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An effective sorption material for cesium radionuclides immobilization in highly safe and reliable solid-state
matrices was proposed. Prepared aluminosilicate (KAISi3Og) adsorbent had amorphous mesoporous structure
and Cs™ ions sorption capacity of ~3.7 mmol/g. The physical-chemical characteristics of (Cs, K)AlSi3Og sample
saturated with Cs ' ions were studied using XRD, FT-IR, SEM-EDX, and DTA-TG methods. Firstly, solid-state
aluminosilicate matrices were obtained using spark plasma sintering (SPS) technology with high values of

relative density (up to 99.9%), compressive strength (31.3-79.2 MPa), and Vickers microhardness (0.9-5.3 GPa).
The sample obtained at 1000 °C had a low value of Cs™ leaching from matrices (Rcs within the range of 107 g cm™
2-day'l) and cesium diffusion coefficient (De 9.07 x 1014 cmz/s). It was shown that prepared aluminosilicate
cesium matrices comply with regulatory requirements of GOST R 50926-96 and ANSI/ANS 16.1.

1. Introduction

Novel inorganic materials used for the sorption and immobilization
of hazardous radionuclides are extremely important for the technolog-
ical aspects of radioactive waste management. Solid-state matrices
provide the required set of such operational characteristics as chemical
activity/inertia, radiation resistance, hydrolytic resistance, mechanical
strength, etc. These materials are used as selective sorbents for the
processing of liquid radioactive wastes [1-3], as well as preserving
matrices for the immobilization of extracted radionuclides for their
subsequent reliable disposal [4] or the production of high-class radio-
isotope products [5]. Therefore, these materials provide a new high level
of safety for the nuclear industry, including by ensuring the large-scale
global task of implementing a closed nuclear fuel cycle.

Aluminosilicates of natural and synthetic origin, as well as their
modified forms, are considered as a promising class of compounds for
the selective sorption of long-lived hazardous '*’Cs and °°Sr radionu-
clides. Various aluminosilicate minerals (montmorillonite (Na,

Ca)o,33(AL,Mg)2(Sis010)(OH)2-nH0 [6], illit (Ko 75(H30)0.25)Al2(SizAl)
010((H20)0.75(0H)g.25)2 [7]1, kaolin Aly03-2Si05-2H,0 and bentonite
(Al5[Si4010](OH)2-nH0) [8], chabazite (Ca,Nay) [Al;Si4Oq12]<6H50
[9], vermiculite (Mg"2, Fe™2, Fe™)3 [(ALS1)4010]-(OH)2-4H,0 [10],
feldspars K[AlSi3Ogl, Na[AlSi3Ogl, Ca[AlySioOg]l [11], zeolites Xyx/m
[(AlO2) (SiO2)y] [12]), as well as their synthetic analogs were widely
described. These materials were obtained by well-known inorganic
synthesis methods: hydrothermal, sol-gel, precipitation and
co-precipitation, microwave [13-16]. Meanwhile, they did not receive
wide practical application due to the following disadvantages: (i) low
efficiency of radionuclides sorption by natural minerals, (ii) the
complexity of industrial scaling of obtaining synthetic aluminosilicates
analogs.

A capable of forming dense glass-like (amorphous) or ceramic
(crystalline) forms of materials with chemically bound radionuclides
with certain technological processing are the special advantage of
aluminosilicate sorbents. This is a certain type of cured radioactive
waste in the form of radionuclide-immobilized matrices. In the reviews
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of Orlova and Ojovan [4,17], various types of frame aluminosilicates of
natural origin were considered: zeolites Xy, [(AlO2)y (SiO2)y], pollucite
(Ca,Na)sAlxSis012  2H0, nepheline NaAlSiO4, sodalite (Na,
K)6[AlgSigO24]-2NaCl, cancrinite (Na,Ca,K)g[AlgSigO24]((Na,Ca,
K)2CO3)1.6-2.1H50, etc. Such materials demonstrated relatively high
prospects for the wide range radionuclides immobilization, including
137cs and “°Sr. A distinctive feature of these materials is that the
methods of inorganic synthesis provide the production of their synthetic
analogs, the characteristics, and properties of which could be enhanced
in comparison with natural forms.

