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Introduction
The relevance and importance of the proposed research is determined by the modern artificial imbalance of hydrogen
isotopes in the biosphere, which will increase under the conditions of the development of nuclear energy. In particular,
the current content of man-made tritium in the biosphere is more than an order of magnitude higher than its amount
formed from natural sources. Modern storage conditions for tritium waste in near-surface RW storage facilities do not
meet the requirements of environmental and radiation safety and lead to pollution of the atmosphere, biogeocenosis,
aeration zone, surface water and underground aquifers. As a result of the migration of tritiated water through the
system of engineering barriers, there is a threat of heavy isotopes of hydrogen entering the human body due to the
consumption of drinking water. The problem of tritium contamination of the natural environment necessitates the
development of simple, affordable methods of tritium immobilization.

The porous structure of zeolites and their ability to exchange cations with the environment determine their useful
properties. Zeolites differ from other framework aluminosilicates by the greater openness of the crystal structure and
the presence in the channels of water molecules weakly bound to the framework and internal cations, which can be
removed or replaced without breaking the framework bonds. Zeolites show a certain selectivity in relation to different
types of molecules, that is, they are able to act as a molecular sieve. Clinoptilolite, due to the peculiarities of its
structure, is used as an adsorbent.

Materials and methods
The zeolite used in the experiments is represented by clinoptilolite of the Sokyrnytsky deposit: (NaK)4 CaAl6 Si30
O72×24H2O. The crystal lattice of clinoptilolite consists of rings composed of SiO4 and AlO4 tetrahedra (Fig. 1).
Exchangeable cations are placed on the walls of the channels with which the water molecules located in the channels of
clinoptilolite are coordinated. The adsorption capacity of a mineral can reach 10-15% of its weight. (Grechanovskaya,
2010; Ambruster, 1993; Armbruster and Gunter, 2001). To create experimental systems, clinoptilolite was ground to a
fine-grained state, with a particle size of less than 0.25 mm and a dry density of 1.197 g/cm3. Distilled tritiated water
("HTO") was used as a source of tritium.

The balance assessment of the redistribution of tritium between the aqueous solution and the zeolite adsorbent was
determined in a closed water-mineral system: the mineral mass was placed in glass vessels and filled with tritiated
water, which were tightly closed. In the mineral in the air-dry state, there is surface-adsorbed moisture, therefore, at the
initial stages of the process of interaction of zeolite with tritiated water, its partial dilution occurs. To determine the
influence of surface-adsorbed water on the adsorption qualities of zeolite, two identical types of experimental systems
were created: using the original mineral substance and thermally modified at 110°C. The duration of the experiments
was: 311 days for the original, untreated clinoptilolite and 237 days for the thermally modified mineral. During the
experiment, a regime of equilibrium tritium-protium interphase exchange was established in closed systems.

Figure 1 Projection of the clinoptilolite structure on the ab plane. It is show the position
of Na cations in the channels of the structure, surrounded by water molecules W.
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Conclusions

The adsorbed moisture present in the clinoptilolite during the interaction of the mineral and aqueous phases initially leads to a partial decrease in the concentration of the tritium indicator in the "НTO".
In the future, this moisture provides the possibility of transit penetration of НTO molecules into the clinoptilolite channels as a result of diffusional molecular exchange of НTO ↔ H2O between the
water and mineral phases. Heat treatment reduces the possibility of partial dilution of tritiated water interacting with the mineral. Thermal activation of adsorption centers in the mineral mass ensures
more effective extraction of the tritium indicator from the aqueous phase. Diffusion of the H+ ion in water and various crystal structures under normal thermodynamic conditions is a thermally activated
process. Due to the thermal fluctuations of the ions, the potential barrier is reduced, which creates conditions for the jump-like (or tunneling) movement of the proton (H+) in the mineral from one
location to another.

In the original clinoptilolite, the largest part of adsorbed tritium (73%) accumulates in the channels of the mineral. In the air-dry state in clinoptilolite, a small amount of surface-adsorbed water causes
the unsaturation of the coordination spheres of alkali metals, which are immobilized on the walls of the channels of the mineral. The entry of tritiated water into the channels of clinoptilolite leads to
the filling of free bonds in the coordination spheres of alkali metals with HTO molecules and to the prolonged immobilization of tritium.

After heat treatment, the pore space and the surface of the mineral particles are freed from the water adsorbed in the mineral, and their surface is thermally activated. This leads to a relatively more
intense surface adsorption of tritium on the walls of the mineral channels, where up to 69% of the absorbed radioactive hydrogen isotope accumulates.

The interaction of clinoptilolite with tritiated water in closed two-phase stationary systems is accompanied by fractionation of hydrogen isotopes. In the original clinoptilolite, this effect is manifested to
a small extent with the coefficient of isotope-hydrogen fractionation in the channels of the mineral α = 1.05.

