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Abstract. This paper presents a discussion of the effective creation of hybrid
composite materials (HCM) with significant sorption abilities for radionuclides
in liquid radioactive waste. These hybrid composite materials are made up of
two sorbents, which are derived from an organic source and a natural mineral
containing intercalated ferrocyanide complexes of transition metal ions. A
substantial degree of radionuclide uptake is noted during the initial phase of
sorption, which is linked to the plentiful active sites on the surfaces of the hybrid
composition. In contrast, the subsequent stage of sorption shows diminished
and slower radionuclide uptake, likely due to the gradual saturation of the
remaining active sites within the HCM. Therefore, the rapid sorption can be
associated with adsorption taking place on the outer surfaces of the materials,
in contrast to the extended adsorption process observed in the macropores of
the composite materials.

A thorough hydrodynamic-geochemical mathematical model was developed
to represent the fixation and concentration. This model provides a theoretical
framework for understanding the movement of radionuclides through artificial
geochemical barriers associated with liquid radioactive waste.
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Introduction

Technological progress in operational methods within the nuclear sector is designed to
improve environmental safety by optimizing waste management practices, including the
recycling of radioactive materials. Upgrading infrastructure for environmental safeguarding,
which includes wastewater treatment, air pollution regulation, and the storage of radioactive
waste in different formats, typically requires significant financial, energy, and material
investments. The objective is to reduce the ecological footprint of human actions in ways that
are economically advantageous, particularly for businesses in the nuclear energy field [1, 2].

The creation and implementation of engineering and geochemical barriers (EGB) must
consider

their functional conditions. This pertains to every facet associated with the assembly of IGBB
devices, encompassing material choice, composition, design, as well as manufacturing and
operational processes. Selecting appropriate materials is vital for the progression of nuclear
energy and for executing preventative strategies to lessen the negative effects of NPP operations.
This selection is directly influenced by the physico-chemical, physico-technical, and nuclear
characteristics of radioactive waste. It is important to take into account various engineering
parameters, such as electrical, magnetic, sorption, and physical-chemical properties of materials,
to guarantee the effective and long-lasting operation of EGB [3, 4].

In the current functioning of nuclear power facilities, establishing migration geochemical
barriers and enhancing them through technology has emerged as a primary focus. This is due to
the fact that the advantages of affordable electricity and elevated energy levels across multiple
scientific domains come with the negative repercussions associated with technology and
healthcare, leading to the generation of substantial amounts of radioactive waste in numerous
physical and chemical forms that are difficult to manage [5,6].

Choosing the appropriate matrix to immobilize radionuclides and the suitable technology to
fix them are both very important parts of the branch of insulation for liquid radioactive waste
(LRW). Development of matrices for curing LRW has been ongoing in many countries in the
world and international scientific centers for about fifty years. Proposals have suggested a wide
variety of matrices, such as glass, ceramics, glass-ceramic materials, crystalline substances, and
mineral-like materials that mimic natural minerals, among others [7, 8].

The study of a targeted synthesis of new high-performance sorbents for fixation and
concentration of easily migrating radionuclide formsisimportantasitallows for the modification
of the composition of the samples obtained and facilitates "programmatic” modification of their
structure and texture, thus guaranteeing the necessary functional properties and sorption
attributes.

The study has been carried out across several fields, concentrating mainly on their use as
geochemical barriers in engineering infrastructures at storage and disposal locations for low
and medium-level radioactive liquid waste. The aims were as follows:

Methodological justification for the principles and techniques of directed synthesis of hybrid
compositions incorporating various fillers through the intensification of chemical, physical,
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and radiation processes at the interface of mineral phases, specifically PVC ferrocyanide and
polymer solutions (or monomers), with or without the presence of cross-linking agents;

Examination of the origin of phase and structural transformations in the mineral sorbent
matrix upon the incorporation of transition metal ferrocyanide micro particles during various
stages of in situ polymerization and their impact on the filtration-capacitance properties of
hybrid composite materials;

Creation of a model for the hierarchical structure of hybrid composite materials synthesized
using in-situ polymerization utilizing thermal or radiation initiation for polymer matrix bonding
processes.

The selection of geochemical membrane constituents was based on multiple factors. Initially,
all hydrogel materials serving as the primary matrix for the fixation of active radionuclide ions
consist of carboxylic, carbonyl, and amide groups capable of forming electrostatic (Sr*°, Cs'*’)
and ion-coordinating (U, Np, rare earth metals (REM)) bonds with metal ions or their oxygen
complexes in both acidic and alkaline environments. The hybrid composites vary in structural
arrangement, texture, and composition, enabling the creation of multi-layered geochemical
membranes, each capable of selectively capturing a certain type of radionuclides within its
volume. So, the hybrid composite materials are applicable for the sorption of alkaline and
alkaline earth metal ions and heavy transuranium and light radionuclides.

