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Abstract

This study investigates radiation-induced heterogeneous processes in the NaX zeolite—H,0 system
using Electron Paramagnetic Resonance (EPR) spectroscopy. Radiation-induced paramagnetic centers
and free radicals were characterized using Electron Paramagnetic Resonance (EPR) spectroscopy, while
the molecular hydrogen formed was analyzed by gas chromatography. It was established that an
increase in the water content leads to a decrease in the concentration of hole centers in NaX zeolite and
an increase in the concentrations of H and OH radicals. The kinetics of the accumulation of these
species were studied, and their radiation-chemical yields were determined. Based on the experimental
observations, a reaction mechanism describing charge carrier localization, water radiolysis, and
molecular hydrogen formation is proposed. The findings demonstrate that NaX zeolite provides an
efficient catalytic environment for radiation-assisted water splitting and hydrogen production while
contributing to a better understanding of radiation-catalytic processes occurring in heterogeneous
systems.

Introduction

The kinetics of molecular hydrogen accumulation on the NaX surface at different temperatures was
investigated. Using electron paramagnetic resonance (EPR) spectroscopy, the formation processes of
paramagnetic defects and free-radical products were studied in NaX zeolite + H,0 systems with different
water contents irradiated with y-rays at T =77 K. It was established that an increase in the water content
leads to a decrease in the concentration of hole centers in the NaX zeolite, while simultaneously
increasing the concentrations of H+ and *OH radicals. The accumulation kinetics of the hole centers were
investigated, and their radiation-chemical yields were calculated. A reaction mechanism that accounts
for the experimental results was proposed.

In the selection of solid catalysts to be used in radiation-chemical processes, it is of great importance to
investigate the fundamental principles governing their radiation-catalytic effects and to elucidate the
mechanisms of radiation-chemical transformations of molecules in heterogeneous systems. In
particular, in systems where water is confined by solid surfaces and porous structures, the electrons,
positive charge carriers, and radical species generated by ionizing radiation may undergo reaction
pathways that differ from those occurring during homogeneous water radiolysis [5, 6, 18, 19].

Studies published in recent years have demonstrated that the radiation-catalytic effect of oxide catalysts
on water radiolysis varies depending on the catalyst composition, the physicochemical properties of the
surface, and the process conditions [5, 14]. Investigations of water radiolysis in the presence of oxides
and other porous solid surfaces have revealed the influence of surface-generated active centers and
charge carriers on the formation and recombination processes of radiolytic products [5, 6, 9, 14].

Radiation-catalytic decomposition of substances in the presence of various oxide compounds has

emerged as a new research direction in the fields of radiation catalysis, surface physics and chemistry,

and radiation materials science [5, 14]. These studies are of great importance for understanding the
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nature of the radiation-catalytic effects of oxide compounds and for enabling the effective utilization of
both the radiation and thermal components of nuclear energy in chemical transformations. However, in
radiolytic processes occurring on solid surfaces and within porous structures, the localization of charge
carriers, their interactions with surface defects, and their involvement in the decomposition of adsorbed
water molecules are strongly dependent on the physicochemical properties of the system [6, 7, 10, 17].

However, the general principles governing radiation-catalytic effects and the scientific basis for the
selection of suitable catalysts for radiation-catalytic transformations have not yet been fully established.
In particular, the confinement of water molecules within microporous structures such as zeolites can
significantly affect the mobility, trapping, and recombination kinetics of radiation-generated H atoms and
other radical species [7, 17]. To elucidate the mechanisms of defect formation in zeolites and the
transfer of energy from the zeolite framework to molecules adsorbed on the surface, defect formation
on the zeolite surface and the transformation processes of water were investigated using electron
paramagnetic resonance (EPR) spectroscopy. EPR spectroscopy is an effective technique for the direct
characterization of radiation-induced paramagnetic centers, particularly radical species such as H atoms
and *OH radicals [7, 9, 17].

