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To study the mechanism of tritium extraction from aqueous solutions of the zeolite, two similar in
composition closed stationary experimental systems based on clinoptilolite from the Sokirnytsky
deposit (Ukraine) were created. In the first experiment, unchanged natural clinoptilolite was used;
in the second, the mineral was thermally treated at 110 °C. The duration of the experiments was
about 10 months. Measurements of the specific activity of tritium in the aqueous residue and in the
mineral medium made it possible to determine the redistribution of tritium between the solid and
liquid phases, as well as between the various structural positions in clinoptilolite. The adsorbed
moisture present in the mineral during the interaction of the mineral and aqueous phases initially
leads to a partial decrease in the concentration of the tritium indicator in the “HTO”. In the future,
this moisture provides the possibility of transit penetration of HTO molecules into clinoptilolite
channels due to diffuse molecular exchange of HTO < H->O between the water and mineral phases.
Heat treatment reduces the possibility of partial dilution of tritiated water, which interacts with the
mineral. Thermal activation of adsorption centers in the mineral mass provides more efficient
removal of tritium from the aqueous phase. After heat treatment, the pore space and the surface of
the mineral particles are freed from the adsorbed water present in the mineral, and their surface is
thermally activated. This leads to a relatively more intensive surface adsorption, where up to 68.5%
of tritium absorbed by the mineral accumulates. The interaction of tritiated water with thermally
activated surface of mineral particles was accompanied by dynamic adsorption-desorption
processes, electrokinetic phenomena in the surface electric layer, which caused the fractionation of
hydrogen isotopes with a coefficient a = 1.17. The presence in a heat-treated clinoptilolite of the
partial filling of the coordination spheres of alkaline cations, which is similar to the original
mineral, made it possible to fractionate hydrogen isotopes in the mineral channels with a coefficient
a = 1.16. The heat treatment of clinoptilolite changed the ratio of hydrogen isotopes to hydroxyl
groups, where the fractionation coefficient o. increased accordingly to 1.06.

Keywords: clinoptilolite, mineral adsorbent, tritium, tritiated water, thermal processing,
fractionation of hydrogen isotopes.

1. Introduction

One of the aspects of nuclear power engineering is the production of techno-geneal tritium,
a radioactive isotope of hydrogen. By its chemical properties, tritium is identical to the main isotope
of hydrogen - protium. Its main part (about 90%) is in the form of HTO molecules in connection
with which, all the processes of migration of tritium are determined, first of all, by its aqueous form.

It is partially absorbed by the geological environment of the aeration zone, but mainly enters surface
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water bodies and underground aquifers. Partially, the aqueous form of tritium is present in the
gaseous state in an atmosphere where it is transformed into an organic substance.

The development of nuclear energy prompts the European community to pay more attention
to the radioactive isotope of hydrogen. While discharges of most radio nuclides from nuclear
facilities are reduced as a result of the application of new techniques for inoculating sewage, tritium
discharges are increased through the use of new regimes for the use of nuclear fuel. In addition,
there are problems associated with the lack of acceptable methods of detritization of industrial
wastewater. The adoption at the level of the European Commission of a special research program
"Cross-cutting support to improved knowledge on tritium management in fission and fusion
facilities” indicates the extreme need for research to prevent the entry of tritium into the biosphere
[10].

Previously, we carried out research on the feasibility of using mineral adsorbents to extract
tritium from aqueous solutions [14; 13; 7.]. It was shown that the interaction with clay minerals in
tritiated water decreases the concentration of tritium. Among mineral adsorbents an important place
is occupied also by zeolites belonging to the group of framework silicates. A unique feature of these
minerals is the presence of ion-exchange properties. Zeolites are very widely used in the
purification of various industrial effluents. At the same time, there are no studies concerning the
possibility of using zeolites to extract tritium from aqueous solutions, and the contribution of
zeolites to the mechanisms of tritium extraction from aqueous solutions has not previously been
studied. To solve this problem, a series of experiments was performed, the results of which are set

forth in the following article.

2.Materials and methods.

2.1 Materials.

Zeolite used in the experiments presented by clinoptilolite (Sokyrnytsky deposit, Ukraine).
Mineral refers to the class of microporous framework sodium potassium aluminosilicate.
Clinoptilolite crystal lattice consists of rings stacked tetrahedras SiO4 and AlO4 (Fig. 1).

Mineral belongs to the class of microporous framework silicates. The rings form a main
crystal structure of silicon and aluminum ratio greater than 4: 1. The dominant exchangeable cations
in the clinoptilolite are Na*™ and K* [1;2; 15]. In the structure of clinoptilolite there are three types of
channels that form a two-dimensional system. Channels of the first type with a window size of 4.0-
5.6 nm are located parallel to the a axis in 8-membered rings. Channels of the second type with a
window size of 4.4-7.2 nm run parallel to the c¢ axis in 10-membered rings. Channels of the third

type with a window size of 4.1-4.7 nm are oriented at an angle of 50 ° to the axis a in 8-membered
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rings. On the walls of the channels are placed exchangeable cations with which coordinated water
molecules that are in the clinoptilolite's channels. Sorption capacity of the mineral can be up to 10-

15% of its weight. Crystal-chemical mineral properties are shown in Table 1.