In the work of Omerasevic et al. [18], a dense (99.4%), mechanically
strong (50.21 MPa), and Cs™ leaching resistance (10 g/cm? day) pol-
lucite (CsAlSi;O12) was obtained by hot pressing from Ca-LTA ion--
exchange zeolite. Vereshchagina et al. [19] synthesized the
glass-ceramic matrices based on pollucite-nepheline and strontium
feldspar from coal ash under hydrothermal conditions, which are
promising for binding '¥’Cs and ®°Sr. The liquid-phase sintering was
applied by Luo et al. [20] for the production of ceramics based on
strontium anorthite (SrAl;SioOg) of a monoclinic structure for the
immobilization of strontium with a density of up to 3.02 g/m?, bending
strength of up to 60 MPa, and a volume porosity of 0.52 vol%. Chen et al.
[21] synthesized the metakaolin/Na-pollucite composite by cold press-
ing followed by sintering in air, which was characterized by a me-
chanical strength of up to 48 MPa with high hydrolytic resistance to
cesium leaching. A similar approach of direct sintering without pressure
was used by Gardner et al. [22] for the preparation of ceramic matrices
based on ultra-stable H-Y zeolite (Naj3[(AlSiO4)12) for the cesium and
strontium radionuclides immobilization. The main disadvantages of
proposed methods are high duration of heat treatment to obtain ceramic
matrices and low reproducibility of the physical-chemical properties of
the resulting ceramic matrices.

Enhanced performance characteristics of ceramic and glass-ceramic
matrices based on pollucite (CsAlSiO¢) for the immobilization of ce-
sium, as well as mineral-like matrices based on strontium feldspar
(SrAl,SisOg) for the immobilization of strontium, were achieved using
an unconventional spark plasma sintering (SPS) technology and its re-
action modification (R-SPS) in the works of Papynov E.K. et al. [23-25].
These matrices were characterized by high relative density (up to
99.8%), mechanical compressive strength (up to ~ 700 MPa), low
leaching rate (do not exceed 10" g/cm?-day), thermal stability during
oxidative heating (up to 1000 °C) with a Cs* content of up to 24.5 wt%
and Sr?* up to 32 wt%. The obtained solid-state matrices exceeded the
requirements of regulatory standards and the characteristics of analog
materials. The originality of the proposed methods was that these
matrices were obtained based on both natural and synthetic raw mate-
rials, with more attractive technological conditions (low temperature,
short cycle time) compared to traditional sintering methods. Moreover,
a method for manufacturing glass-ceramic matrices with cesium in the
product of an ionizing radiation source using SPS technology charac-
terized by the process efficiency was developed [26]. Despite this,
achieving even higher characteristics of these materials using even
cheaper raw materials remains an urgent research task.

Gordienko P.S. et al. [27] showed that the synthetic nanostructured
potassium aluminosilicate KAISi3Og-1.5H50 of the amorphous compo-
sition obtained in a multicomponent aqueous system containing an al-
kali metal silicate with a given SiO,/K20 ratio was characterized by a
high sorption capacity towards Cs " ions, including under conditions of
different salt background. This value reached the maximum, theoreti-
cally possible cation exchange centers in the range of 3.7 mmol/g. It was
obvious that this system, obtained in a simple and fast way, represented
a prospect as a sorption material for '*’Cs removal from aqueous media,
and could be used as an inorganic basis for obtaining solid-state matrices
for reliable radionuclide immobilization, and conditioning the spent
sorbent. In this regard, this work aimed to syntheses the solid-state
matrices for cesium ions immobilization based on amorphous KAl-
Si30g using SPS technology with low Cs T leaching and high thermal
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stability.
2. Experimental

The synthesis of amorphous potassium aluminosilicate powder
(KAISi3Og) and samples of solid-state matrices and their complex study
was implemented according to the scheme (Fig. 1):

2.1. Chemicals

Aluminum sulfate A15S04-18H50 (99.9%, Sigma-Aldrich), potassium
hydroxide KOH (Sigma-Aldrich), silicic acid SiO2-nH20 (99.99%, Sigma-
Aldrich) reagents without additional purification were used. The model
solution of cesium chloride with a concentration of Cs™ 25.2 mmol/L
(3350 mg/L) was prepared from the CsCl (99.98, Sigma-Aldrich)
reagent.

