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Abstract: Radium silicates with different radium contents were synthesized. For comparison, the radiation
catalytic activity of radium silicate with 6100 Bk/g radium and starting silicate during the radiolytic
decomposition of water was studied. The heterogeneous radiolysis of water was investigated in the
adsorbed and liquid states in contact with radium silicate and silicate samples. The effect of the radium
cations, the state of water, and reaction temperature on the yield of molecular hydrogen was revealed. The
mechanisms of heterogeneous radiolysis of water involving the radium silicate and silicate samples under
study were suggested.
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1. Introduction

Due to their radiation and thermal stability and unique physicochemical properties, radium
silicates are of great interest in various fields of nuclear and radiation technology. Interesting
results on the effect of different types of radiation on the physicochemical properties of radium
silicates were obtained [1-3]. Radium silicates are also of great interest as nuclear materials for
high-temperature nuclear and radiation technologies. Therefore, recently there has been growth
of interest in radium silicates, and large-scale research of their properties under the action of
ionizing radiation is being pursued [4-6].

The purpose of this article is to identify the impact of the activity of radium in the
water radiolysis and obtaining molecular hydrogen at the radiolytic decomposition of water in
the system radiumsilicate + H,O at different temperatures (T=300...673 K).

Here, we studied heterogeneous radiation decomposition of water in the presence of radium
silicate with 6100 Bk/g radium, a relatively pure silica gel.

2. Experimental

Radium silicates with different radium contents were synthesized by hydrolysis of
tetraethyl orthosilicate in acetic acid at 7= 333 K [7]:

Si(OC2H5)4+4H2 — Sl(OH)4+4C2H50H,
C,HsOH+CH,COOH —> CH,COOC,H; + H,O:
Sl(OH)4 +RaC|2 —> Ra'S|O3+HCI + Hzo

The samples were treated at first at 7 =373 K in air for t =24 hand thenat 7=473 K

under vacuum P = 10° Torr for t = 36 h, after which thermovacuum treatment was performed
at 7= 873 K for T = 12 h. The radium content in the synthesized samples was determined by y-
and a-spectrometry [7].
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The radium content in the synthesized samples was varied from 260 to 6100 Bk/g. The
radiation catalytic action of radium silicate was studied on the samples with relatively high radium
contents; their activity was 4 = 6100 Bg/g. The heterogeneous radiolysis of water was performed
under the static conditions in special ampules. The amount of radium silicate in the ampules was

approximately m=4.10" g. Twice distilled water was used. Water was introduced in ampules by
two techniques. The first method was adsorption from the vapor state (H,Og) on the surface of

radium silicate at 7=77 K. The amount of water introduced in ampules corresponded to the density

of water vapors in the ampules p =5 mg/cms. In the temperature ranges under study, the amount
of water in the vapor state is in equilibrium with that in the adsorbed state. In the second procedure,
water from the calibration volume was introduced in ampules until the radium silicate sample was
completely covered with liquid water with a mass of Miig = 0.2 g. The ampules with the samples

were then cooled to 77 K and sealed.

The radiation and thermal radiation processes were performed on a ®Co isotope source.
The absorbed gamma radiation intensity was determined with chemical (ferrosulfate, cyclohexane,
and methane) dosimeters [8, 9]. The products of heterogeneous radiation processes were analyzed
on a “Svet-102” gas chromatograph and “Gazokhrom-3101" gas analyzer.

3. Results and Discussion

The kinetics of accumulation of molecular hydrogen during the heterogeneous radiolysis
of water in the RaO-SiO, + H,0g and RaO-SiO, + H,0jjq systems was studied. Fig.1. shows the

kinetic curves of hydrogen accumulation during the heterogeneous radiolysis of water in the
presence of radium silicate in two states. The rates and the radiochemical yield of hydrogen in
the systems were determined from the initial linear segments of the kinetic curves. According to
Fig.1, the kinetic curves of molecular hydrogen accumulation have the same shape for both
systems. Two segments can be isolated on them:

I — on which the hydrogen accumulation rate on the initial linear segments is relatively

high, Il — with a relatively slow molecular hydrogen accumulation stage.

The molecular hydrogen accumulation rates and the radiochemical vyields were
determined from the initial linear segments of the kinetic curves.