Table 1. Crystal-chemical properties of clinoptilolite *
Tabmn. 1. KpucranoxiMidHi BIIaCTUBOCTI KJIIHONTHJIOMITY.

Empirical formula (NaK)4 CaAls Siz O72x24H,0

Cell dimensions a=1,769nm,b=1,798 nm, ¢c = 0,742 nm

The size of the windows (holes) channels in | 0,4 nm
the crystal lattice

lon-exchange capacity 1,5 mg-egxg?
Sponginess 44%

Density 2,37 kg/m®
Specific surface 50 — 65 m?/g

lon exchange and adsorption properties of the clinoptilolite depend on the composition of
the exchange complex and the Si / Al-ratio. Number of exchange cations in the clinoptilolite
(Sokyrnytsky field, Ukraine), which can be coordinated with water molecules are the number of
aluminum atoms that are in tetrahedron frame. The residual charge value of unit frame formula

[10], which makes possible interfacial proton exchange, is from -0.03 to -0.38. [1; 2].

Fig. 1 Projection of the
clinoptilolite structure on the ab
plane. Dark blue circles show the
position of Na cations in the
channels of the structure,
surrounded by water molecules
W.

Puc.1  TIlpoekuiss  cTpyKTYypH
KJIIHONTHIIONITY Ha IUIONIMHY ab.
[loka3aHO TONOXKEHHS KaTiOHIB
b Na B KaHajmax CTPYKTYpH, B
OTOYCHHI MOJIEKYT Bogu W.

The parameters of the unit cell of clinoptilolite depend directly on its chemical composition.

Due to the inherent Si/Al ratio mineral, the configuration of the channels is somewhat distorted-

1 o
"O npupoaHBIX HeonuTax 3akapnarhs COKUPHUIIKOTO MECTOPOXKICHHS U BO3MOXHOCTSIX UX Hcnonb3oBanusa” //T'TI "CoknpHULKMi

neonutoeli 3aBox" MUC Ykpaunst.— Ilpenp. — 8 c.
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stretched in the direction of the a axis and compressed in the direction of the b axis, that is, the
channels have an elliptical shape in the cut (Figure 1).
To create experimental systems clinoptilolite was crushed to fine-grained condition, with a

particle size of less than 0.25 mm and a dry density of 1.197 g/cm?.

2.2. Methods

The balance estimate reallocation tritium between aqueous and ceolite adsorbent was
determined in a closed water-mineral system. For this, the mineral mass placed in glass containers
was filled with tritiated water and tightly closed.

It should be noted, that mineral in air-dry condition is located the surface-adsorbed moisture,
therefore in the early stages of tritium water interaction with zeolite there is a partial dilution. To
determine the effect of surface-adsorbed water on the adsorption quality of the zeolite was created
two identical types of experimental systems: using the original minerals and thermally treated at
110°C. The duration of the experiments was: to not dried mineral 311 days and 237 days for pre-
dried clinoptilolite. For the experiment in closed systems established regime tritium - protium
equilibrium interphase exchange.

Getting the balance estimates distribution of tritium between mineral and liquid phases
ensured secrecy and stationary experimental systems. Under these conditions, all tritium was closed
in the experimental system. The dimensions of specific activity of tritium in the water residue and
mineral medium made possible to determine interfacial reallocation of tritium.

Additionally, distribution of tritium between different structural positions zeolite was
researched. For this, after the experiment executed the allocation of mineral water phase fractions
fixed temperature ranges (110°C, 250-300°C and 700-800°C) according to the data of reference [3].

The essence of this method is the use of sealed metal containers and heating device with a
controlled heating mode fixed mineral masses before and after the experiment (Fig. 2). With this
device, it was determined the moisture content in different structural positions of the mineral before
and after contact with tritiated water.

Figure 2. The flowchart thermographic

Fridge equipment for removing moisture from
mineral batches.

Tubular fuimace

Puc. 2. bnok-cxema yCTaTKyBaHHSA IS
TEpMOTPaBUMETPUIHOTO BHIAJICHHS BOJIOTH 3
MiHEpaIbHUX HAaBAKOK.

Sampling
¥ flask

Reactor
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Samples of residual tritiated water and isolated aqueous fractions after purification of
organic impurities (oxidation added to the solution of K>Cr,0O7) and distillation were mixed with
scintillator HiSife 3 Wallac in the ratio 8:12. The content of tritium in this way prepared emulsions
was determined in a liquid scintillation [ - spectrometer Quantulus 1220 (LKW Wallac) with an

accuracy of measuring not more than 5%.