The interaction of tritiated water with the thermally activated surface of mineral particles as a result of dynamic adsorption-desorption processes, electrokinetic phenomena in the surface electric layer,
which is determined by the fractionation of hydrogen isotopes with the coefficient α = 1.17. The presence in the thermally treated clinoptilolite of the partial filling of the coordination spheres of alkaline
cations similar to the original mineral provides the possibility of fractionation of hydrogen isotopes in the channels of the mineral with the coefficient α = 1.16. Thermal treatment of clinoptilolite
changes the ratio of hydrogen isotopes and in the hydroxyl groups of the original mineral, where the fractionation coefficient α increases to 1.05 accordingly

Results
Interphase redistribution of tritium
Surface adsorbed water in zeolite is weakly bound, its molecules are kept on the surface of mineral particles due to the
forces of intermolecular interaction with surface atoms of mineral particles. Its content in zeolite is almost 7%, which
provides the possibility of transit of HTO molecules into the channel space and subsequent molecular HTO → H2O
exchange. At the same time, the presence of such water molecules can partially block the entry of HTO molecules into
the channel space of the mineral and reduce the possibility of protium-tritium exchange in OH groups associated with
Na+ and K+ cations. Therefore, to determine this effect, experiments were performed with two types of systems - with
the original zeolite, in which there is surface-adsorbed water (C-1) and with pre-thermally treated clinoptilolite, from
which such water was removed (C-2) (Table 1).

Table 1 Decrease in the specific activity of tritium in "HTO" when interacting with thermally un-treated (C-1) and 
thermally treated (C-2) clinoptilolite

System The weight of 
the mineral 
sample, g

Volume 
"HTO", dm3

Specific activity of tritium, Bq×dm—

3
Reduction 
of the 
specific 
activity of 
tritium, %

to the 
experiment

after the
experiment

С-1 100 300 2560 1491 58,24
С-2 98,74 400 4967 3994 20

For the quantitative assessment of efficiency, it is appropriate to use the parameter - the specific supply of tritium per 
unit mass of the mineral (Table 2) (expression 1):

(1)

where: Qm is the specific stock of tritium per unit mass of the mineral, Bq×g-1; Qw and Qf - stock of tritium in "HTO" 
before and after the experiment, Bq; m - mass of adsorbent, g.

During heat treatment of clinoptilolite, the efficiency of tritium adsorption from an aqueous solution increased by 1.7 
times to 6.9 Bq/g (Table 2). At the same time, heat treatment reduces the possibility of partial dilution of tritiated water, 
and thermally activated adsorption centers in the mineral mass provide more effective tritium extraction from "НTO".

Table 2 Tritium stock in thermally untreated (C-1) and processed (C-2) clinoptilolite in its interaction with «НTO»

Tritium distribution in the zeolite structure
Initial clinoptilolite. The distribution of tritium that entered the channels of clinoptilolite between different structural
positions of the mineral was accompanied by isotope-hydrogen fractionation (Table 3), according to expression (2):

(2)

where: - fractionation coefficient of hydrogen isotopes, Tm, Hm - concentration of tritium and protium atoms in the
mineral mass, atom×ml-1; Tw, Hw - concentration of tritium and protium atoms in "НTO", atom×ml-1 after reaching the
equilibrium state in the system "mineral adsorbent - tritiated water".

Table 3 Distribution of T in the residual "НTO" and moisture fractions removed from the initial clinoptilolite after the
completion of the experiment

Most of the tritium extracted from tritiated water is fixed in the channels of the mineral by ion triton → proton 
substitution. As a result, the tritium extracted from the "НTO" is fixed to a certain extent in strongly bound forms (9%). 

Heat-treated clinoptilolite. Activation during heat treatment of the surface of mineral particles provides partial 
fractionation of the mixed water mass "H2O + HTO". In the boundary adsorption layer, heavier НTO molecules are 
retained with greater advantage. This effect provides a greater opportunity for isotope-hydrogen exchange reactions in 
stronger positions of minerals - in the channel space and in the positions of structural OH groups (table 4).

Table 4 Distribution of T in the residual "НTO" and fractions removed from the heat-treated clinoptilolite after the 
completion of the experiment

 ( – ) /m w fQ Q Q m=

System Stock of tritium in the
original HTO, (Qw), Bq

Stock of tritium in "HTO"
after the experiment (Qf),
Bq

Specific stock of tritium in
the mineral mass (Qm), Bq/g

С-1 768 365 4,03
С-2 1987 1309 6,9

 w
w

T T/H H
m
m

α =

Parameter The balance of "HTO" Fractions removed from zeolite Totally
1 2 3

The fraction of 
tritium reserves in 
the fraction (%)

18 73 9 100%

Specific amount of 
tritium atoms per 
unit volume of 
moisture (Tw, Tm), 
atom×ml-1

8,8×108 8,47×108 9,24×108 7,69×108 8,93×108

Fractionation 
coefficient, α 0,96 1,05 0,87 1,01

Parameter The balance 
of "HTO"

Fractions removed from zeolite Totally
1 2 3

The fraction of tritium reserves 
in the fraction (%)

- 68,5 24,8 6,7 100%

Specific amount of tritium 
atoms per unit volume of 
moisture (Tw, Tm), atom×ml-1

2,36×109 2,76×109 2,74×109 2,49×109 2,74×109

Fractionation coefficient, α. - 1,17 1,16 1,05 1,16
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