To address the issues, a mathematical model was created to analyze the swelling of hybrid
composite hydrogels in water and their contraction due to the diffuse migration of radionuclides
within the cylindrical coordinate system.

Results and discussion

Mathematical model of swelling of hybrid composite matrices and diffuse migration of
radionuclides

Mathematical modeling of the swelling characteristics of hybrid composite matrices and the
diffuse transport of radionuclides within the cylindrical coordinate framework relies on the
diffusion principle [9], enabling a comprehensive account of the diffusion phenomenon with
minimal data requirements [10, 11].

The change in water concentration in the area under consideration is described by the
following differential equation in private derivatives:

The variation in water concentration within the specified area is represented by the following
differential equation in partial derivatives:

ac,,
——Y — DAC (1)
ot w

where C - mass fraction of water in the medium.

D - water diffusion coefficient.

The expansion of the calculated environment is assumed to occur isotropically. The equation
must consider the mathematical representation of the diffusion coefficient and the variation in
sample volume during swelling. In addition, due to the nature of diffusion and water penetration,
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the boundary between the sample and the water into which it is immersed, the swelling front,
moves. Therefore, the field of solution of the diffusion equation changes in time and a moving
boundary condition must be included. Since there is no analytical solution to this problem, the
authors applied computational hydrodynamics methods [9-11].

The subsequent process of radionuclide ions interacting with the components of a hybrid
composite can be exemplified as follows: (a) the formation of complexes with the carboxyl
groups in the polymer matrix, leading to the release of protons, which explains the noticeable
decrease in the pH of the medium, especially during interactions with Sr2*; (b) ion exchange
processes between sodium and calcium ions sourced from a natural mineral and cesium
and strontium ions present in an external solution, respectively; (c) isomorphic substitution
reactions involving potassium cations within the complex intercalated with Cs* and Sr2* ions
(ref. to Figure 1). Furthermore, there is an incorporation into the cubic structure of copper
ferrocyanide particles intercalated in clay, particularly with cesium ions. This is associated
with the compatibility of the dehydrated Cs* diameter to the size of the entrance windows of
transition metal ferrocyanides and the comparatively low solubility of cesium and strontium
forms of ferrocyanide complexes [12].

This study was performed as a model system for further mathematical modeling and
discussion of the results of radionuclide sorption from real liquid radioactive waste produced
by the research reactor WWR-K.
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Figure 1. Schematic diagram of the sorption of cesium and strontium ions by percolated complexes
P[AAm-AAc|{BT:K, Cux[Fe(CN) ]} [12]

The modeling of swelling caused by diffuse migration suggests that, under certain conditions,
the sample undergoes a 400-fold increase in volume (see Fig. 2), which is consistent with
experimental observations regarding the swelling kinetics of hybrid compositions [12]. The rate
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of swelling is directly related to the amount of water present in the sample. The time needed to
reach peak saturation is influenced by the size and shape of the sample, as well as the diffusion
coefficient (D). The diffusion factor is established based on experimental findings.
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Figure 2. Change in mass of the sample of HCM over time due to swelling

Figures 3 shows that the change in sample volume is nonlinear. The lengthening of water
migration time caused by a volume shift is due to the growth of the housing matrix and, in
simulations, the computational grid. The behavior of this expansion depends on the current
sample size.
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Figure 3. Deformation of the area and change in the concentration of water in the sample over time as a
result of swelling
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The top right corner (see Fig. 3) is extended due to heightened concentration of hydrated
active reactive centers of HCM in this region resulting from an enlarged contact surface with
water. Nonetheless, upon substantial water saturation of the sample, a partial restoration of the
original shape occurs, as evidenced by the accompanying images.

The release of water takes place due to a chemical interaction between radionuclides and
the active centers of polymer-mineral constituents of HCM. Utilizing the swellings model along
with the law of active masses, we can outline the overall framework of the process as a set of
differential equations with respect to partial derivatives, considering the kinetics of chemical
reactions during the release of water and the capture of radionuclides:

- for components undergoing diffusion migration

ac, D(azcw 1ac, 9%C,

Tw - _ (1)
ot or2 r or 622> H(Cr)kCriC

aCrl azcrl 1 aCrl a2Crl (2)
=D — — H(C)kCC
ot < oz "7 or T a2 (CrkCriCw
- forsolid component:
acrs
ot = H(C)kCCy, (3)
where C —concentration of migrating radionuclides;
C_, - concentration of fixed radionuclides;
k - reaction rate constant,
H(C_rl) -The Heaviside step function defined as:
0, Ch <Gy
= 4
H(G) {1' Cr = Gy ®

where C * - the critical value of migrating radionuclides in the release process.