3. The experimental results and discussion

3.1. Interphase reallocation of tritium.

Surface adsorbed water in the zeolite is weakly bound, kept its molecules on the surface of
mineral particles due to the forces of intermolecular interaction with surface atoms of the mineral
particles. This energy weakly bound water is removed from the mineral, according to differential
thermal analysis (DTA) at a temperature of 110°C (Table 2).

Table 2. The content of surface-adsorbed water in the air-dry zeolite.
Taba 2. Bmict moBepxHeBo-a1IcOpOOBaHHOI BOAHU Y HOBITPSIHO-CYXOMY HEOJIITi.

Mineral Temperature Weight before heat | Weight after heating, | Weight reduction,
heating, °C treatment, g g %
Clinoptilolite 110 100 93,1 6,9

Surface adsorbed moisture which contents in the zeolite is 6,9% (Table 2) provides transit
HTO molecules in the channel space and further molecular HTO — H>0O exchange. However, the
presence of adsorbed surface moisture making adjustments to the process of protium - tritium
exchange. At the initial stage of the process starting surface adsorbed water reduces the specific
activity of tritium in tritiated water due to its dilution in accordance to the expression (1).

D=W,/Ws+W,), (1)
where: D - dilution coefficient, Wo - initial volume of tritiated water in the closed water - mineral
system, ml, Ws - amount of surface adsorbed water in the mineral mass, ml.

According to the above expression values of the indicator degree of dilution tritiated water
(D) in the original zeolite is 0.977, which reflects the degree of influence of pore and surface
adsorbed water on the processes of isotope-hydrogen exchange.

Reducing the specific activity of tritium in the "HTQO" during its interaction with the mineral
phase results the accumulation of tritium in the adsorbent. For quantitative assessment effectiveness
of this process it is advisable to use such parameter as the specific stock of tritium per unit of

mineral mass. In the closed experimental systems, this value is calculated as the difference between
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the stock of tritium in tritiated water before and after its interaction with clinoptilolite, divided by
the mass of adsorbent (2):
Qn=Q,—Q)/m 2

where: Qm - specific stock of tritium in weight clinoptilolite, Bgxg™; Quw and Qf - stock of
tritium in the "HTO" before and after the experiment, Bg, m - mass of adsorbent, g.
The indicator of the tritium specific stock allows calculating the adsorption capacity for various
masses of mineral adsorbent in case it is used as a reacting substance for the purification of
industrial discharges contaminated with tritium. At the same time, in such calculations there arises
the need to take into account also the fact that the specific activity of tritium in "HTO™ and its
volumes that will be purified by clinoptilolitic adsorbent may be different. Therefore, in order to
obtain an estimate of the relative efficiency of tritium extraction from a solution of "HTO"
independent of these parameters, used of a tritium accumulation factor in the Kac adsorbent,
calculated in accordance with expression (3):

K, =Q,*Q, *100% (3)

where: Qm - stock of tritium in a mineral adsorbent, Bg, Qw — stock of tritium in the volume of
filtered <HTO», Bq.

Table 3. Indicators value for experimental systems C-1 and C-2.
Tao6n 3. 3HaueHHs NOKa3HMKIB Jyisl ekcriepuMenTanbHux cucreM C-1 Ta C-2.

System Specific stock of tritium in weight Coefficient of accumulation of tritium
clinoptilolite, Bgxg™* in adsorbent, Kac, %
C-1 4.03 43
C-2 6.9 30

Experimental data suggest the following. The adsorbed moisture in the clinoptilolite
performs two functions. At the beginning of the interaction of «<HTO» mineral mass with adsorbed
in the clinoptilolite protium water (H20) reduced specific activity of tritium in the water phase by
dilution with a coefficient of 0.977 (Tabl. 3, system C-1). At the same time, due to molecular
diffusion HTO«> H20 exchange between water and mineral phases, there was a transit penetration
of molecules HTO in clinoptilolite channels, resulting to a somewhat greater accumulation of
tritium in the adsorbent (Tabl. 3, Kac = 43%). Removal of surface adsorbed water from the mineral
by heat treatment made transit HTO molecules in the channels of the clinoptilolite more difficult

and therefore less accumulation of tritium in the adsorbent (Kac = 30%).