2.2. Synthesis of KAISisOg powder

To obtain potassium aluminosilicate with a given Si/Al ratio (KAl-
SixOy-nH20, where x = 3, y = 2(x-+1)), the system components were
taken in a stoichiometric ratio based on the calculation of obtaining
anhydrous KAlSi3Og aluminosilicate. A suspension of silicic acid was
added to a KOH solution at 85 °C, kept under constant stirring until it
was completely dissolved. Then, a solution of Alx(SO4)3 was added to
the resulting solution with continuous stirring. The resulting precipitate
was separated by filtration using a water jet pump, washed with distilled
water, and dried at 95 °C.

2.3. Sorption characteristics of KAlISisOg powder

Preliminary, the obtained precipitate was dried to a constant weight
at a temperature of 105 °C. Further, the adsorbent was saturated under
static conditions with a CsCl solution (Cs' 25.2 mmol/L) at a ratio of
solid to liquid phases S:L equal to 1:40 and a temperature of 20 °C for 3h
with stirring at 150 rpm on an RT 15 power magnetic stirrer (IKA
WERKE, Germany). Then the adsorbent was separated from the solution
by filtering through the filter paper "White Ribbon Filter" (pore size 5-8
pm, ash content 0.26-0.31 mg) using a water jet pump. The concen-
tration of Cs™ and K™ ions in the solutions was determined by atomic
absorption spectrometry on a Solaar M6 spectrometer along the
analytical lines of 852.1 and 766.5 nm, respectively. The precipitate was
thoroughly washed with hot distilled water until the negative reaction
towards Cl-ions.

2.4. Spark plasma sintering of (K, Cs)AlSi3Og solid matrices

(K, Cs)AISi3Og powder was consolidated by SPS technique into solid
matrices using LABOX-625 (Japan) instrument. The starting powder was
put into cylindrical graphite die (outer diameter of 30 mm, internal
diameter of 15.3 mm, height of 30 mm), pre-pressed (20.7 MPa), further
the green body was transferred into a vacuum chamber (6 Pa) and
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Fig. 1. General scheme of synthesis and research of adsorbent and ceramic
matrices saturated with cesium ions.
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sintered. Heating was conducted by the pulse current in the On/Off
regime with the periodicity of the pulse/pause of 12/2 (39.6/6.6 ms).
Synthesis temperature was 800, 900, 1000 °C, heating rate — 100 °C/min
holding time at maximum temperature and cooling time were 5 and 30
min, respectively. The uniaxial pressure load during sintering was
maintained constant at 24.5 MPa. The obtained samples were cylindrical
with a diameter of 15.3 mm and a height of 4-6 mm. SPS temperature
was measured using an optical pyrometer IR-AHS (Hitachi, Japan)
focused at the hole (5.5 mm deep) in the middle of the outer die wall.
Graphite foil 0.2 mm thick was employed to prevent contact between the
die and sintered material. Final samples were cylindrically shaped with
an outer diameter of 10.3 mm and a height of 4-5 mm.

