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The radiation-thermal-catalytic processes of water decomposition in the n-ZrO,-n-Al,0;+H,O system are
investigated. The kinetics of molecular hydrogen accumulation was studied during radiolytic processes of water
decomposition in the systems under study. The values of the accumulation rates and radiation-chemical yields of
hydrogen during the radiolysis of water in the n-ZrO,-n-Al,03+H,O system at various temperatures have been
determined. Besides this, it was shown that the results obtained serve as a base for checking the scenarios of normal
and emergency conditions of nuclear reactors refrigerated by water.

PACS: 82.50Kx:95.85Pw

INTRODUCTION

In nuclear power today, water-cooled nuclear
reactors predominate. For the safety of the latter, of no
small importance is the identification of patterns of
accumulation of explosive products formed when
radiation and temperature influence the heat transfer
media and impurities contained in them in contact with
the materials of nuclear reactors in normal and
emergency modes of their operation. There are studies
on thermal processes of interaction of water vapor with
some materials of reactors. Information on the
contribution of radiation-heterogeneous processes in the
contact of water with reactor materials in the process of
generating molecular hydrogen is missing. The
development of the production of nanomaterials is
determined by the key tasks of modern materials science
and is closely related to technologies for producing
various types of catalysts, adsorbents, etc. based on
nanopowders. The transition to nanoscale materials
leads on the one hand to a significant decrease in
particle size, and on the other to a significant increase in
the surface of the powder system. Thus, at the same
time two factors — small size and high values of specific
surface will play an important role when considering the
processes involving nanoparticles. Recently, it has been
established that a decrease in particle size to nanoscale
leads to a significant change in physical properties
[1-6]. Nanostructured materials have a well-developed
surface and increased defects at the particle boundary,
which is of great importance in radiation-heterogeneous
processes with their participation, as well as in the
development of highly sensitive detectors of ionizing
radiation. To modify the physicochemical properties,
materials are made based on mixtures of nanoscale
oxides. As a result of the interaction between the
components, changes occur in the concentrations of the
surface acceptor centers, as well as the mechanical and
physical properties of the components of the system.
Information on the effect of temperature on the surface
physicochemical and radiation-catalytic properties of
the n-ZrO,-n-Al,O3 binary system is limited. Therefore,
in order to identify the effect of temperature on the
radiation-catalytic properties, the kinetics of hydrogen
production processes during heterogeneous radiolysis of
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water in the n-ZrO,-n-Al,O;+H,O system at different
temperatures has been investigated.

EXPERIMENTAL PART

ZrO, and Al,O3 nanopowders with a purity of 99.9%
(manufactured by Sky Spring Nanomaterials, Inc.,
USA) with a particle size of d = 20...30 and 20...60 nm
were used. By the X-ray phase method, it was
established that the ZrO, sample has a monoclinic
centrally symmetric crystal structure. Before adsorption,
samples of zirconium and aluminum dioxides were
subjected to thermal vacuum treatment at T = 673 K and
a pressure of 10° Pa for 8 h to remove organic
contaminants and dehydroxylate surfaces.

For the study, bidistilled water was used, from
which the extraneous gases were removed by repeated
freezing in a trap with liquid nitrogen, followed by
pumping. The adsorption of water vapor was studied by
the method of [7]. Radiation decomposition of water in
the n-ZrO,-n-Al,0s+H,O system was carried out at
various temperatures T = 373...673K. Samples were
irradiated at a *°Co isotope source with a dose rate of
dD,/dt=0.14 Gy/s. The absorbed dose rate was
determined by chemical ferrosulfate and cyclohexane
dosimeters [8]. The absorbed dose of radiation in the
systems under study was determined by comparing their
electron densities with dosimetric systems [8].

The vials were opened in special cells. The products
of radiolysis using a dispenser entered the
chromatograph, where their  composition and
concentration  of individual components  were
determined. The analysis was performed on an Agilent-
7890 chromatograph. H, and O, were detected in the
composition of radiolysis products. A certain part of the
oxygen was captured by the oxides and dissolved in
water, therefore, the oxygen yields in the composition of
the radiolysis products are less than stoichiometrically
possible.