© Rudenko I. M., Pushkar'ov O. V., Zubko O.V., Dolin V. V. (young) , Koshliakova T.O.
GEOCHEMICAL FEATURES OF ADSORPTION OF TRITIUM FROM WATER SOLUTIONS BY CLINOPTILOLITE

91



306ipHUK HAYKOBUX Ipalb [HCTHTYTY reoximii HaBKOJIMIIHBOro cepenosuina 2018 Bumyck 28

3.2. The distribution of tritium in the structure of the zeolite.

3.2.1 Initial clinoptilolite.

HTO molecules that are included in the clinoptilolite feeds interact with components of the
mineral structure. Thus, in the different structural mineral positions formed different energy ties, to
break which energy impact is required in the respective temperature ranges. Such structural
positions correspond to certain moisture fractions that are removed from the mineral in a fixed
temperature interval using special equipment, the principal scheme of which is shown in Figure 3.
Distribution of tritium that was in the mineral feeds between different structural positions of the
mineral was accompanied by isotopic - hydrogen fractionation. The extent of this process assessed
using fractionation factor [5] according to the expression (4).

—TIm,Tw
%= Hn! Hu )

where: « - hydrogen isotope fractionation factor, T, Hm - concentration of tritium and protium
atoms in the mineral mass, atom*ml'; T, , H,, - the concentration of tritium and protium atoms in
the "HTO" , atom*ml™! after reaching equilibrium in the "mineral adsorbent — tritiated water."

An application of classic formula for the calculation of the hydrogen isotope fractionation
demands some corrections. This is due to the fact that the concentration of protium and tritium in
water of different experimental phases 14 orders. Therefore, the interaction of «k HTO» and mineral
adsorbent protium concentration varies on a very small amount, so the value Hm and Hw remain at

6.69 * 10?2 atoms H*ml'. Given the above expression (4) was transformed into the expression (5):

a=T m*T\:\Il (5)

The specific activity of adsorbed moisture of the initial clinoptilolite does not exceed
background values 5 Bg*dm™ and for the beginning of the experiment all tritium in model systems
was in the tritiated water. Redistribution of tritium in the system as a whole and in particular ceolite
structure occurred in the process of interaction "HTO" and clinoptilolite adsorbent. To calculate the
hydrogen isotope fractionation factor in the structure of the clinoptilolite during its interaction with
tritiated water enough to take into account only the concentration of tritium in the mineral and
"HTO" after establishing equilibrium between the water and the mineral phases, after the
experiment (Table 4).

According to the given data, some clinoptilolite of tritium (18%) adsorbed on the surfaces of
mineral particles (fraction 1, Table 4), but the largest amount delayed its channel space (fraction 2).

This form of tritium is 73% of its total stock in the mineral. The entry of tritiated water in the
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channel space provides the opportunity to further cooperation HTO molecules with the structure of
the clinoptilolite and create the most tightly bound to form OH groups, which may remove at 700°C
(fraction 3).

Table 4. Distribution of T in the residual "HTO"™ and moisture fractions removed from the initial clinoptilolite after the
completion of the experiment.

Tadn. 4. Poznogin T B 3ammmkoBiit «kHTO» Ta ¢pakuisx BoJOrM, BUAAJICHUX 13 BHXITHOTO KIIHONTWIIONITY MiCIs
3aBEpIICHHS EKCIIEPUMEHTY.

The parameter Residue Fractions removed from the zeolite In general
«HTO» 1 2 3
Share of the tritium in the fraction (%) - 18 73 9 100%
The specific number of atoms per unit of | 8,8x108 8,47x10°8 9,24x10°8 7,69x108 8,93x10°8
tritium volume in water
Fractionation factor, a. - 0,96 1,05 0,87 1,01

The results of the experiment revealed the real effect of the hydrogen isotopic fractionation,
in a closed system "clinoptilolite — tritiated water" with the overall coefficient o = 1,07. Getting
heavier hydrogen isotope is fixed at the stage of adsorption of HTO molecules on the surface of
mineral particles, where the rate of protium - tritium fractionation a. = 1,01 (Table 4).

The peculiarity of adsorption processes is their dynamic nature. Each adsorbed water
molecule has a different strength bonds with the surface, which is determined by its delay
adsorption surface, adsorption time = [11] For physical adsorption, due to weak components of the
surface energy, that time is very short and up to 103 seconds. Therefore, the value of adsorption,
delayed particle surface, is kinetic factor which determines the ratio of adsorbed and desorbed
molecules. The dynamic nature of adsorption - desorptiv processes create the conditions for the
possibility of fractionating molecules with different molecular weight (HTO and H.O) and priority
detention on adsorption surface of mineral particles more inertial HTO molecules.

More meaningful was the fractionation of hydrogen isotopes in clinoptilolite channel
structures (a = 1, 1). Tritiated water molecules which penetrate into the channels of the mineral can
linger for a while in them as a result of ellipsoid pores distortion. The possibility of this effect
follows from the theory of the water existence not only as individual molecules, but also in water
associates - clusters [15]. Under the proposed model to associate water molecules, hydrogen bonds
in water continuously formed and broken. This process can lead to the formation in distorted
ellipsoidal pores temporarily mineral molecules linked groups as defined by the authors as twinkle
clusters. Prolonged time of water clusters in the channels of the mineral provides the ability to
immobilize molecules HTO and ionic T* < H" exchange between clinoptilolite and water
molecules of tritium solution.