Figure 4 illustrates that the weight of a composite material sample is discharged on the
"plateau” following its peak saturation with water. When the radionuclide solution is added
to the system beyond its critical concentration, a change in the composite material is noticed,
resulting in the expulsion of water molecules from the sample. The concentration of radionuclides
introduced into the sample is denoted as Cim The critical concentration of radionuclide is
defined by setting up a Donnan'’s equilibrium between the quantity of counter-ions within the
composite volume and the concentration of radionuclides in the surrounding environment [13].
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Figure 4. Change in mass of the sample over time due to swelling and release of water due
to the diffusion of radionuclide molecules into the HCM

The water content in the sample subsequently decreases sharply, returning the sample to its
initial value. The characteristics of the drop are directly influenced by the diffusion coefficient
D, reaction rate constantsk, and the concentration of C radionuclides. The input and output
data are derived from real experiments [12].

Besides, see fig. 4 also illustrates that the concentration of radionuclides remains at zero
until maximum saturation with water molecules of HCM is achieved, then upon attaining the
critical concentration of radionuclides in the mobile C, form, the sample volume diminishes as
a result of their interactions with the functional groups of composite.

A mathematical model was developed to describe the migration and fixation processes of
radionuclides in both natural and artificial geochemical barriers at radioactive waste burial
sites. The model utilizes the diffusion equation, which is addressed on a time-deformed grid. The
numerical model is addressed using the explicit Eulerian scheme through the finite difference
method. The numerical results indicate that the model effectively captures variations in mass
and volume of samples over time.

Geochemical barriers can be made up of multi-layered hydrogel membranes that are
made on a base of polymer matrix (polyethylene, polypropylene, and polyvinyl chloride) so
that they are easy to use in a range of conditions. They can be well placed in containers of
different shapes (rectangular cassettes for use in storage tanks for HRC, cylindrical for creating
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"traps" for radionuclides in wells), which can be extracted from the radiation environment by
special discharge devices in automated software mode (ASM) as the maximum permissible
concentration of LRW is reached in storage tanks and underground groundwater (see Fig. 5 and
Fig. 6).

Reinforced HCM Swollen in water HCM HCM after radionuclide
sorbtion

Figure 5. Design of hybrid composite materials in the creation of geochemical barriers
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Figure 6. Three-dimensional deformation of the area and change in the concentration of water in the
sample over time as a result of swelling and release under radionuclide sorption
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Consequently, the following outcomes were achieved: simulation of sample swelling due
to diffuse migration; formulation of equations governing the swelling state of samples during
diffuse migration; creation of a mathematical model for diffusion migration in a cylindrical
coordinate system; and development of a numerical model for diffusion migration. A model
was constructed to represent the alteration of the computation grid due to diffuse migration in
the transformation of the sample shape.

Thus, the hydrogel composite materials with intercalated mineral fillers for the development
ofageochemical anti-migration barrier were discussed. their effectiveness in tackling challenges
associated with preventing LRW dispersion in soil and groundwater has been evaluated. This
geochemical barrier will serve as a dependable safeguard against pollutants for extended
durations, consequently lowering the expenses related to the remediation of nearby areas
around industrial facilities.

Conclusion

The studies yield the following conclusions:

Synthesis and characterization of a novel class of hybrid composite materials consisting of
intercalated complexes of natural minerals (bentonite, monthillonite, zeolite, and rutile) with
ferrocyanide complexes of transition metals (FCTM) (phase 1) and a volume-embedded polymer
matrix (phase II) have demonstrated significant sorption efficiency for liquid radioactive waste.

The polymer matrix works well with different mineral fillers and their complexes that are
intercalated with FCTM. This makes the hybrid composition more useful by working together
better. This improves the efficiency of engineering structures during the design and construction
of low- and medium-activity RN storage facilities.

A comprehensive hydrodynamic-geochemical mathematical model was formulated for the
fixation and concentration processes, elucidating the migration of radionuclides via natural and
manmade geochemical barriers at low-level and intermediate-level radioactive waste disposal
sites. The model relies on solving the diffusion equation for water molecules and hydrated
radionuclide ions in a time-deformed grid, which allows for the calculation of penetration
depth through the HCM layer, the direction of radionuclide migration, and the prediction of the
long-term performance of hybrid composite materials at liquid radioactive waste storage and
disposal sites.
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T'uGpuAHbIe KOMIO3UTHBIE MAaTPHIbI A1 IPeAOTBpalleHs PacnpoCcTpaHeHUs
PaAMOHYK/IU/JIOB B OKPYKAIOILYI0 CPEAy

