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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 + H2O at different temperatures (Т=300…673 К). 

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 Т = 333 K [7]: 
 

Si(OC2H5)4+4H2                  Si(OH)4+4C2H5OH;  
C2H5OH+CH3COOH           CH3COOC2H5 + H2O;  

Si(OH)4 +RaCl2                Ra-SiO3+HCl + H2O. 
 

The samples were treated at first at Т = 373 K in air for τ = 24 h and then at Т = 473 K 
under vacuum Р ≈ 10

-3 Torr for τ = 36 h, after which thermovacuum treatment was performed 
at Т = 873 K for τ = 12 h. The radium content in the synthesized samples was determined by γ- 
and α-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 А = 6100 Bq/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

-2 g. Twice distilled water was used. Water was introduced in ampules by 
two techniques. The first method was adsorption from the vapor state (Н2Оs) on the surface of 
radium silicate at Т=77 K. The amount of water introduced in ampules corresponded to the density 
of water vapors in the ampules ρ = 5 mg/cm

3
. 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 mliq = 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 
60

Cо 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·SiO2 + H2Os and RaO·SiO2 + H2Oliq 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, II − with a relatively slow molecular hydrogen accumulation stage. 
The molecular hydrogen accumulation rates and the radiochemical yields 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+H2Ol), 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)х(SiO2)у+H2Os systems because in experiments on 
the radium l silicate+H2Ol system in closed ampules the temperature cannot be increased. 

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

 
                                                                 (RaO)x(SiO2)y   
                                                      H2Os                          Н2 + 1/2 О2.                                          (1) 
                                                                     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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Kinetics of molecular hydrogen formation in heterogeneous radiation decomposition of water in the 
radium silicate+H2Oads.(ρН2О = 5 mg/cm

3
)(a) and radium silicate+H2Oliq systems (b) (mН2О= 0.02 g) 

at Т = 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 Т = 300 K 
 
 

No 
 

 
Irradiated systems 

 
W(H2), mol.·g

-1
·s

-1
 

 

 
G(H2), mol./100eV 

  
1 
2 
 

 
Radium silicate+ Н2Оads 
Radium silicate+ Н2Оliq 

 

 
2.22 · 10

12 

0.83 · 10
13

 
 

 
0.13 
0.47 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 ρН2О = 5 mg/cm, D = 0.28 Gy/s, and 
temperatures of 1 − 373; 2 − 473; 3 − 573; 4 − 623; 5 − 673 К 
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Table 2. Rates (mol.·g

-1
·s

-1
) and radiochemical yields (mol./100 eV) of molecular hydrogen in thermal 

radiation and thermal decompositions of water in the radium silicate + Н2Оs system at different 
temperatures 

 
Т, К 
 

 
Wрт(H2)∙10

-13
 

 

 
Wт(H2)∙10

-13
 

 

 
Wр(H2)∙10

-13
 

 

 
G(H2) 
  

1.373  
2.473  
3.573  
4.623  
5.673 
 

 
−  

1.75  
3.05  
5.28  
8.61 

 

 
−  

0.06  
0.11  
2.78  
4.44 

 

 
0.42 
1.69 
2.94 
3.00 
4.17 
 

 
0.18 
0.85 
1.12 
1.34 
1.63 
 

 
The kinetic curves of radiation thermal and thermal water decomposition at Т = 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 Т = 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: 
 
                                                     WR(Н2) = WRT(Н2) – WT(Н2).                                                    (2) 
 
 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 + Н2Оs 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: Еа = 13.45…15.4 kJ/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)4 by 
reactions (1) and (2). 

 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Temperature dependences of hydrogen formation rate in the thermal (1) and thermal radiation (2) 
processes in the presence of RaO-SiO2 
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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 (SiO2+H2Oads) in the second, silica gel was in water (SiO2+H2Oliq). The 
kinetic curves of molecular hydrogen accumulation are shown in Fig. 4 for both systems. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Kinetics of molecular hydrogen formation in the catalytic radiation decomposition of water in the 
adsorbed (ρН2О = 5 mg/cm) and liquid states (mН2О = 0.02 g) in the presence of SiO2 at D = 0.28 Gy/s 
and Т = 300 K. 

 
For comparison with radium silicate in the SiO2+H2Oads 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 + H2Oads. Table 3 lists the rates and 
radiochemical yields of hydrogen.   

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Kinetic curves of molecular hydrogen formation in the (1) thermal and (2) thermal radiation 
decomposition of water in the presence of SiO2 at T=673 K. 