According to existing ideas in chemistry aqua complexes [4] full coordination sphere

hydrated complexes of sodium and potassium in channels of clinoptilolite is respectively 6 and 7
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coordination numbers. In air-dry in zeolites, as we identified (Table 2), are no more than 7% water.
This leads to the formation of the state of instauration coordination areas of the alkali metals are
immobilized on the walls of the zeolite channels (Fig. 7). Tritiated water inflow in the channels led
to filling HTO molecules free bonds in the unsaturated coordination areas of the alkali metals and,
consequently, prolonged immobilization tritium (Table 6).

On the surface of the zeolite channels as a result of substitutions AI** / Si** exists
polyanionic skeleton [9].Water moving through channels in the form of clusters, faced with
uncompensated electric double layer surface tetrahedrons of clinoptilolite, accompanied by
dissociation of the molecules of HTO and the formation of covalent bonds such as H-O-Si. In
addition, the negative charge of alumino-silicate surface conditioned equilibrium dissociation
process in aqueous solutions of surface OH groups of the scheme «OH « O™---H*». This led to
compensation for defects and surface electrostatic charge crystalline framework by positive ions -
protons and tritons (H*, T™). Then there was a stepwise isotope exchange between protium and
tritium at the interfacial boundary surface OH - groups of zeolite and molecular water clusters (Fig.
8). This process led to the formation of a strong energy ties and consolidates tritium ions in the
surface hydroxyl groups.

Fig. 8. Scheme ion T*«~H" exchange between

- _li clusters of molecules "HTO" and clinoptilolite

| | channel surface.

Al o

(L _li Puc.8 Cxema iomnoro T'<H" oOminy Mik
‘| kiacrepamu Mojiekyn «HTO» Ta moBepxHero
o KaHAITy KJITHOTITHJIOJNITY.
|

— Si

|

Thus, the presence in the original (unprocessed) clinoptilolite interstitial and adsorbed
moisture on the initial stage of interaction the mineral adsorbent with tritiated water indication of
partial dilution. Further molecular HTO began exchange with H>O during the
adsorption<>desorption processes on the surface of mineral particles. But the main contribution to
the removal of tritium from water solution was provided processes taking place directly in the
channels of the clinoptilolite. Molecules of HTO filled uncompensated focal areas of alkali metal
cations, associated with structural walls of the channels in the clinoptilolite. Some tritium extracted
from tritiated water is reinforced in the channels of the mineral by the ion triton — proton
substitution. As a result, extracted from the «kHTO» tritium was assigned largely in tightly bound

forms.
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3.2.1 Heat-treated clinoptilolite

The thermal treatment of the zeolite results in the removal of the pore and mineral mass
surfactant adsorbed water. The surface of the mineral particles is activated and basal portions
structures lose the associated polar water molecules but retain at this uncompensated charges on the
surface. At the same time the mineral thermal treatment leads to increasing in the number of high-
energy adsorption centers [8].

The process of molecular adsorption on interphase border "water - mineral particle” is
accompanied by the formation of a boundary layer adsorption [6]. It usually develops within the
electric double layer (EDL), which has the character of an electrical capacitor. Violations of
electrical absorbent surfaces lead to the development in the EDL electrokinetic phenomena, the
polarization and the attraction, close to the mineral particles of water molecules.

The interaction of tritium water with activated mineral particles was accompanied by dynamic
adsorption<—>desorption processes, as a result of electrokinetic phenomena in EDL, the
manifestation of the effect of fractionation of hydrogen isotopes.

The quantitative characterization of the tritium distribution in the form of finding a different
binding energy with the structure of clinoptilolite allocated from the mineral mass in the respective

temperature ranges (fractions) given in Table 5.

Table 5. Distribution of T in the residual "HTO" and fractions removed from the heat-treated clinoptilolite after the
completion of the experiment.

Taon. 5. Posnoxin T B 3anumkoiit «HTO» Ta dpakuisx, BUIaeHUX i3 TEpMi4HO-00pO0JICHOr0 KIITHONTHIIONITY TicCIst
3aBEPLICHHS EKCIIEPUMEHTY.