According to Table 1, in heterogeneous radiolysis of water in the state of complete
coverage of the radium silicate layer (radium silicate+H,O)), the observed radiochemical yields of

hydrogen are ~ 3,6 times higher than in the heterogeneous radiolysis of water in the adsorbed state
on the surface of radium silicate. This indicates that in the case of radium silicate, an effective
energy transfer from the solid phase to the water molecules occurs in water. The presence of the
second slow stage of radiolysis on the kinetic curves indicates that there exists a diffuse hindered
stage of heterogeneous radiolysis of water in the presence of radium silicate at 300 K. The
temperature effect on the rates of formation of molecular hydrogen during heterogeneous
radiolysis of water was studied on the (RaO)x(SiOZ)y+HZOS systems because in experiments on

the radium I silicate+H,O, system in closed ampules the temperature cannot be increased.

It was found that at 7 > 473 K radium silicates possess the thermocatalytic activity in
water decomposition [10]:

(RaO)x(Si02)y

Hzos S H2 + 1/2 02. (l)
T>373
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Data on the radiation-thermal and thermal hydrogen accumulation in radiation-
heterogeneous decomposition of water can be obtained experimentally. For justifiable separation
into components, the radiation-thermal and thermal decomposition of water was performed
under identical conditions in the presence of radium silicate.
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Fig. 1. Kinetics of molecular hydrogen formation in heterogeneous radiation decomposition of water in the
3

radium siIicate+H20ads.(pH20 = 5 mg/cm )(a) and radium siIicate+H20|iq systems (b) (mH20= 0.02 g)

at 7=300 K and D = 0.28 Gy/s

Table 1. Rates and radiochemical yields of molecular hydrogen in heterogeneous radiolysis of water in two
states at 7= 300 K

. -10-1
No Irradiated systems W(H,), mol.-g -s G(H,), mol./100eV
1 Radium silicate+ H,0,4, 222 1012 0.13
2 Radium silicate+ HZOqu 0.83 - 1013 0.47
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Fig. 2. Kinetics of molecular hydrogen accumulation in the thermal (a) and thermal radiation (b)
decompositions of water on the surface of radium silicate at pg20 = 5 mg/cm, D = 0.28 Gy/s, and

temperatures of 1 — 373; 2-473; 3-573; 4 -623; 5-673 K
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Table 2. Rates (mol.-g'l-s'l) and radiochemical yields (mol./100 eV) of molecular hydrogen in thermal
radiation and thermal decompositions of water in the radium silicate + H,Os system at different

temperatures

T, K W (H2)10 | W (H) 10~ | W (H)10 | G(H)
1373 _ _ 0.42 0.18
2473 175 0.06 1.69 0.85
3.573 3.05 0.11 2.94 1.12
4.623 5.8 278 3.00 1.34
5.673 8.61 4.44 417 1.63

The kinetic curves of radiation thermal and thermal water decomposition at 7 = 373...673
K are shown in Fig. 2. At increased temperatures, the second slow stage of hydrogen accumulation
during radiation-heterogeneous radiolysis of water in the presence of radium silicate at 7 = 300
K was not observed. All the kinetic curves have a stationary region after a certain period of time.
In the first approximation, the radiation component of the thermal radiation process is determined
as the difference:

W(H,) = W (H,) — W (H,). )

Using the rates of the radiation components of the thermal radiation decomposition of
water, we determined the radiochemical yields. The resulting rates and radiochemical yields of
molecular hydrogen are listed in Table 2. A comparison of molecular hydrogen yields during the
radiation- heterogeneous processes in the radium silicate + H,Og system in the range 300...673

K shows that the temperature stimulates heterogeneous radiolysis, and the yield of hydrogen
increases linearly from 0.18 to 1.63 mol./100 eV with temperature. The activation energies of
the thermal radiation and thermal processes were determined from the temperature dependence
of the reaction rates in the Arrhenius coordinates (Fig. 3) and proved to be the same within the
accuracy of determination: £, = 13.45...15.4 kd/mol.