Previous studies have demonstrated that EPR spectroscopy is an effective method for investigating the
formation and transformation processes of reactive intermediate radical species and, thereby, for
elucidating the characteristics of radiation-induced heterogeneous transformations of water in the
presence of various oxide catalysts [7, 9, 14, 17]. Studies of zeolite—water systems have also shown that
H atoms formed as a result of water radiolysis can be stabilized within zeolite frameworks or porous
structures and can participate in recombination or desorption processes as the temperature increases
[7,171.

In the present study, the kinetics of molecular hydrogen accumulation at different temperatures were
investigated. In addition, the accumulation kinetics of paramagnetic centers (PCs) and radical products
in the NaX zeolite + H,0 system at T = 77 K were investigated in detail using EPR spectroscopy under
conditions of varying amounts of water adsorbed on the surface.

Experimental Section

The general flowchart of the experimental procedure employed in this study is presented in Fig. 1. The
experimental study consisted of NaX zeolite activation, water adsorption, gamma irradiation, and EPR
analyses. The detailed experimental conditions are described below.

In the experimental procedure, NaX-type zeolite with a Si0,/Al,0, molar ratio of 2.5 was used. The
zeolite samples were initially subjected to heat treatment at 873 K in an oxygen atmosphere for 48 h.
Subsequently, the samples were activated at 823 K for 8 h by alternately maintaining them under 1 h of
vacuum (P = 10-2 Pa) and 1 h of oxygen atmosphere.
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Following activation, the samples were transferred into quartz-glass ampoules and subsequently
subjected to additional heat treatment at 673 K under a vacuum of P = 1.33 x 10-2 Pa. Water adsorption
was carried out using a volumetric adsorption apparatus.

The samples were irradiated with °Co gamma rays at a dose rate of 1.2 Gy s~' over the temperature
range of 673-873 K and also at 77 K.

Electron paramagnetic resonance (EPR) spectra were recorded at 77 K using an EMX-plus EPR
spectrometer (Bruker). The spectrometer operated in the X-band at a frequency of approximately v= 9.8
GHz, with a linear magnetic field sweep range of 0-6000 G and a magnetic field modulation frequency of
100 kHz.

The samples were placed in specially designed EPR quartz tubes with an inner diameter of 4 mm. The
maximum magnetic field modulation amplitude was set to 20 G; however, to obtain accurate spectra, the
modulation amplitude was optimized according to the linewidth of the spectrum under investigation.
Mn2* ions in MgO were used as a reference standard. The concentrations of the paramagnetic centers
(PMs) were determined according to a previously reported quantitative EPR method [20].

Results and Discussion

To elucidate the fundamental characteristics of the catalytic decomposition of water in the presence of
NaX zeolite, the kinetics of molecular hydrogen formation were investigated at different temperatures.
The catalytic activity of the zeolite was investigated in a static system. The composition of the gas-
phase products was analyzed using an Agilent 7890 gas chromatograph.

Figure 2 shows the characteristic kinetic curves for molecular hydrogen formation during
thermocatalytic and radiation-thermocatalytic water decomposition under static conditions over the
temperature range of 673—-873 K. The formation of H, under irradiation in such zeolite—water systems
has also been reported previously, and the amount of hydrogen formed has been shown to depend on
the structural characteristics of the system and the radiolysis conditions [3, 12]. In porous or surface-
confined water systems, surface interactions and radiation-generated intermediate species can
significantly influence the pathways of H, formation [5, 10].

The process rates and radiation-chemical yields of molecular hydrogen were determined from these
curves. As a first approximation, the contribution of radiation to the radiation-thermal processes was
calculated using the following equation:

where;

W (H)=W (H) - W(H)
e Wrad(H,): the rate of molecular hydrogen formation resulting from the radiation contribution,
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* Wrt(H,): the rate of molecular hydrogen formation during radiation-thermocatalytic processes,

* Wter(H,): the rate of molecular hydrogen formation during thermocatalytic water decomposition.