Parameter Balance Fractions removed from the ceolite Generally

"HTO" 1 2 3

Share of the tritium in the fraction (%) 68,5 24,8 6,7 100%

The specific number of atoms per unit | 2,36x10° | 2,76x10° 2,74x10° 2,49%x10° 2,74x10°
volume of tritium in water (Tw ,Tm),
atom*ml .,

Fractionation factor, a. - 1,17 1,16 1,06 1,16

According to the given data in thermally processed clinoptilolite specific number of tritium
atoms accumulated in its structure in order more than raw mineral (Tables 4, 5). The release of
mineral mass of water molecules and the surface activated mineral particles led to more intense
attraction and retention of HTO molecules due to adsorption«<>desorption implementation processes
dewatered substrate. Thus, in thermally processed clinoptilolite in interstitial and adsorbed form is
up to 69% of tritium. At the same time electrokinetic phenomena in EDL caused fractionation of

hydrogen isotopes with a coefficient o = 1,17 (Fraction 1, Table 5).
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Relatively smaller amount of tritium delayed in channel space (fraction 2, Table 5). This
form of tritium is relatively lower, ie up to 25% of its total stock in the mineral, but in absolute
terms is higher than the untreated clinoptilolite (Tables 4, 5). Heating the mineral mass to 110°C
does not lead to the removal of H.O molecules from the coordination sphere of alkali cations in the
clinoptilolite channels. Consequently, there was no increase in the absorptive capacity of the
mineral structural position. However, the presence of a similar source with clinoptilolite incomplete
occupancy coordination spheres alkali cations provided by the possibility of such hydrogen isotopes
fractionation intensity by a factor a = 1,16 (Fraction 2, Table 5).

Heat treatment of clinoptilolite does not changed ratio of hydrogen isotopes to hydroxyl
groups where the fractionation factor o = 1,06 (fraction 3, Table 5). Energy impact on the mineral
mass during its heating to 110°C does not lead to the rupture of relations in the structural form of

tritium finding.

Conclusions

The clinoptilolite of the Sokirnitsky deposit has the necessary properties for its use as an
adsorbent of tritium from aqueous solutions and protection of the environment from tritium
contamination. The complex of useful properties of clinoptilolite makes it possible to use it also for
cleaning multicomponent industrial discharges containing tritium. Output thermally unprocessed
clinoptilolite mainly delays absorbed from aqueous solutions of tritium in the channel structure of
the mineral, that is, in a more energetically bound state than the surface adsorbed form. At the same
time, capture of NTO molecules by coordination spheres of alkaline cations in the channel
structures of clinoptilolite is accompanied by fractionation of hydrogen isotopes.

Thermal treatment of clinoptilolite at a temperature of 110 ° C led to the activation of the
surface of mineral particles due to the conservation of uncompensated charges on such surfaces and
an increase in the number of high-energy adsorption centers on these surfaces. When the thermally
treated clinoptilolite interacts with tritiated water, the most intense is the capture of tritium from the
aqueous solution in the adsorbed form as a result of dynamic adsorption-desorption processes.
Simultaneously, the electrokinetic phenomena in the DEL on the surface of the mineral particles
cause the fractionation of the hydrogen isotopes in this structural position of the mineral. The
interests of tritium in the coordination spheres of alkaline cations in clinoptilolite canals occur
according to a mechanism analogous to that inherent in a thermally untreated mineral. In general,
thermal treatment of clinoptilolite leads to an increase in the specific number of tritium atoms in all

structural positions of the mineral at close values of the fractionation factor of hydrogen isotopes.
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TEOXIMIYHI OCOBJIMBOCTI A/ICOPBIIIi TPUTIIO 3 BOJHUX PO3YMHIB
KITHOIITHUJIOJITOM

Pynenxo I.M, IIymxapsos O.B., 3yoxo O.B., lonin B.Bik., Komnskosa T.O.

Pynenko .M., u.c. 1Y «lHctutyT reoximii HaBkosmiuaboro cepenosuiia HAH Ykpainmy igns219@gmail.com,

[Mymkapsos O.B. , K.r.-M.H, c.H.C., 1Y «IHCTUTYT reoximii HaBkommmuboro cepenosuina HAH Ykpainwy», pushkarevigns@gmail.com,
3y6ko O.B., H.c. 1Y «IHCcTUTYT reoximii HaBkomumuboro cepenosuina HAH Ykpainw», Zhubko@rambler.ru,

Jomnin B.Bik. 1V «IucturyT reoximii HaBkoimuHboro cepegosuma HAH Vkpainuy, dolinvitaliy@gmail.com

Konwursikosa T.O., c.H.c. 1Y «IHcTUTYT reoximii HaBkonuiHboro cepenosuia HAH Ykpainuy», geol@bigmir.net