 
Table 3. Kinetic parameters of heterogeneous radiolysis of water in the presence of SiO2 

 
System 
 

W (Н), 
mol.·g

-1
·s

-1
 

 

W (Н),  
mol.·g

-1
·s

-1
 

 

W (Н),  
mol.·g

-1
·s

-1
 

 

G(H2), 
mol./100eV 

 

 
SiO2+Н2Оads(300 К) 
SiO2+Н2Оliq (300 К) 
SiO2+Н2ОS (673 К) 

 

 
− 
− 

4.17∙10
14

 
 

 
− 
− 

3.47∙10
14

 
 

 
1.11∙10

13  

5.8∙10
13  

7.0∙10
13

 
 

 
0.61  
3.2  

4.32 
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The silicate systems are dielectrics with a forbidden gap of Еg = 10 eV. The primary acts 

of interaction of gamma quanta with oxides form σ electrons with different energies [9, 13–15]. 
The energy of σ 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]: 

 
                                                        Еge = (3/5)Ееh,                                                               (3) 
 

where Еge is the energy of σ electrons; Еeh is the thresh-old energy of the formation of electron-
hole pairs, for dielectrics; Еeh is roughly evaluated to be 2 Еg [16]. As a result of the interaction 
of γ quanta with the silicate systems, electrons with an energy of Е ≤ 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 Еge = (3/5)Ееh, the electron–
phonon interaction is the main route of energy relaxation in dielectrics. The relaxation length in 
oxide dielectrics is L ≈ 10

2
…10

3 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 Еge ≤ 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:  
 
                                                          SiO2 ⇝ n + p                                                                       (4) 
 
They can be localized at localization sites, if any, in the bulk of oxide: 
 

                                                                       n + LA + Ln                                                             (5) 
                                                                       p + Ld + Lp                                                              (6) 

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

 
                                                               H2OS + p → H2𝑂𝑂𝑠𝑠∗                                                          (7) 
                                                       H2𝑂𝑂𝑠𝑠∗+ n → H2𝑂𝑂𝑠𝑠∗ → H + OH                                                (8) 

 
by the recombination mechanism of water decomposition 

 
                                                   G(H2) = (1/2)G(n, р)                                                             (9) 
 
On the other hand, the excited states that form in the silicate systems can be involved in 

water decomposition: 
 
                                          H2OS + ex → H2𝑂𝑂𝑠𝑠∗ → 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 (Т = 600…623 K) in the structure of oxide compounds [10, 18], the yield of 
hydrogen corresponding to the number of formed nonequilibrium carriers in the oxide phases is 
G(H2) ≈ 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 δ-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 +H2Oliq, silica gel+H2Oliq 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 + H2O 

gamma radiolysis of water. It was found that the radiation-chemical yield of hydrogen for 
radiumsilicate + H2O (G(H2) = 0,47 mol./100 eV) more than, in the radiolysis of pure water (G(H2) 
= 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 + H2O. 
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ГЕТЕРОГЕННЫЙ РАДИОЛИЗ ВОДЫ В ПРИСУТСТВИИ РАДИЙ-СИЛИКАТА 
 

Т.Н. Агаев, З.А. Мансимов, С.З. Меликова 
 
Резюме: Синтезированы радий-силикаты с различными активностями радия. Для сравнения 
изучены радиационно-каталитические активности радий-силиката (с активностью радия 6100 Бк/г) 
и исходного силикагеля в процессе радиолитического разложения воды. Гетерогенный радиолиз 
воды изучен в адсорбированном и жидком состояниях в контакте с образцами радий-силиката и 
силикагеля. Выявлены влияния радий-катионов, состояния воды и температуры процессов на выход 
молекулярного водорода. Предложены механизмы гетерогенного радиолиза воды с участием 
исследуемых образцов радий-силиката и силикагеля.   
 
Ключевые слова: радий-силикат, гетерогенный радиолиз, выход молекулярного водорода, γ-
облучение, активность 
 

RA İD UM- İS İL KATIN İ Ş İT RAKI İ LƏ SUYUN HETEROGEN RA İD O İL İZ  
 

T.N  . Ağayev, Z.Ə  . Mənsimov, S.Z  . Məlikova 
 
Xülasə: Müxtəlif aktivlikli radiumdan radium-silikat sintez olmuşdur. Müqayisə üçün suyun radiolitik 
parçalanma prosesində ilkin silikagelin radiasiya-katalitk aktivlikli (radiumun aktivliyi 6100 Bk/q) radium-
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silikat tədqiq olunmuşdur. Radium-silikat və silikagelin adsorbsiya olunmuş və maye halında suyun 
heterogen radiolizi öyrənilmişdir. Radium-kationların, prosesin temperaturunun molekulyar hidrogenin 
çıxımına təsiri müəyyən olunmuşdur. Tədqiq olunan radium-silikat və silikagelin iştirakı ilə suyun 
heterogen radiolizinin mexanizmi təklif olunmuşdur. 
 
Açar sözlər: radium-silikat, heterogen radioliz, molekulyar hidrogenin çıxımı, γ-şüalanma, aktivlik 
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