Comparison of the molecular hydrogen yields in radiation-induced heterogeneous processes occurring in
the NaX + H,0O system over the temperature range of 300—-873 K demonstrates that increasing
temperature significantly accelerates heterogeneous water radiolysis. This temperature dependence is
consistent with heterogeneous radiolysis systems in which the reactive intermediates generated by
radiation must be considered in conjunction with thermal mobility and surface reactions [5, 6, 10].

Under these conditions, the radiation-chemical yield of molecular hydrogen, G(H,), increases
approximately linearly from 0.65 molecules/100 eV at 300 K to 9.1 molecules/100 eV at 873 K. The
temperature dependence of the process rate was evaluated using the IgW = f(1/T) relationship, and the
corresponding activation energies were calculated. The activation energies (EX) for the radiation-
thermocatalytic and thermocatalytic processes were determined to be 38.5 kJ mol-' and 59.2 kJ mol-".

The results demonstrate that the activation energy of thermocatalytic water decomposition in the
presence of NaX zeolite is higher than that of the radiation-thermocatalytic process. The generation of
electrons and other short-lived reactive species during water radiolysis by irradiation may enable
reactions occurring on solid surfaces to proceed through reaction pathways that differ from those of
conventional thermal processes [5, 18, 19]. In heterogeneous radiolysis systems in particular, surface
properties, pore structure, and the localization of charge carriers are considered among the key factors
governing the transfer of radiation energy to chemical conversion [5, 6].

The underlying reason for this behavior may be that, in radiation-thermocatalytic processes, not only
thermally active surface centers but also radiation-induced active surface centers and secondary
electrons generated by gamma irradiation participate in the reaction. It is known that ionizing radiation
generates low-energy secondary electrons, which can contribute to radiation-chemical processes
through energy transfer within the solid structure [19]. These high-energy or radiation-generated active
species may facilitate molecular hydrogen formation by enabling the reaction to proceed through a lower
effective energy barrier. In contrast, in purely thermal processes, a higher energy barrier must be
overcome for the reaction to proceed; therefore, a higher activation energy is expected. The
experimentally determined activation energy of 38.5 kJ mol-" for the radiation-thermocatalytic process
in the NaX—H,0 system, which is lower than the 59.2 kJ mol-" determined for the thermocatalytic
process, suggests that irradiation provides an additional reaction pathway alongside the thermal
process.

Formation of Paramagnetic Defects in the y-Irradiated NaX Zeolite + H,0 System

The formation processes of paramagnetic defects in the y-irradiated NaX zeolite + H,0 system were
investigated using electron paramagnetic resonance (EPR) spectroscopy. Previous studies have
demonstrated that paramagnetic centers and radiation-induced radical species formed in zeolitic
structures under the influence of ionizing radiation can be characterized by EPR spectroscopy [1, 7, 17].
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The generation and localization of unstable charge carriers within the crystal structure under the
influence of gamma photons can be described by the following schematic mechanism:

NaX — O +e (1)
0" +Lp— 07 5 (2)
e+l — ey (3)

O_ st +e— 02_ (4)
e +0 - 0% (5)

Here, O~ and e~ denote holes and electrons, respectively, whereas O-st and e-st represent their localized
(trapped) states. LI and LI denote electron-donor and electron-acceptor centers, respectively, in the
zeolite structure, while k; represents the rate constants of the corresponding reactions. The localization
of radiation-generated electrons and holes in zeolites by structural defects, heteroatom environments,
and surface centers is one of the fundamental processes governing the radiation chemistry of the solid
structure. The trapping and recombination of such charge carriers can directly influence the manner in
which radiation energy is transferred to chemical transformations [1, 7, 17].

In the presence of water molecules adsorbed on the zeolite surface, an additional process emerges that
competes with Reactions (2) and (3), which describe the localization of unstable charge carriers. In this
process, the unstable charge carriers interact with the adsorbed water molecules, resulting in the
decomposition of water:

HO + non-equilibrium charge carriers—>He++<0OH (6)

The most important evidence supporting this mechanism is the decrease in the signal intensity
attributed to hole centers in the EPR spectrum of the NaX + H,0 system, accompanied by the
appearance of a doublet signal corresponding to the atomic hydrogen radical (H+). The formation and
subsequent trapping of H atoms during the radiolysis of confined or zeolite-framework water have also
been previously observed, demonstrating the influence of the microporous environment containing water
on the radiation-chemical process [7, 17].