RESULTS AND DISCUSSION

The kinetics of molecular hydrogen accumulation
was studied during radiation-heterogeneous radiolysis
of water adsorbed on the surface of n-ZrO,-n-Al,O;
systems at T = 373...673 K (Fig. 1).
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Fig. 1. Kinetic curves of the accumulation of molecular hydrogen in radiation-thermal (a) and thermal (b)

decomposition of water in the n-

at various temperatures — 373;
The kinetics of molecular hydrogen accumulation

was studied during radiation-heterogeneous radiolysis
of water molecules adsorbed on the surface of the

N(H,) 16" molec./g

Zr0,-n-Al,O3 +H,0 system
473, and 673 K respectively

n-ZrO,-n-Al,O; binary system at various component
ratios at T = 673 K (Fig. 2).

N(H,)-16", molec./g

10 7 b 3
a 3 6
8 A A
///_- 5
2
6 ) 2 4
i | f_,r‘ 3
flll’ 1 f
2 I."f. 2 ;_..f * i]
/ 1}/
0¥ L
1 2 3 4 5 1 > 3 4 5
T, h T, h

Fig. 2. Kinetic curves of molecular hydrogen production in radiation-thermal (a) and thermal (b) radiolysis
of water in the n-ZrO,-n-Al,O; +H,0 system at T = 673 K, D = 0.14 Gy/s.
1-83.3% n-ZrO,+16.7% n-Al,03; 2 —50.0% n-ZrO,+50.0% n-Al,03; 3 — 16.7% n-ZrO,+83.3% n-Al,O4



Based on the kinetic curves, the values of the
accumulation rates and the radiation-chemical yields of
molecular hydrogen were determined. The observed
values of the parameters of hydrogen production are
given in Table and in Fig. 2. Comparison of the yield
values of molecular hydrogen in the presence of
individual samples of n-ZrO, and n-Al,O; shows that
n-ZrO, has a relatively high radiation-catalytic activity.
As can be seen from Table, during the transition from n-
ZrO, to n-Al,0s, the values of the radiation-chemical
yield of molecular hydrogen decrease linearly.

Based on the content of the components and the
values of the radiation-chemical yields, it is possible to
determine the hydrogen vyields in the heterogeneous
radiolysis of water with the participation of the
n-ZrO,-n-Al,05; mixture by additive summation:

2Gi=% G + (1 - Xl)GZ: (1)

where x;, G; is the fraction of individual components in
the mixture and the value of the radiation-chemical
yield of hydrogen in the presence of these nanooxide
samples. The value of the yield of hydrogen is

determined by the expression (1), which corresponds to
the experimentally observed dependencies. The
decrease in yield with the addition of n-Al,O5 to n-ZrO,
suggests that there is an interaction between the
components — n-ZrO, and n-Al,O3, as a result of which
the radiation-catalytic activity of the n-ZrO,-n-Al,O;
system decreases.

The observed difference in the values of G(H,) in
radiation-heterogeneous radiolysis of water in the
presence of n-ZrO, and n-Al,O; is explained by the
electrophysical model of heterogeneous radiolysis.
According to this model, the main contribution of the
solid phase during heterogeneous radiolysis of water is
to convert the energy of ionizing radiation into the
energy of non-equilibrium charge carriers and excited
states, as well as transfer the absorbed energy through
these carriers to surface-adsorbed water molecules
[9, 10]. For oxide dielectrics, the threshold energy (Ey)
of the formation of non-equilibrium charge carriers is
equal to [9, 11]:

Eth = 2Eg, (2)
where Eg is the band gap of oxide dielectrics.

Values of G(H,) and accumulation rates of molecular hydrogen during thermal W+(H,) and radiation-thermal
Whrt (H,) decomposition of water on the surface of n-ZrO,, n-Al,0O5 oxides and n-ZrO,-n-Al,O5 system at
temperatures T = 373...673 K

