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DETRITIZATION OF AQUEOUS SOLUTIONS USING HIBSITE

Abstract. An important task in protecting the environment from tritium pollution is to find effective, simple, affordable, low-cost
and low-energy methods for extracting tritium from large volumes of low- and intermediate-level aqueous solutions. The article presents
new data on the influence of the octahedral component of the structure of layered silicates on the extraction of tritium from aqueous
solutions obtained using research on an experimental stationary system on the example of the natural mineral hibsite. The possibility
of using hibsite as a natural adsorbent of tritium is considered. The degree of adsorption of tritium from an aqueous solution and the effect
of fractionation of hydrogen isotopes in the stationary system "HTO-hibsite" were estimated. The mechanism of tritium retention in
the structure of the natural adsorbent is explained. Tritium extracted from tritiated water is distributed in the mineral matter between
different structural positions — with the lowest binding energy in the HTO molecular form in surface adsorbed moisture (1 fraction), with
slightly higher — in -OT ionic form in the structural positions of the mineral adsorbent (2 and 3 factions). Up to 39% of the total amount
of tritium extracted from the aqueous solution is retained in hibsite in a surface adsorbed form. The predominant retention of polarized
HTO molecules, compared to H,0 molecules, near the mineral surface due to dynamic adsorption-desorption processes causes the effect
of fractionation of hydrogen isotopes (o. = 1.14). The exchange between the OH groups of the structural Al-hydroxyl layers of the mineral
and the OT groups of tritiated water leads to the fixation of up to 55% of tritium in this form. New scientific results on the influence
of structural and physicochemical properties of the studied mineral adsorbent on its ability to extract tritium from aqueous solutions
and new data on the peculiarities of the mechanism of interfacial isotope-hydrogen exchange in a water-mineral system provide, together
with the results of our previous studies, more effective development of methods for detritization of aqueous solutions.

Key words: tritium, hydrogen, heavy hydrogen isotopes, hibsite, adsorption, fractionation.

Introduction. indicates the urgent need for research to prevent the spread

According to IAEA estimates, with the growth of tritium in natural and man-made biogeosystems. An
of nuclear energy, the accumulation of tritium in important task in protecting the environment from tritium
the environment, especially in the surface hydrosphere, pollution is to find effective, simple, affordable, low-
biosphere and groundwater, will increase. In conditions  cost and low-energy methods for extracting tritium from
of insufficient protection of aquifers, a significant aqueous solutions.
increase in the concentration of tritium in groundwater
can occur due to infiltration from surface water basins in
man-made accidents at nuclear power plants and in case
of depressurization of radwaste storage facilities. During
long-term storage of radwaste, tritium can be released from
it, forming in the presence of condensing moisture tritium
water "HTO". Volatile forms of tritium can diffuse through
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and thus enter the environment. The adoption of a special

research program Euratom NFRP-14 "Cross-cutting

support for improved knowledge on tritium management in  Fig. 1. Scheme of protium-tritium exchange in the structure of
fission and fusion facilities" by the European Commission  montmorillonite. [7]
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Analysis of previous research

As our previous studies have shown, in HTO, which
is filtered through clay rocks or composites formed on
the basis of clay minerals, the specific activity of tritium is
significantly reduced [9, 10, 12, 13]. It was also found that
quite effective extractors of tritium from aqueous solutions
are minerals from the class of phyllosilicates [5, 4, 1 1] which
are based on two main structural compositions — tetrahedral
silicon-oxygen and octahedral AI** (Mg?) — oxygen-
hydroxyl network [14.]. The type of combination
of these structural components determines the difference
in the properties of different minerals of layered structure
(Morxe kparie mpocTo layered minerals).

Montmorillonite plays a special role among
the minerals of layered structure. The mineral belongs
to the group of layered silicates of structural type 2: 1,
ie between two hexagonal grids of aluminum-silicon-
oxygen tetrahedra is one octahedral aluminum-oxygen-
hydroxyl mesh. Tetrahedra in a silicon-oxygen network
are connected by the vertices of their bases into hexagonal
rings. In an octahedral grid, octahedra are connected by
their edges in such a way that their centers also form
a hexagonal structure, and the hydroxyl groups occupy
edge positions in the octahedral layer. It is believed
[4, 5] that the octahedral layer provides the strongest
retainment of tritium extracted from an aqueous solution in
the structure of layered silicates (Fig. 1).

To confirm this position, an experimental study
of the interaction of the natural mineral hibsite
(Al(OH),), which can be considered as a natural analogue
of the octahedral component of layered silicates, with
tritiated water was performed.

The aim of the article is to determine the mechanism
oftritium extraction from aqueous solution by the octahedral
component of layered silicates on the example of the natural
mineral hibsite.