At low water contents in the NaX + H,0O system, the catalytically active sites of the zeolite are only
partially occupied by water molecules. Therefore, a fraction of the unbalanced charge carriers still
becomes localized according to reactions (2) and (3), forming paramagnetic centers. However, the
changes observed in the parameters of the EPR line corresponding to the V, centers (AH=1.4mT and g
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=2.0071) are considered to result from the interaction between the hole centers and water molecules
(Vz...Hzo).

Reactions of charge carriers competing with water molecules and the resulting formation of radical
species such as H- are consistent with the radiolysis behavior observed in porous solid—water systems
[6, 7,9, 17]. In particular, the formation, trapping, and kinetic behavior of H atoms in wet zeolites have
been investigated in detail previously [17]. In zeolite samples dehydrated at high temperatures, defective
aluminum-oxygen and silicon—oxygen polyhedra are present that can trap the radiolysis products of
water. The role of such structural defects in the stabilization of radiation-induced paramagnetic species
has previously been demonstrated in EPR studies of zeolite systems [1, 7].

At low water contents (mH,0 < 1.103 pmol/g), the absence of the line attributed to OH radicals in the
EPR spectrum of the NaX + H,0 system (Fig. 3) can be explained by the trapping of these radicals by the
aforementioned polyhedra.

Effect of Water Content on EPR Signals and Radiation-Chemical Yields

As the water content (mH,0) in the system increases, the EPR spectrum of the NaX + H,0 system
becomes more complex, and when mH,0 >3 x 102 mmol/g, the spectrum resembles the EPR spectra
observed during the y-radiolysis of water in the presence of NaA, CaA, NaX, and CaX zeolites. In Fig. 3,
curve (1) represents the low water content, whereas curve (2) represents the high water content.
Previous studies have shown that an increase in water content in zeolite—water systems can alter the
distribution of radiolysis products and paramagnetic centers [7, 9, 17].

The complex line located at the center can be considered as the superposition of four components (a, a,
b, and c¢). The a' and a components (g = 2.0080, A = 4.2 mT) correspond to OH radicals. The narrow lines
designated as b and ¢ (g = 2.0020) are attributed to trapped electrons [9, 17]. The c component of the
spectrum corresponds to the line observed at low water contents in the NaX + H,0 system and most
likely originates from a paramagnetic center associated with the zeolite. Under the condition pH,0 =1.65
x 10* pmol g7, the accumulation kinetics of *OH, He, and V, centers were investigated. Based on the
kinetic curves, the radiation-chemical yields per 100 eV of energy absorbed by the system were
calculated. Accordingly:

* G(*OH) =0.71
*G(H*)=0.35
* G(V,) = G(Hole Center) = 0.67

In the initially completely dehydrated NaX zeolite, the radiation-chemical yield of hole centers was found
to be G(Hole Center) = 1.30. Using the same method, the radiation-chemical yields of hydrogen atoms
and hole centers at different water contents were also calculated. As shown in Fig. 4, with increasing
accumulation of hydrogen atoms (H-), the radiation-chemical yield G(Hole Center) decreases. This result
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can be regarded as important evidence directly indicating that, in the NaX + H,0 heterogeneous system,
water molecules undergo decomposition with the participation of unbalanced charge carriers. The
formation of H atoms during the radiolysis of water confined in zeolites and their stabilization within the
solid structure have been reported previously, and the observed trend is qualitatively consistent with
these studies [7, 17].

Based on reactions (1)—(6) and applying the steady-state approach, the following expression was
obtained:

1/G(0” 1) = kglH205 I/kyGplLpl + 1/Gppy( ksle stl/kolLp] -
k3[Lal/k4lO™ s7])

e GHH is the initial radiation-chemical yield of unstable charge carriers;
e H,O0 denotes water molecules adsorbed on the zeolite surface;
e LD and LA denote electron-donor and electron-acceptor centers, respectively;

* ki denotes the rate constants of the corresponding reactions.