This indicates that the thermal component is a more energy-consuming stage of the
thermal radiation process. To examine the effect of the radium cations on the radiation catalytic
activity of the silicate in the course of water radiolysis, we synthesized pure silicate Si(OH), by

reactions (1) and (2).
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Fig. 3. Temperature dependences of hydrogen formation rate in the thermal (1) and thermal radiation (2)
processes in the presence of RaO-SiO,
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The obtained samples were transformed into the stable silica gel form by thermal and
thermovacuum treatment. As in the case of radium silicate, the experiments on radiation-
heterogeneous decomposition of water were performed in two variants. In the first variant, water
was in the adsorbed state (SiO,+H,0O, ) in the second, silica gel was in water (SiO,+H,0O,. ). The

Kinetic curves of molecular hydrogen accumulation are shown in Fig. 4 for both systems.
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Fig. 4. Kinetics of molecular hydrogen formation in the catalytic radiation decomposition of water in the
adsorbed (o720 = 5 mg/cm) and liquid states (mg20 = 0.02 g) in the presence of SiO, at D = 0.28 Gy/s
and 7= 300 K.

For comparison with radium silicate in the SiO,+H,O,, system, we studied the

temperature effect at T = 673 K. Fig. 5 shows the kinetic curves of hydrogen formation in radiation
heterogeneous radiolysis of water in the presence of silica gel + H,O_ .. Table 3 lists the rates and

radiochemical yields of hydrogen.
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Fig. 5. Kinetic curves of molecular hydrogen formation in the (1) thermal and (2) thermal radiation
decomposition of water in the presence of SiO, at T=673 K.

Table 3. Kinetic parameters of heterogeneous radiolysis of water in the presence of SiO,

w (Hl), . w (Hl), . W (Hl), . G(H,),
System mol..g s mol.-g s mol.-g s mol./100eV
Si0,+H,0,4,(300 K) _ - 1.1110" 0.61
Si0,+H,0jq (300 K) - - 5 810> 3.2
Si0,+H,05 (673 K) 4.17.1014 3.47.1014 . 0.1013 4.32
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The silicate systems are dielectrics with a forbidden gap of £g = 10 eV. The primary acts

of interaction of gamma quanta with oxides form o electrons with different energies [9, 13-15].
The energy of o electrons is lost as a result of subsequent stages of interaction, and these processes
continue until the energy of the new electron-generating generations is capable to initiate the
formation of electron-hole pairs [16]:

E, = (35)E,, (3)

where Ege is the energy of o electrons; Egp, is the thresh-old energy of the formation of electron-
hole pairs, for dielectrics; Egp, is roughly evaluated to be 2 £g [16]. As a result of the interaction

of y quanta with the silicate systems, electrons with an energy of £ < 12 eV and approximately
five or six electron-hole pairs with 100 eV form at the final stages of the cascades of elementary
processes [9, 15-16]. For electron excitations with an energy of Ege = (3/5)E¢h, the electron—

phonon interaction is the main route of energy relaxation in dielectrics. The relaxation length in

oxide dielectrics is L ~ 10°...10° nm [15, 16]. Therefore, these electrons can interact with water
molecules depending on the generation site and the particle size of the silicate systems [9, 15-17].
The electrons with an energy of Eges 12 eV can be emitted to the nearsurface space or

create excited states in the silicates. According to the schemes, the number of these electrons also
corresponds to ~5 particles per 100 eV. When these electrons quit the oxide surface, radiolytic
processes involving low- energy electrons occur [8, 17].

In the silicate, an electron and hole pairs are generated:

SiOz wn +p (4)
They can be localized at localization sites, if any, in the bulk of oxide:

n+La+Ln (5)
p+La+ L (6)

where L, and L are the acceptor and donor localization sites, respectively; L, and L, are the
localized states of electrons and holes. They interact if there are water molecules on the surface

H20s + p — H204 (7)
H.0;+n — H.0; - H + OH (8)

by the recombination mechanism of water decomposition
G(H,) = (1/2)G(n, p) 9)

On the other hand, the excited states that form in the silicate systems can be involved in
water decomposition:

H>Os + ex —» H.0; — H + OH (10)
In oxide systems with a disordered structure and various impurities, some of the
nonequilibrium charge carriers can be localized or experience recombination decay in the bulk.

The radium cations can serve as electron trapping centers and later, as their recombination centers.
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The radiation catalytic activity of radium silicate, therefore, is lower than that of pure silicate [10-
12].

A definite part of nonequilibrium charge carriers can be in the localized states in the radium
silicate and silica gel particles. The proportion of particles that come out to the surface and hence
the yield of hydrogen increase with temperature [9, 10]. As can be seen at defect migration
temperatures (7 = 600...623 K) in the structure of oxide compounds [10, 18], the vyield of
hydrogen corresponding to the number of formed nonequilibrium carriers in the oxide phases is
G(H,) = 3.0...4.5 mol./100 eV.