Materials and methods

The main structural unit of hibsite is a layer of Al ions
located between two layers of oxygen [3]. In the structure
of hibsite, Al cations occupy only 2/3 of the octahedral
positions, and the layers formed by Al-hydroxyl octahedra
are placed in such a way that the lower oxygen atoms
of one octahedral layer are placed directly above the upper
oxygen atoms of another octahedral layer (Fig. 2).

Fig. 2. Structure of hibsite [15]

One elementary cell of hibsite consists of two such
layers, contains 8 Al-hydroxyl groups and has parameters
along the axes “a” =~ 8.64 A, “b”~5.07 A and “c”=9.72 A.
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It is believed that in contact with tritiated water, gibbon
due to the large number of hydroxyl groups is able to
effectively adsorb trittum from aqueous solution.

In order to identify and assess the degree of detritization
of'an aqueous solution, a model system with a mineral weight
of 100 g and a volume of HTO of 300 dm® was created. To
do this, the mineral mass, ground to a powder with a dry
density of 1.08 g/cm® was placed in a glass vessel. Then it
was filled with tritiated water and tightly closed (Fig. 3).
The duration of the experiments was about 300 days.

Obtaining balance estimates of the distribution
of tritium between the mineral and liquid phases was
ensured by the closed and stationary experimental systems.
The specific activity of tritium in the aqueous residue and in
the mineral environment was determined. After decantation
of the residual solution and weighing of the mineral
substance, the moisture fractions corresponding to different
structural positions in the studied mineral were isolated.
Determination of tritium distribution between different
structural positions of hibsite was performed using special
equipment for separation of the moisture fractions from
the mineral mass in the appropriate temperature ranges

(Fig. 4).
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of a stationary
experimental
system

Fig. 4. Block diagram of equipment for
thermogravimetric dehumidification from
mineral samples.

The essence of this method is the use of sealed metal
containers and a heating device with a controlled heating
mode of fixed samples of mineral mass before and after
the experiments.

At the end of the experiment, samples were taken from
the moisture fractions extracted from the mineral sample.
Then preparations were prepared for further measurement
of the specific activity of trittum in them. Samples
of residual solution and extracted moisture fractions were
filtered and purified from organic impurities by oxidation by
adding K,Cr,0, to the solution. After distillation, a portion
of 8 ml samples was mixed with an 8:12 Hi Sife 3 Wallac
scintillator. The content of tritium in the emulsions prepared
in this way was determined using a liquid scintillation
B-spectrometer Quantulus 1220 LKW Wallac (certificate
of state metrological certification N 6961 of 17.11.2009).
The relative measurement error was + 5%.

Research results

The interaction of tritiated water with the mineral
substance was accompanied by a decrease in the specific
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Table 1. Decrease in specific activity of tritium in HTO in experimental systems
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Specific activity of tritium in solution Reducti ¢ ific activit
Weight of mineral | Volume of over mineral, Bgxdm™ equction of Speciiic activity
Adsorbent 3 of tritium in solution over
sample, g HTO, dm before the after the . o
. . mineral, %
experiment experiment
Hibsite 100 300 2560 1568 38,7

activity of the HTO working solution and the accumulation
of tritium in the mineral phase (table 1).

During the experiment, due to interfacial redistribution,
tritium was extracted with hibsite, which led to a decrease
in its specific activity in aqueous solution by 38.7%.

Tritium extracted from the aqueous solution was
distributed between different structural positions in
the mineral adsorbent. In this case, bonds of different
energy are created. To break them, heating of the mineral
substance is required. In the temperature range of
70—-120°C, the removal of moisture adsorbed on the surface
of mineral particles (1 fraction) is observed. According to
Brindley and Nakahari [2], heating of hibsite to 140-200°C
leads to partial loss of water with the formation
of y-ALO;*H,0+2H,0. Further heating to 220-240°C
causes its subsequent transformation into anhydrous
alumina (y+)ALO,+3H,0 (2 fraction of moisture).
At a temperature over 300°C, final dehydration
of the mineral (3 fractions of moisture) takes place.

Quantitative assessment of the distribution of tritium
extracted from the HTO aqueous solution between different
structural positions in the studied minerals was performed
using the calculated indicator — the partition coefficient Kri
(%), which is calculated according to the expression (1):

In the distribution of trittum between different
structural positions of minerals, manifestations of isotope-
hydrogen fractionation were observed. Calculations
of'the fractionation coefficients of hydrogen isotopes during
the interaction of tritiated water with a mineral adsorbent
are performed according to the expression (2) [6]:

a=T,xTw 2)
where: a is the hydrogen isotope fractionation factor, Tm
is the concentration of tritium atoms in the mineral mass,
atom x ml'; Tw is the concentration of tritium atoms in
the “HTO”, atom x ml" after reaching the equilibrium state
in the “mineral adsorbent — tritiated water” system.

