbTaTH MOKa3yloTh, IO 3a-
CTOCYBaHHSI MarHiTHUX IOJIiB CYTTEBO iHTEHCU(]IKYE MpoLiec
razudikaii ByrieueBMiCHUX NpoayKTiB. [linBuieHHs peak-
LiHOT 3IaTHOCTI peareHTiB AyTTs, 30KpeMa BOAU i KUCHIO,
MPU3BOAUTH IO 30iJIBIIEHHS 3araJlbHOTO BHMXOIY TOPIOYUX
rasiB. 3aCTOCYBaHHSI MAarHiTHUX IOJIiB Y npolieci ra3udikariii
3HAYHO 30UIBIIIYE MIBUAKICTh peakilii (k), 110 € pe3yIbTaToM
3HMKEHHsI eHeprii aktuBauii (£,), MOKpalllylound 3arajibHy
eeKTUBHICTh Ta3udikarii.

HaykoBa HoBU3HA. YTieplie po3po0sieHa aHaJiTUYHA MO-
JleJTh BIUTMBY HaMarHiuyBaHHSI pearcHTIiB IyTTS i BYIJeLeB-
MiCHMX IPOAYKTiB Ha Mpolec ra3udikaliii B aiara3oHi Temrie-
patyp 800—1000 °C. OrpuMaHi 3HaYeHHS IIBUAKOCTI peak-
11ii1, 1110 3MiHIOIOTbCS 32 EKCIIOHEHIIiaIbHOIO 3aKOHOMIpHiC-
TI0. BCcTaHOBJIeHA ¥ KOpEeJISILiiftHO MiATBEPIKEeHA 3aKOHOMIp-
HICTb 3B’I3Ky 3MiHM KoedilieHTy anpokcumaii (F) 3i 3Mi-
HOI0 10J1b0BOI yuacTi ByrJietito (C, %) npu MarHiTHiit 06pooiIi
KOMITOHEHTIB IyTTS B Aiaria30Hi 3a3HaYeHUX TeMIiepaTyp.

IIpakTuna 3HauyumicTh. Pe3ynbraT AOCTIIKEHHS MO-
KYTb OyTH 3aCTOCOBaHi U1sI MiABUILEHHS e(eKTUBHOCTI MPO-
MMCJIOBUX MTPOLIECiB ra3udikaliii, 30KkpemMa miazeMHoi1 ra3udi-
Kallii Ta kora3udikaliii Byriuis if ByrJieLleBMiCHUX IPOAYKTiB.

KimouoBi ciioBa: maenimue none, eazugikayis, niozemna ea-
sughixauia eyeinns, Koeazugikayis, mepmoximiuna 63aemodis,
cunmes-eas, IHmeHcupiKayis
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