As can be seen from the above equation, an increase in the amount of adsorbed water (H,0) leads to a
decrease in the radiation-chemical yield G(0-) of localized hole centers. This result is qualitatively
consistent with the experimental findings. Similarly, the effect of adsorbed water on the formation and
trapping of radiation-generated charge carriers and H atoms in zeolites has been investigated previously
[7,17].

Recombination of H Atoms and Formation of Molecular Hydrogen

During low-temperature radiolysis (T = 77 K), hydrogen atoms may not only become stabilized but may
also recombine to form molecular hydrogen. However, in porous and zeolitic environments, the behavior
of H atoms is more complex than can be explained solely by H-H recombination. Previous EPR and
pulse-radiolysis studies have demonstrated that, in hydrated zeolites, radiolytic H atoms can originate
from both adsorbed water and the solid matrix and can be trapped by defects within the solid structure
[17].

In this context, two principal pathways for the behavior of H atoms can be considered:

H — Hgap (7)
H+H — H,(8)

Here, process (7) represents the stabilization of H atoms by active or defect centers within the zeolite
structure, whereas process (8) represents the formation of molecular hydrogen through the
recombination of two H atoms.
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When the system is heated to room temperature (T = 300 K), the H* and *OH radicals disappear
completely. The main reactions responsible for the disappearance of these radicals with increasing
temperature can be expressed as follows:

H + OH — H,0 (9)
OH + OH — H,0, (10)

In addition to these reactions, an increase in temperature may also facilitate the mobilization of H atoms
previously stabilized within the zeolite structure, enabling them to react with one another or with other
reactive centers in the solid matrix. Chemerisov et al. demonstrated that the kinetics of H atoms in
porous solids differ from those in bulk ice, with interactions with metastable defects in the solid
structure being particularly important in zeolites [17].

To elucidate the mechanism of molecular hydrogen formation, the ampoules were heated to room
temperature (T = 300 K) after recording the EPR spectra, and the amount of molecular hydrogen
contained in the ampoules was determined chromatographically. Previous studies have also
demonstrated that H, formation as a result of y-irradiation in zeolite—water systems depends on the
water loading, and that zeolite—water interactions can affect H, formation [3].

Based on the kinetic curves, the radiation-chemical yields of molecular hydrogen at yH,0 =5 and 100
pmol/g were determined to be G(H,) = 0.013 and 0.065, respectively. As can be seen, the relationship
2G(H,) = G(H) is satisfied in the system.

The relationship between the yields of H, and H radicals observed during the low-temperature radiolysis
of water in the presence of NaX indicates that a substantial fraction of the hydrogen atoms formed at T
=77 K undergo recombination to form molecular hydrogen (Eq. 8), while only a small fraction becomes
stabilized according to Eq. (7). However, the reaction of H atoms with defects in the solid structure
should also be taken into account when quantitatively evaluating this interpretation, since a significant
fraction of H atoms in hydrated zeolites has been shown to be trapped by matrix defects [17].

This observation is further supported by the non-stoichiometric relationship between the yields of H and
OH radicals observed during the radiolysis of adsorbed water at T=77 K and pH,0 = 1.65 x 104 pmol/g

(Fig. 4). Previous experimental studies have demonstrated that H, production in zeolite—water systems

can vary depending on the water loading and the organization of water within the zeolite structure [3].