WT(HZ)I WRT(HZ)l G(HZ)v
No System T.K D, Gyls molec./(g-s) molec./(g-s) molec./100 eV
1 | n-zro, 1.0-10% 5.10" 4.5
2 | n-AlO, 0.69-10" 2.78.10%° 2.75
3 | n-zro+n-Al,0; (3:1) 373 0.14 0.84-10% 42105 4.0
4 | n-ZrO,+n-ALO; (1:1) 0.67-10% 3.34.10% 3.1
5 | n-ZrO,+n-AlLO; (1:3) 0.51-10% 2.91.10" 2.7
D! WT(HZ)l WRT(HZ), G(HZ)!
No System T.K Gy/s molec./(g-s) molec./(g-s) molec./100 eV
1 n-Zro, 5.56-10" 2.08-10* 8.35
2 n-Al,05 2.22-10" 5.83-10" 4.15
3 n-ZrO,+n-Al,0; (3:1) 473 0.14 5.02-10° 1.81.10% 7.5
4 n-ZrO,+n-Al,05 (1:1) 4.45.10" 1.0-10* 6.7
5 n-ZrO,+n-Al,05 (1:3) 2.57.10" 6.78-10" 4.8
WT(HZ)I WRT(HZ)l G(HZ),
No System T.K | D,Gyls molec./(g-s) molec./(g-s) molec./100 eV
1 n-Zr0, 2.78-10" 6.94.10" 25.7
2 n-Al,05 4.17-10% 9.44.10" 8.6
3 n-ZrO,+n-Al,O; (3:1) 673 0.14 2.59-10™ 4.45.10% 21.2
4 n-ZrO,+n-Al,05 (1:1) 1.52.10* 2.61.10" 12.9
5 n-ZrO,+n-Al,05 (1:3) 1.17-10% 1.93.10% 8.1

The values of the band gap for n-Al,O; and n-ZrO,
are 6.2 and 5.42 eV, and the threshold energy for the
generation of nonequilibrium charge carriers (Ey,) is
12.4 and 10.8 eV, respectively. The values of the
radiation-chemical yield of nonequilibrium charge
carriers are  determined by the expression
G(n.c.c) = 100/Ey, and equal to 8.06 pairs/100 eV and
9.22 pairs/100 eV, respectively. The energy of
secondary electrons formed as a result of primary acts in
the interaction of gamma quanta with oxides varies in a
wide range of Eg.>10°%..10%eV, and the mean free

path of these electrons in oxide dielectrics varies in the
range L, ~ 10...10° nm. In addition, under the action of
secondary electron radiation in oxide dielectrics, the
next generation of nonequilibrium charge carriers and
excited states is formed.

Water molecules on the surface of oxides are in the
adsorbed state on the surface of the acceptor centers:

Ls + H,O — L-H,0, (3)



where L; is the surface-acceptor centers, L-H,O is an
adsorption complex interacting with non-equilibrium
charge carriers and excited states:

L-H,0 + ® — L-H,0", (4)
where @ is hole;
L-H,0"+ ¢ —» L-H,0* - L + H + OH; (5)
H+H — Hy; (6)
OH + OH — HzOz . (7)

The decomposition products of water are separated
by surface fragments and, therefore, unlike
recombinations of products are difficult. Taking into
account reactions (3) — (6), the yields of nonequilibrium
charge carriers and hydrogen should satisfy the relation:

G (Hy) = %G(n. c.c.). (8)

As can be seen, in the case of heterogeneous
radiolysis of water in the adsorbed state in the presence
of nanooxides, only a certain part of non-equilibrium
charge carriers participate in the process of water
decomposition, and the rest emit into the contacting
medium. The components formed as a result of the
interaction of primary ionizing radiation with nanooxide
dielectrics are surrounded by liquid water. In these
systems, nanocomponents play a major role in the
conversion of the energy of ionizing radiation into low-
energy, secondary electron radiation into the liquid
phase. Each particle of nanooxides plays the role of the
center of radiation of secondary electrons and ions. In
the space between the nanoparticles, a region of high
concentration of electrons and ions is formed, which
play the role of a microplasma cell, where the effective
conversion of the energy of secondary electron radiation
to the chemical energy of hydrogen occurs [12, 13].

Table shows the experimentally obtained values of
the accumulation rates of molecular hydrogen for
thermal Wy(H,) and radiation-thermal Wg(H,)
processes, as well as the values of G(H,) depending on
the ratio of the components ZrO, and Al,Oj3 at different
temperatures (T = 373...673 K). As can be seen from
the table, the highest G(H,) values in these systems are
observed at a ratio of 75 wt.% n-ZrO,—25 wt.% n-Al,O4
(3:1), which is due to the higher radiation activity of the
surface centers of the Zr** type. A comparative analysis
of the values of W+(H,), Wrt(H,) shows that in the
temperature range T = 373...673 K under consideration,
the accumulation rate of H, during radiation-thermal
processes is significantly higher compared with thermal
processes. This indicates the stimulating role of
radiation in these processes. The dependences of the
radiation-chemical yield of molecular hydrogen in the
heterogeneous radiolysis of water on the ratio of the
components are shown in Fig. 3.