s suBUEHHs MEXAHIZMY eKCMPakyii mpumiio 3 600HUX PO3YUHIE YeoimoMm OYau CmeopeHi 081 AHAN02INHI 3a
CKAA0OM 3aKpumi CMayioHApHi eKCnepuMeHmanbHi cucmemu Ha ocHogi kiainonmuionimy COKUPHUYLKO20
pooosuwa (YVrpaina). Y nepuiomy excnepumenmi uKopucmos8y8anu HesmiHeHuti npupoOHULl KIiHONMuIoxim, y
opyeomy - minepan mepmiyno o6pobnenuii npu 110 °C. Tpusanicme excnepumenmis cmanoguna 6auszbko 10
micayig. Bumipu numomoi axmugrnocmi mpumito y 00OHOMY 3aNUUIKY | Y MIHEPATbHOMY cepedo 8ui 00360aUNU
BUBHAYUMU NePepO3NO0LT MPUMII0 Midic Meepooio i PIOKO (azamu, a maKo;ic MINC PISHUMU CIPYKITYPHUMU
nosuyismu 6 kiiHonmunonimi. Hasena y xkaiHonmunonimi adcopboana 60102a npu 63aemMo0ii MiHepaibHol i
600HOI ¢haz Ha noyamky npu3eoouUms 00 4ACMKOB020 3MEHUIEHH KOHYeHmpayii mpumiegozo inoukamopa 6
«HTOp». Haoani ysa eonoza 3abesneuye MOJNICIUBICIb MPAH3UMHO20 npoHukHenHs moaekyr HTO 6 kananu
KATHONMULOMIMY 6HACTIO0K Ouysitinoco monexynspnoco oominy HTO « H>O misc 600H0I0 ma MiHepanbHOIO
Gazamu. Tepmiuna 00poOKA 3HUNCYE MONCIUBICIL UACMKOB020 PO3DAGIEHHA MPUMIio8aHoi 600u, o
63aemodic 3 minepaiom. Tepmiuna axmueayiss a0copOYItIHUX Yyenmpie 6 MiHepaIbHill Maci 3abe3neuye Oinbul
eqhexmueHe GULYUEHHsI MPUMIc6020 iHouxamopa 3 600noi ¢azu. Ilicis mepmiunoi 06pobKu nopoeuti npocmip i
NOBEPXHST MIHEPATLHUX YACMUHOK 36LILHAIOMbCS 6i0 HASABHOI 6 MiHepani adcopboeanol 600u, a ix noeepxws
mepmiuno axmugyemocs. Lle npusgooumev 00 GiOHOCHO Oinbwi THMEHCUBHOI nogepxnesoi adcopbuyii, Oe
Haxonuuyemvcs 00 68,5 % no2nunymozo Minepaniom mpumic6ozo inouxamopa. Bzacmodis mpumitiosanoi 6oou
3 MepMIuHO AKMUBOBAHOIO NOGEPXHEI0 MIHEPANbHUX —HACMUHOK —CYHPOBOOICYBANACA — OUHAMIYHUMU
aocopOYitinO-0ecopOYioOHUMU NPOYeCcam, eleKMPOKIHEMUUHUMY ASUAMU 8 NOBEPXHEBOM) eleKMPUYHOMY
wapi, sAKi 0oyMosunu GpakyionyeanHs i30monie 0omHio 3 Koegiyicnmom o = 1,17. Hasenicmo y mepmiyno
00pobIeHOMY KIIHONMUNOIIMI AHATIOZIYHOT 3 GUXTOHUM MIHEPATIOM YaCMKOBOI 3aN08HEHOCMI KOOPOUHAYIIHUX
cqhep nyduCHUX KamioHie 3a0e3neyuno MONCIUGICMb (PpaKYiony68ants i30monie 600HI0 6 KAHALAX MIHepany 3
koeghiyienmom o = 1,16. Tepmiuna obpobxa KIiHONMURONMY 3MIHULA CNIGBIOHOWEHHS I30MONI8 OOHIO I
2I0poKCUNbHUX 2pynax, 0e GI0N0GIOHO 30inbuuscs koeiyicnm gparyionyeanst o 0o 1,06.

Kntrouosi cnosa: mpumiti, KiiHonmunonim, MiHepaibHui adcopbenm, mpumitiosana 800a, mepmiuna oopooxa,
(paxyionysannsi, i30monu GOOHIO.

TFEOXUMMNYECKHWE OCOBEHHOCTHU AJCOPBIIMU TPUTHUSA U3 BOJHbBIX
POCTBOPOB K/IMHOIITHJIOJIMTOM

Pynenxo U.M, IIymxkapes A.B., 3yoxo A.B., [lo1un B.Buk.

Pynenko U.M., n.c. I'Y «MHCTUTYT reoxumun okpykatomeii cpenst HAH Ykpaunsi», igns219@gmail.com,

[Mymxapes A.B. , k.r.-M.H, c.H.C., ['Y «HCTHTYT reoxumun okpyxaromneii cpenst HAH Yikpauusi», pushkarevigns@gmail.com,
3y6ko A.B., n.c. 'Y «MHcTuTyT reoxumuu okpyxatomeii cpenst HAH Ykpauns», Zhubko@rambler.ru,

Homuu B.Buk. I'Y «MuctuTyT reoxumuu okpyxkaromeii cpenst HAH Ykpauusm, dolinvitaliy@gmail.com

Konusikoa T.A. c.H.c. T'Y «HCTHTYT reoXuMun okpysxkatoriei cpenst HAH Ykpaunsi», geol@bigmir.net