2.5. Characterization methods

Particle size distribution was determined on a particle size analyzer
Analysette-22 NanoTec/MicroTec/XT Fritsch (Germany). Scanning
electron microscopy (SEM) was performed on a CrossBeam 1540 XB Carl
Zeiss (Germany) equipped with the add-on for energy-dispersive X-ray
spectral analysis (EDX) Bruker (Germany). XRD was carried out on a D8
Advance Bruker AXS (Germany) diffractometer. Vickers microhardness
was determined at 0.2 N load on a microhardness tester HMV-G-FA-D
Shimadzu (Japan). The IR absorption spectra of the samples were
recorded in the range of 400-4000 cm ! using a Spectrum-1000 Fourier
transform spectrometer PerkinElmer (USA). The thermogravimetric
curves were recorded on the DTG-60H Shimadzu device in platinum
crucibles with a pierced lid in a dry argon stream (20 mL/min) in the
temperature range of 35-1300 °C and the heating rate of 10 °C/min. The
weight of the attachments was about 40 mg, weighing was carried out on
Sartorius CP2P micro weights with an accuracy of 1 pg.

Compressive strength (o.s.) was evaluated on a tensile machine
Autograph AG-X plus 100 kN Shimadzu (Japan). Experimental density
was measured by hydrostatic weighing on the balance Adventurer
OHAUS Corporation (USA). Appearance density was found as a ratio of
the experimental density (ED) measured via hydrostatic weighing to the
theoretical density.

2.6. Evaluation of hydrolytic stability of (K, Cs)AlSi3Og matrices

Dissolution stability of matrices was estimated based on leaching
rate of cesium under long-term contact (30 days) with the distilled water
(pH 6.8) at room temperature (25°C) in static condition. The well-
known Russian Government Standard (GOST R 52126-2003), closely
related to the ANSI/ANS-American National Standards Institute/Amer-
ican Nuclear Society 2019 (ANSI/ANS 16.1). Cesium, aluminum, po-
tassium concentration was measured on an atomic absorption
spectrometer SOLAAR M6 Thermo Scientific (USA).

The calculation of the effective diffusion coefficient (D) was per-
formed by mathematical transformations of the second Fick law ac-
cording to the method described in the paper [28]:

DLENCANEON
M, 72<E> <V>t+(x @

where is m - cesium weight, mg, leaching time t, s, My - initial cesium
content in the sample, mg, D — effective diffusion coefficient, cm?/s, S -
the surface area of the sample, crnz, V - a volume of sample, crn3, o —
parameter that takes into account the initial leaching of cesium, not
related to diffusion (cesium leaches out at the initial contact of the
leaching solution with the sample surface).

To calculate this equation was reduced to a linear form by intro-
ducing the coefficient K, which is the tangent of the slope angle of the
direct dependence of the cesium fraction leached from the sample on the
square root of the contact time of the material with the leaching agent:
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The effective diffusion coefficient was calculated according to Eq.
(3):

K2 V\?
D, = 4” : <§> 3)

The leaching index (L) was calculated as the decimal logarithm of the
inverse diffusion value [29].

1
L:Igﬁ @

Evaluation of the dominant leaching mechanism based on the
dependence of the decimal logarithm of the accumulated fraction of
leached radionuclide (B, mg/mz) on the decimal logarithm of the
leaching time t, s:

1 D,
Ig (B;) :Elgt + g [Umaxdq / ”} 5)

where is Upax — the maximum amount of leached radionuclide, mg/kg,
d — matrix density, kg/m>.

The leaching depth of the matrix characterizes the destruction of the
matrix as a whole when it is in an aqueous medium. Eq. 8 calculated this
characteristic:

L= i(Wﬁ ) ©

where is L{ — the leaching depth of the matrix reached during the time
interval t,, cm, d — density of the sample, g/cmg.

3. Results and discussions
3.1. Characterization of KAlSisOg and solid-state matrices

The character of the XRD curve with a blurred maximum in the angle
range of 15-35° of the synthesized sample corresponded to an amor-
phous substance (Fig. 2a).

According to sorption isotherm (Fig. 2¢), the maximum adsorption
capacity Amax of amorphous KAISi3Og under static conditions towards
Cs " ions from an aqueous solution at 20 °C and the ratio S:L of 1:40 after
3 h reached ~ 3.7 mmol/g. The maximum sorption capacity was ach-
ieved at an equilibrium concentration of Cs* ~15 mmol/L (Fig. 2c). The
sorption isotherm belonged to the C-type according to the Giles classi-
fication, which was characterized by a linear increase in the sorption
capacity with an increase in the equilibrium concentration. This type of
isotherms is characteristic of the homogeneity of the adsorption centers
of the material, characterized by an average affinity for the adsorbate.