In the case of radium silicate and silica gel, all types of particles on the surface and in the
bulk of water can be involved in water radiolysis. The generations of 5-electrons that quit the solid
phase possess sufficient energy for excitation of water molecules in the dissociative level of water
and initiation of radiolytic processes. Therefore, in heterogeneous radiation processes in the
radium silicate +H,0y;,, silica gel+H,0y;, systems, the yield of molecular hydrogen is higher than
in heterogeneous radiolysis of water in the absorbed states. The observed high yield of molecular
hydrogen can be explamed by possible liberation of nonequilibrium charge carriers G(n,p),
excitons G(ex), and nonrelaxed and scattered electrons G(ege).

4. Conclusions

The kinetics of accumulation of molecular hydrogen at the system radiumsilicate + H,O
gamma radiolysis of water. It was found that the radiation-chemical yield of hydrogen for
radiumsilicate + H,O (G(H,) = 0,47 mol./100 eV) more than, in the radiolysis of pure water (G(H,)
= 0.45 mol./100 eV).

The kinetics of accumulation of molecular hydrogen with radiation, the radiation-thermal
and thermal (T = 300...673 K) processes radiumsilicate water.

It is shown that the formation of the surface-active centers and secondary electrons in the
presence of radiumsilicate causes an increase in the saturation velocity of molecular hydrogen
under thermal and radiation-thermal processes in the system radiumsilicate + H,O.
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T'ETEPOT'EHHBIN PAINOJIN3 BOJAbI B TIPUCYTCTBUU PAIUN-CUJIUKATA
T.H. Araes, 3.A. MauncumoB, C.3. MeaukoBa

Peziome: CHUHTE3UPOBAaHBl PATUM-CUIMKATBl C Pa3IMYHBIMM AKTUBHOCTSMHU paaus. [ns cpaBHeHHA
M3y4YeHbl paIualliOHHO-KaTAIMTHYECKHE aKTUBHOCTU paAui-CUIMKaTa (C akTUBHOCTBIO paaus 6100 bx/r)
U UCXOJHOTO CHJIMKArenis B MpOIecce paaHOIMTUYECKOTO Pas3lioKeHUs BOABI. | €TepOreHHBI pasnonn3
BOJIbI M3yUYECH B aJICOPOMPOBAHHOM M KHJIKOM COCTOSIHHUSIX B KOHTAKTE C 00paslaMy pajuii-CHINKaTa U
cuIIHKarest. BeIABIEHBI BIUSHUS paauii-KaTHOHOB, COCTOSTHUS BOJIbI M TEMIIEPATYPHI IMTPOLIECCOB HA BBIXOJ]
MOJIEKYJIApHOTO Bojopoja. IlpemnokeHbpl MeXaHHW3Mbl T'€TEPOr€HHOTO paanoiin3a BOABI C Y4acTHEM
UcCIIeayeMbIX 00pa3IoB paui-CHINKaTa ¥ CHIIUKAress.

Kntouesvle cnosa: pannii-CUINKAaT, T€TEPOTCHHBIN PaInONIN3, BBIXOJ MOJIEKYJSIPHOTO BOIOpOAa, Y-
0o0ny4yeHHe, akTUBHOCTh

RADIUM-SILIKATIN iSTiRAKI iLO SUYUN HETEROGEN RADIOLIizZi
T.N. Agayev, Z.9. Mansimov, S.Z. Mslikova

Xulasa: Muixtolif aktivlikli radiumdan radium-silikat sintez olmusdur. Miigayiss Ucln suyun radiolitik
parcalanma prosesinds ilkin silikagelin radiasiya-katalitk aktivlikli (radiumun aktivliyi 6100 Bk/q) radium-
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silikat todgiq olunmusdur. Radium-silikat vo silikagelin adsorbsiya olunmus vo maye halinda suyun
heterogen radiolizi Oyronilmisdir. Radium-kationlarin, prosesin temperaturunun molekulyar hidrogenin
ciximina tasiri musyyan olunmusdur. Todgig olunan radium-silikat vo silikagelin istiraki ilo suyun
heterogen radiolizinin mexanizmi toklif olunmusdur.

Agar sézlar: radium-silikat, heterogen radioliz, molekulyar hidrogenin ¢iximi, y-siialanma, aktivlik
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