Jna usyuenus mexamusma IKCMpaKyuy mMpumus U3 G0OHLIX PACMEOPOS YEOIUMOM ObliU CO30aHbl 08e
aHANO2UYHble NO COCMABY 3aKpblmble CMAYUOHAPHbLIE IKCNEePUMEHMANbHbIE CUCMEMbl HA  OCHO8E
xaunonmunoauma CoxkupHuyko2o mecmopodxcoenuss (Ykpauna). B nepeom sKkcnepumenme ucnonnb308aiu
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HeU3MeHEeHHbII NPUPOOHBIT KIUHONMUTOIUM, 60 6MOPOM - MUHEpal mepmuyecku oopabomannviii npu 110 °C.
Tlpooonsxcumenvrocms 3Kcnepumenmos cocmagnsnia okono 10 mecayes. Hzmepenus yOenvHOU aKkmusHOCmu
mMpumusi 8 600HOM OCMAMKA U 8 MUHEPATIbHOU cpede NO360MUNU Onpedelums nepepacnpeoeienue mpumus
Mmedcoy meepooll U JHCUOKOU pazamu, a makdice Mexcoy pPAa3TUUHbIMU CMPYKMYPHLIMU NOZUYUAMU 8
KauHonmunoaume. Mmerowasca 6 mMunepaie adcopoupoeannas éiaza npu 63auMoOeticmeut MUHepaIbHou U
600HOU (a3 eHauane NPUEOOUMm K YACMUYHOMY YMEHbUIEHUIO KOHYECHMPAyuu mpumuesoco UHOUKAmopa 6
«HTO». B Oanvhetiwem sma 61aea 06ecneyudaem 603MOICHOCHbL MPAH3UMHOZ0 NPOHUKHOBEHUsT MOLEKYL
HTO 6 rananwr kaunonmunoauma eciedcmeue ou@@ysnozo monexynapuozo oomena HTO < HoO medwcoy
600HOU U MuHepanvHoU ¢hazamu. Tepmuueckas obpabomka CHudCaem 603MONCHOCHb UYACMUYHO20
pasbaenenus MpuUMuUUPOSarHol 600bl, KOMopas é3aumodeticmeyem ¢ Munepaniom. Tepmuueckas axmueayust
a0CoOpOYUOHHBIX YEHMPO8 8 MUHePAIbHOU Macce obecneuusaem Oofee 3QhekmueHoe uzvsamue mpumus
600HOU pasvl. [locre mepmuyeckoi 06pabomKu nopogoe NPOCMPAHCMEO U NOGEPXHOCTb MUHEPATIbHbIX
yacmuy 0c6000HCOAIOMCs OM  UMeWelics 8 MUHepane adcopOUpoOBaHHOL B800bl, A UX NOBEPXHOCb
mepmMuyecKu aKmueupyemcs. Omo npueooum K OMHOCUMENbHO 0O0Nee UHMEHCUGHOU NOBEPXHOCHHOU
aocopbyuu, e20e Haxanaueaemcs 00 68,5% noerowennozo Mmuneparom mpumus. Bzaumooericmeue
MPUMUUPOBAHHOU  600bL  C  MEPMUYECKU  AKMUSUPOSAHHOU  NOGEPXHOCIbIO  MUHEPAbHBIX — Yacmuy
CoOnpoBoNCOanacy OUHAMUYHBIMU AOCOPOYUOHHO-0eCOPOYUOHUMBL  NPOYECCaml, JIeKMPOKUHEMUYECKUMU
AGNEHUAMU 8 NOBEPXHOCHHOM INEKMPUHECKOM Cloe, KOMopble 00YCL08UNU (DPPAKYUOHUPOBAHUE US0MONO8
600opoda ¢ kodppuyuenmom a=1,17. Hamuuue 6 mepmuuecku 00pabOMAaHHOM KIUHONMULOAUME
AHANOZUYHOU C UCXOOHBIM MUHEPANIOM YACTNUYHOU 3ANONTHEHHOCMU KOOPOUHAYUOHHBIX Chep WelouHbIX
KamuoHo8 00ecnedunio 603MONCHOCIb (DPAKYUOHUPOBAHUS U30MONO0E B000POOA 6 KAHANAX MUHEPand ¢
koappuyuenmom o=1,16. Tepmuueckas obpabomra KIUHONMULOIUMA USMEHULA COOMHOWIEHUE U30MONO08
6000p00a U 8 2UOPOKCUTLHBIX 2PYRNAX, 20€ COOMBEINCINGEHHO VYECIUUUNCS KOIPPUYUSHM PPaKyuoHUPO8anus.
a 0o 1,06.

Kniouesvte cnosa: mpumuti, KIUHONMULOIUM, MUHEPANbHbIL AOCOPOEHM, MPUMUUPOSAHHAS 6004,
mepmuueckas 00pabomxa, QPaKyuoHUPOSaHUs, U30Monbl 6000POIaA.
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