The studied sample after saturation with cesium ions was amorphous
(Fig. 2a). The results of the thermogravimetric study of the initial KAI-
Si3Og and the cesium-saturated sample is shown in Fig. 2b. When the
temperature increase, firstly physically adsorbed water was monoto-
nously removed, then the decomposition of crystallohydrates and
dehydration of aluminum hydroxide was observed. The removal of the
main mass of water occurred at 600 — 1000°C with a total weight loss of
20.7% and 15.9% for KAISi3Og and cesium-saturated samples.

Fig. 2d shows the IR spectrum of the KAISi3Og and (Cs, K)AlSi3Og
powders. For both samples, an intense absorption band in the region of
850-1100 cm™ was recorded, associated with valence Si-O-Si and
Al-O-Al bonds vibrations. Importantly, that in the sample saturated
with cesium, compared with the initial aluminosilicate, there was a
slight shift of this absorption band to the region of lower frequencies. It
was associated with the partial destruction of the aluminosilicate
framework structure. Low-frequency absorption bands in the region of
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Fig. 2. Characteristics of the initial powder KAISi3Og: a — XRD patterns; b — sorption isotherm of Cs™ ions; ¢ — thermogravimetric analysis; d — FT-IR spectra of

KAISi;0g and (Cs, K)AlSizOs.

450-600 cm™! were characteristic of Si-O-Si and Al-O-Si deformation
bonds vibrations. Deformation and valence O-H vibrations of the crys-
tallization water caused the absorption bands in the region of 1600 and
3100-3650 cm’}, respectively. The maximum of the absorption band of
the valence water vibrations 3450 cm was slightly lower for the
valence O-H vibrations of free water (~3600 cm™). It was due to the

presence of water hydrogen bonds with the aluminosilicate crystal lat-
tice and a potassium cation [30].

The low-temperature nitrogen adsorption-desorption of pristine
KAISi3Og samples and after their saturation with cesium ions (Cs, K)
AlSi3Og was carried out. The isotherms for all samples had a capillary-
condensation hysteresis loop and belong to type IV according to the
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Fig. 3. Isotherm of low-temperature nitrogen adsorption-desorption (a,c) and DFT pore size distributions (b, d) of KAISi3Og powder before and after Cs ™ sorp-

tion saturation.
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IUPAC classification [31,32], which is characteristic for mesoporous
materials. Adsorbents had a set of micro-, meso- and macropores, with a
certain predominance of 2-45 nm mesopores (Fig. 3a, b). It was
confirmed by the isotherm treatment by the DFT method (Fig. 3b, d).
The specific surface area (Agg) for KA1Si3Og and (Cs, K) AlSi3Og samples
was 154 and 140 m?/g, respectively. A non-significant decrease in the
specific surface after saturation with Cs™ ions was observed due to the
effect of K™ ion exchange on Cs™, which led to changes in the composite
textural characteristics. The hysteresis loop for pristine and spent ad-
sorbents had H3 type form. It means that the lower limit of the
desorption branch is normally located at the cavitation-induced p/po.
Loops of H3 type are given by non-rigid aggregates of plate-like particles
(e.g., certain clays) but also if the pore network consists of macropores
which are not completely filled with pore condensate.

The preparation of solid-state matrices using the SPS technology was
carried out using the obtained (Cs, K)AlSi3Og powder, containing Cs*
ions ~23.3 wt%. The provided concentration of Cs ions in alumino-
silicate matrices is adequate, due to futures of their crystalline structure
and possibility to chemical bounding of 1*’Cs radionuclides. The pro-
vided results for containing of Cs* in nanostructured KAISizOg spent
adsorbent was supported by complex of physical-chemical techniques
[33]. It was justified by atomic AAS, ICP-AES, ICP-MS analyses of
aqueous solution obtained by dissolution of saturated adsorbent with
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0.1 M CsNOs3 and by results of EDX analysis of spent adsorbent. The
adsorbent dissolution was performed use of HF and HNO3 acids mixture.