AnHoTanusa. 06cyxaetca Bonpoc 06 3GpEeKTUBHOM CO3/[aHUM THOPUHBIX KOMIO3ULIMOHHBIX
MaTepuasoB (TKM) c BbICOKOH COpPOLIMOHHOM CMOCOGHOCTBIO MO OTHOIIEHUIO K PaJMOHYKIUAAM
B ’KMJKHUX PaJJUOaKTHUBHBIX OTX0JAaX. JTU rHOpUAHbIe KOMIIO3UTHblE MaTepHasbl COCTOAT U3 JBYX
COpOGEHTOB, KOTOpbIE TOTOBSATCS U3 OPraHUYECKOT0 U IPUPOJHOI'0 MUHEPAIbHOTO ChIPbS, COZleprKalllero
WHTepKaJUupoBaHHble QeppolMaHu/Hble KOMILJIEKChl IMepPeXOoJHbIX MeTaJlJIoB. Bbicokasi cTelneHb
norsouleHus paguoHykanios (PH) oTMeuaeTcs Ha HayaJbHOM CTaJUM COpPOIMH, KOTOpas CBs3aHa C
HaJIMYMeM MHOTOYHMCJEeHHbIX aKTUBHBIX YYaCTKOB Ha MOBEPXHOCTU MOPUJHOI0 KOMIO3ULMOHHOTO
Mareprasa. HanpoTuB, mociegymoomasa cTajus cOpOLMM IOKa3blBaeT CHW)XXEHHEe U 3aMe/JIeHue
HOTJIOIeHUs] PaJUOHYKJIUJ0B, BEPOSITHO, U3-3a NMOCTENEHHOT0 HAChIIleHHUS] OCTABLIMXCS aKTUBHBIX
y4yacTkoB B HCM.

Brlia paspaboTaHa jAeTasbHasi 'MPOAUHAMHUKO-reOXHMHUYecKass MaTeMaThuyeckass MoJieslb [Js
npeJiCTaBJeHNa MexaHM3MOB QUKCALUU U KOHLeHTPUPOBaHUS PaJUOHYKIUJ0B, KOTOpasi 00bsACHAET
JABmkeHue PH yepes ucKyccTBeHHble reoXUMHUYecKre Gapbepbl B COCTaBe XUAKUX PaJUOAKTHUBHBIX
OTXOJL0B.

Kiio4deBble c/10Ba: ru6pyAHbIE KOMIIO3UTHBIE MaTepUaJbl, COPOEHTHI, MUT'PALIUs, PAJUOHYKJIN/Ib,
KUJKHe paIMOaKTUBHbIE OTXO/bl, MaTeMaTHYeCKOe MOJleJIMpOBaHKe, HabyxaHue.
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PagnoHYK/IUATEPAiH KOPIIAaFaH OPTaFra TapaIybIH TEXKEUTiH rHOPUATI KOMIIO3UTTIiK
MaTpunagap

Anpgartna. CyibIK paZlMOaKTUBTI KaJ/I/IbIKTApAaFbl PaIMOHYKJIUATEPre COPOIUSIBIK KabiseTi xoFapbl
TUOPUATI KOMIO3UTTIK MaTepuaagapabsl ([KM) tuimzi any Tocingepi TankpliaHaabl. bys ru6puari
KOMIIO3UTTIK MaTepra/IJap KYpaMblH/a MeTalJap/iblH UHTepKaIAUsAIaHFaH GepporiuaHUATI KOMI-
JieKcTepi 6ap OpraHUKaJbIK XKoHe TaOUFU MUHepaJIJbl IHUKi3aTTaH AAWbIHAAIATBIH €Ki COpOeHTTeH
Typaabl. COpOLUSAHbBIH 6acTanKbl Ke3eHiHae paguoHykauaTep/is (PH) cinipinyinin xoFapsl gapexeci
GaiiKasabl, 6yJ1 TUOPUATI KOMIO3UTTIK MaTepHas[iblH OeTiH/Ae KenTereH 6esiceH/li y4yacKesaepaiH
6oJiybIMeH GailsiaHbIcThl. KepiciHile, keliHri copbLuus caThichl pagUOHYKAUATEPAIH 6asy ciHipinyin
KepceTez,.
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G.K. Mamytbekov, N.M. Shayakhmetov, M.B. Kurmanseiit, N.B. Issabayev

CyHbIK paZiuoaKTUBTI KaJIJIbIKTapAbIH KYPaMbIH/AAFbI KacaH/[bl FeOXUMHUSIJIBIK KeJleprijiep apKblLibl
PH K03FaJbIChIH TYCiHAIpETiH TUAPOJUHAMUKAJBIK-T€OXUMUSJIBIK MaTeMaTHKaJbIK MO/ eJlb 93ipJIEH/].

TyiiH ce3aep: rUOPUATI KOMIIO3UIUSIBIK MaTepHalJiap, COpOeHTTEeP, MUTPALIUS, PaIUOHYKIU/ITED,
CYUBIK paJJMOAKTHUBTI KaJAbIKTAp, MAaTEMATHKAJIbIK MOJIEJIb/IEY, iICiHY.
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