As can be seen from the graph, at T = 673 K with an
increase in the molar percentage of n-Al,O; in the
mixture, the hydrogen yield decreases from 25.7 to
8.6 molec./100 eV in the case of pure n-Al,Os.
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Fig. 3. Dependence of the radiation-chemical yield of
molecular hydrogen in the heterogeneous radiolysis of
water in the presence of the binary system
n-ZrO,-n-Al,O3 on the ratio of components at different

temperatures: 373 (1); 473 (2), and 673 K (3)

CONCLUSION

The relatively high yield of molecular hydrogen in a
mixture with a high content of n-ZrO, indicates that as a
result of the action of gamma rays in the volume of
n-ZrO,, secondary electron radiations and energy
sources are formed with relatively high yields, which
effectively affects the process of water decomposition.
Thus, with radiation-catalytic processes of water
decomposition, due to the efficient transformation of
energy transfer, the presence of strong acceptor centers
of the surface and interparticles of nanoscale spaces for
the realization of radiation processes involving
secondary electron radiation from nanocatalysts, high
yields of molecular hydrogen can be achieved.
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PAJIMALITOHHO-TEPMOKA TAJIMTUHYECKHAE ITPOLECCHI ITOJTYYEHMS
BOJIOPOJIA U3 BOJBI

T.H. Azaes, C.3. Menuxosa, X.D. I'aoxcuesa

Hccnenoanbl paualliOHHO-TEPMOKATATIUTHYECKAE TIPOLIECCHI PasfiokeHuss BoAbl B cucteme N-ZrO,-n-Al,O3+H,0.
W3yyeHa KMHETHKa HAKOILICHUsS] MOJIEKYJISIPHOTO BOAOPO/a MPH PaTUONIMTHIECKHX TIpolieccax pas3iioKeHHs BOJBI B
uccienyeMbix cucremax. OmpenenieHbl 3HAYEHUs! CKOPOCTeH HAKOIUICHUS U paJualliOHHO-XMMHYECKHX BBIXOOB
BOJIOpOJa TIPH paanonu3e Bomsl B cucteMe N-ZrO,-n-Al,Os+H,O mpu pasnuusbix Temrmeparypax. I[loaydeHHBIe
pe3yabTaThl MOTYT CIIyXKHTh OCHOBOM JJIA IEpPecMOTpa CLECHApHs HOPMAIBHBIX U aBapHHHBIX PEKHUMOB PabOTHI
BOJIOOXJIAXKJAEMBIX SIAEPHBIX PEAKTOPOB.

PAIAIIMHO-TEPMOKATAJITUYHI ITPOIIECU OTPUMAHHSA
BOJHIO 3 BOIN

T.H. Azaes, C.3. Menuxoea, X.D. I'aoxncicea

JocnipkeHo pajiaiiifHo-TepMOKATATITHYHI TPOIECH po3KiIamaHHs Bogu B cuctemi N-ZrO,-n-Al,0;+H,0.
BuBYEHO KIHETHUKY HAKOMUYCHHsS MOJCKYJSIPHOTO BOJHIO MPH PAMIONITHYHHX Mpollecax pO3KIAJaHHS BOIAM B
JOCITIDKYBAaHUX CHCTeMaX. BH3HA4YeHO 3HAYCHHS IIBUIKOCTEH HAKONWYCHHS 1 pajiamiifHO-XIMIYHHX BHXOJIB
BOJHIO TpH pamionizi Boau B cuctemi N-ZrO,-n-Al,03+H,O mpu pisHux temmeparypax. OTpuMmani pe3yibTaTd
MOXYTh OyTH OCHOBOIO JJISI IEPETIISAY CLCHAPI0 HOPMAJIBHUX 1 aBAPIHHUX PEKUMIB POOOTH BOIOOXOJOKYIOUHX
SIICPHUX PEAKTOPIB.