The data obtained from the studies carried out
in stationary systems made it possible to determine
the patterns of tritium distribution between different
structural positions of hibsite and to establish the presence
of manifestations of the hydrogen isotope fractionation
effect (Table 2, Fig. 5).

Part of the tritium extracted by hibsite from an aqueous
solution is retained in the surface adsorbed form (Kri = 39.3,
Table 2, Fig. 5, fraction 1) by the mechanism of molecular
HTO — H,O exchange. In this case, due to dynamic
adsorption-desorption processes on the surface of mineral
particles in the limiting layer, heavier HTO molecules are

Kr. = Qi x Qm~'x100 (1) retained with a greater advantage than H,O molecules.
o _ . At the same time, the overwhelming retention of polarized
where: Qm — fritium reserve in the mineral, Bq; HTO molecules at the surface of hibsite mineral particles

Qi — the stock of tritium in the i-th fraction extracted within
the corresponding temperature range, Bq.

causes the effect of hydrogen isotope fractionation (o = 1.14,
fraction 1).

Table 2. Distribution of tritium between moisture fractions with different bond energies in the structure of hibisite

Heating Fraction Fraction specific activity, Qi, Kr, Fractionation
temperature, °C volume, ml Bgqxdm— Bq % factor, a
1 fraction 120 10,8 1707 19,9 39,3 1,14
2 fraction 250 17,2 1491 27,7 54,7 0,99
3 fraction 700 27,95 100 3,0 6,0 0,07
Total: 55,95 50,5 100,0
100,0 1,60
igg 1,20
. 0 5 a 0.80
Kri, 440’0 0,40
20,0 0'00
0,0 !
1 2 3 L 3
mKri, %| 393 | 547 | 60 maf 114 | 099 | 007

Fig. 5. Distribution of tritium between different structural positions of hibsite (Kr) and fractionation coefficients
of hydrogen isotopes (o).
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The presence of Al-hydroxyl layers in the hibsite
structure determined the possibility of exchange between
the OH groups of the mineral and the OT groups of tritiated
water. As a result of this exchange, most of the tritium
absorbed by the mineral from an aqueous solution was
retained in the structural Al-hydroxyl layers of hibsite (Kri
= 54.7, fraction 2). The removal of this form of tritium
from the structure of gibbsite occurred in the temperature
range of 140-240°C as a result of its transformation into
anhydrous alumina (y+y)Al,O,+3H,0 (fraction 2) without
the effect of fractionation (o = 0.99).

The final and insignificant part of the tritium absorbed
by hibsite (Kri = 6.0, fraction 3) is somewhat more strongly
retained in its structure and is released from the mineral
when it is completely dehydrated. In this form, the isotopic
He T exchange between the mineral and the HTO solution
does not occur.

The inclusion of gibbsite in experimental studies
made it possible to obtain new data on the processes
of trittum adsorption; which we observed in water-
mineral systems during the interaction of clay minerals
with tritiated water [7, 11, 12, 8]. It was also found that
minerals of the phyllosilicate class are quite effective
extractors of tritium from aqueous solutions [4, 5, 10, 13].
The possibility of using gibbsite as an adsorbent of tritium
from aqueous solutions and the mechanism of accumulation
of tritium in the structure of layered silicates, namely, in
their octahedral component, were confirmed.

Conclusions

Theuse of stationary experimental water-mineral system
confirmed the possibility of using hibsite as an adsorbent
of tritium from aqueous solutions and provided new data
to elucidate the mechanism of trittum accumulation in
the structure of layered silicates, namely in their octahedral
component.

When hibsite interacts with tritiated water in
the stationary water-mineral system, the specific activity
of tritiated water decreased due to the extraction of tritium
by the mineral adsorbent from an aqueous solution.
The ability of hibsite to extract trititum from an aqueous
solution is 38.7%.

Up to 39% of tritium extracted from ftritiated water
(Kri 39.3, fraction 1) is retained on the surface
atthe surface adsorbed form by the mechanism of molecular
HTO — H,O metabolism. Due to dynamic adsorption-
desorption processes on the surface of mineral particles in
the boundary layer, heavier HTO molecules are retained
with a greater advantage than H,O molecules, which causes
the effect of fractionation of hydrogen isotopes a = 1.14.