When the experimental findings presented above, the EPR analyses, and the kinetics of molecular
hydrogen formation are considered together, the reaction mechanism proposed for the radiation-
catalytic process occurring in the NaX—H,0 system under y-irradiation is schematically presented in

Fig. 5. The proposed mechanism provides an integrated description of the generation and localization of
nonequilibrium charge carriers induced by y-irradiation, the radiolysis of adsorbed water molecules, the
formation of H+ and +OH radicals, and the subsequent production of molecular hydrogen. The formation
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of H atoms as a result of the radiolysis of adsorbed water in zeolites and the trapping of these species
within the solid structure have previously been demonstrated using EPR and time-resolved radiolysis
techniques [17]. Therefore, the mechanism presented in Fig. 5 is not based on a single reaction pathway
but rather on a sequence of consecutive and competing processes: charge-carrier generation —
localization/trapping — interaction with adsorbed water — formation of H- and *OH radicals — H-
recombination — H, formation. The previously reported dependence of H, formation in zeolite—water
systems on the water content and the strength of zeolite—water interactions further supports the
evaluation of the proposed mechanism in conjunction with the experimental results [3].

Conclusion

Thus, in this study, the radiation-induced heterogeneous processes occurring in the NaX zeolite-H,0
system were investigated in detail by evaluating Electron Paramagnetic Resonance (EPR) spectroscopy
together with molecular hydrogen formation measurements. The results obtained demonstrate that the
amount and physicochemical state of adsorbed water are among the most important parameters
determining the formation of radiation-induced reactive species.

EPR analyses revealed the formation of hole centers, trapped electrons, H* atoms, and *OH radicals in
the NaX structure as a result of y-irradiation. With increasing amounts of adsorbed water, the radiation-
chemical yield of hole centers decreased, whereas the formation of H+ and *OH radicals increased
markedly. This indicates that radiation-generated charge carriers react with adsorbed water molecules
rather than becoming trapped within the zeolite structure, thereby promoting water decomposition.

Hydrogen formation experiments demonstrated that radiation-thermocatalytic water splitting is
significantly accelerated with increasing temperature. At the same time, the lower activation energy
calculated for the radiation-assisted process compared with the thermocatalytic process alone confirms
that the active surface centers and secondary electrons generated by gamma irradiation facilitate the
reaction and accelerate hydrogen formation.

In accordance with the experimental findings, the proposed reaction mechanism successfully explains
the formation and trapping of non-equilibrium charge carriers, their transfer to adsorbed water
molecules, radical formation, and molecular hydrogen production. The consistency between the EPR
results and hydrogen production data indicates that the radiation-induced heterogeneous reactions
occurring on the NaX surface predominantly proceed through a radical mechanism.

In conclusion, NaX zeolite provides an effective catalytic environment for radiation-assisted water
splitting and hydrogen production. This study not only contributes to the understanding of radiation-
chemical mechanisms in NaX zeolite but also provides a scientific basis for the development of next-
generation hydrogen production technologies employing ionizing radiation in combination with
heterogeneous catalysis.
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This workflow summarizes all stages of the experimental study,
Each step was carried out under controlled conditions to ensure reproducible and relinble resulis.

Figure 1

Schematic flow diagram of the experimental procedure.
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Kinetics of molecular hydrogen evolution during thermocatalytic (a) and radiation-assisted
thermocatalytic (b) water decomposition in the presence of NaX zeolite. Curves correspond to

temperatures of 673 K (1), 773 K (2), and 873 K (3).
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Figure 3

EPR spectra of the y-irradiated NaX zeolite—H,0 system at water contents of gH,0 =1 x 10 pmol g-(1)
and pH,0 > 1 x 10° pmol g~ (2).

Page 14/16



1.3
1ok G(h") G(H)
‘ 4 0,33
1,0 |- -« 1 22—
1 0,27
0,8
4 0,21
0,6
40,15
0.4
1 0,09
0,2
4 0,03
1 [ [ L [ 1 i [ 1 i
200 600 1000 1400 1800 2000
!J'u:c 10°, pmol/g
Figure 4

Dependence of the radiation-chemical yield of radiation-induced defects in the zeolite (1) and stabilized
hydrogen atoms (2) on the amount of adsorbed water in the NaX zeolite—-H,0 system under y-irradiation
atT=77K.
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Proposed reaction mechanism for radiation-induced heterogeneous water splitting and hydrogen
formation on NaX zeolite under y-irradiation.
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