The presence of Al-hydroxyl layers in the structure
of hibsite led to the possibility of exchange between
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the OH groups of the mineral and the OT groups of tritiated
water. As a result of this exchange, most of the tritium
absorbed by the mineral from the aqueous solution was
retained in the structural Al-hydroxyl layers of hibsite
(Kri = 54.7, fraction 2) without the effect of fractionation
(0 =0.99).

Experimental studies have determined the degree
of influence of structural and physicochemical properties
of hibsite on its ability to remove tritium from aqueous
solutions and elucidated some aspects of the mechanism
of interfacial isotope-hydrogen exchange in layered
silicates. The obtained new scientific results together
with the results of our previous research provide
the opportunity to develop more effective methods
of detritization of aqueous solutions.
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Anomauia. Basxciusum 3a60aHHAM WoOOO 3aXUCTY HABKOIUWHBLO20 CepedosUyd 6i0 MPUMIe8020 3a0PYOHEHHs € NOULYK eqheKmMUBHUX, NPOCMUX,
00CMynHUX, HEOOPO2OBAPMICHUX | HU3LKOCHEP203AMPAmMHUX Memooi6 GUIYYeHHs MPUMmilo 3 GeluKkux 00’€Mi6 HU3bKO- ma cepeoHbOaKMUBHUX
B0OHUX PO34UUHIG. B cmammi 3 UKOPUCIAHHAM OOCIIONCEHb HA eKCNEPUMEHMANbHIL CIAYIOHAPHIU CUCMeMI HA NPUKLAdi NPUPOOHO20 MIHepary
2ibcumy ompumano Hogi 0ani Wooo 8NIUEY OKMAeOPUUHOL CKIAO080T CMPYKMYpPU Wapyeamux CUunikamie Ha 8ULY4YeHHs MPUmiro i3 600HUX PO3YUHIE
ma GU3HAYEHA MOJICIUBICING GUKOPUCANHS 21OCUNy 6 AKOCmi npupoono2o aocopbenma mpumito. Oyinena cmyninb adcopoyii mpumiio 3 600H020
PO3UUHY Ma eheKkm PpaKkyioHy8aHHs i30monie 600H0 y cmayionapHii cucmemi « HTO-eiocumy. ITosicHeHull Mexanizm 3ampumKku mpumiio 6 CmpyKkmypi
npupooHozo aocopbenmy. Tpumill, sunyueHuil i3 mpumillo8aHoi 800U PO3NOOINAEMbCA Y MIHEPANbHIU PEYOBUHI MIdC PISHUMU CIMPYKMYPHUMU
NOUYIAMU — 3 HATUMEHULOIO eHepeielo 36 53Ky y monexkyaapnit popmi HTO 6 nosepxneso-adcopbosaniii 6onosi (1 ¢ppaxyis), i3 0ewo 6inbuioro — 6 ionHiil
Gopmi —OT y cmpyKmypHux no3uyisx miHepaibHo2o aocopbenmy (2 i 3 ¢hpaxyii). B 2iocumi y nosepxneso adcopbosaniii hopmi sampumyemscs 00 39%
8i0 3a2anbHOI KibKOCHI MPUmiro, 8ULY4eHo2o i3 800H020 pozduny. Ilepesascra sampumka 0ins MiHepanbHol nosepxii nonsapuzosanux morexkyi HTO
nisic monexyn H,0 enacrioox ounamiunux adcopoyiiino-oecopoyiiinux npoyecie 00ymosaioce egpexm gpaxyionysanns isomonie 600nio (o= 1,14). Oomin
midie OH-epynamu cmpykmyprux Al-ciopokcunvrux wapie minepany i OT-epynamu mpumiiilosanoi 600u npuzgooums 00 3aKpinienHs y yii gopmi 0o
55% mpumito. Ompumani HOBI HayK0Gi pe3ybmamu, wooo GNAUEY CIPYKMYPHUX i (Pi3UKO-XIMIYHUX 61ACTNUBOCHIEN MINEPANbHO20 A0COPOENnty Ha U020
30amuicme euayuamu mpumii i3 600HUX PO3UUHIE MA HOGI 0aHl, W00 0COONUBOCMEN MEXAHIZMY MIJICHA306020 130MONHO-800HEE020 OOMIHY Y 600HO-
MiHepanvuill cucmenmi. Lle 3abe3neuye, i3 3aAYYEHHAM Pe3YIbMAmie HAuWuUx NONEPeOHiX OOCIIONCEHb, MONCIUBICIMb PO3POOKU OLIbU epheKmuHux
Memooie dempumizayii 60OHUX POZHUHIB.

Knruosi cnosa: mpumiil, 600enb, adicKi i30monu 800H0, 2ibcum, adcopoyis, hpakyionyeanHs.
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