In addition, it should be noted that mineral-like materials with pol-
lucite structure Cs4NaAlsSi;1032-1,3H20 can immobilize up to 42 wt%
Cs™ ions [34]. The synthetic pollucite has a chemical composition with
stoichiometric formula CsAlSi;Og [35], low coefficient of thermal
expansion and thermal stability up to 1000°C. The releasing of cesium
ions in aqueous solution reaches high values of up to 2:10® g/cm? day
[19,36,37].

The granulometric sample composition of KAlSi3Og was represented
by a wide fraction of particles with a size of 0.5-100 pm (Fig. 4a). The
smallest fraction was less than 1 pm (Area Al). The average fraction was
5-50 pm in the form of agglomerates of smaller particles (Area A1) and
the large (main) fraction was represented by particles with a size of 50 to
100 pm (Area A3). It was also confirmed by the SEM data (Fig. 4b-d). As
well as, the particle size distribution (PSD) and SEM analyses of (Cs, K)
AlSi,Og sample after saturation with Cs ™ ions were performed. The
obtained results showed the absence of differences in particle size of
KAISi5Og and (Cs, K)AlSio,Og samples (Fig. 4b).

It was determined that sintering proceeded in two stages according
to the dilatometric measurments (Fig. 5a). Stage I occurred at the pro-
cess beginning during the first minutes of synthesis (up to 2 min) and
was caused by particles rearrangement and packing under mechanical
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Fig. 4. Particle size distribution and SEM images of (a) KAlSi3Og and (b) (Cs, K)AlSi3Og powder samples.
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Fig. 5. The dilatometric curves (a) of (Cs, K)AlISi3Og powder and XRD patterns (b) of solid-state matrices obtained by SPS at various temperatures.

action during powder pressing. The shrinkage rate at this stage was 4.5 activated. Primarily in the area of particle contact, which intensified the
mm/min, regardless of the sintering temperature. Stage II included shrinkage of the sintered powder. (Cs, K)AlSi3Og powder sintering did
thermal action on the powder along with the applied pressing. This not occur at a temperature of 800 °C, since there was no shrinkage at this
process was the main sintering stage, since during heating, the processes stage (Fig. 5a, curve 1). The sintering process was observed at 900 and
of diffusion, plastic deformation, and viscous flow of the material were 1000 °C, which was due to active powder shrinkage at a rate of 1.5 and 3

Fig. 6. SEM images of (Cs, K)AlISi3Og solid matrices obtained by SPS at various temperatures.
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mm/min, respectively. The shrinkage time was no more than 2 min
(Fig. 5a, curves 2 and 3).

According to the XRD data (Fig. 5b), the amorphous (Cs, K)AlSi3Og
sample did not crystallize at 800-900 °C. In the composition of the
sample obtained at 1000 °C, the formation of an insignificant impurity
of the crystalline pollucite phase was observed (Fig. 5b, curve 3). When
the temperature rose above 1000 °C, the aluminosilicate passed into the
liquid melt. The main mechanism of Cs* ions adsorption was ion-
exchange process. According to XRD data (Fig. 5b, curve 3). there is
too weak peak at 2 theta ~26°, which can belong to SiO, (quartz, 00-
046-1045) and CsAlSizO¢ (pollucite, 00-029-0407). The presence of
this compounds could be due to crystallization processes in alumino-
silicate matrices during SPS sintering. But very weak intensity of this
peak do not allow to make clear conclusion. The proposed discussion
was supported by EDX elements mapping on the sample surface (Fig. 7,
sample obtained at 1000 °C). Therefore, it was shown that Cs, K, Al, and
Si had homogenous distribution in the same surface field. However,
there is field with high Si concentration and absence of Cs, K, Al atoms.
So, there are two type of surface sample with different contents of Cs, K,
Al, and Si elements. In that case, it could be due to presence of two
crystalline phases of SiOy (quartz) and CsAlSi»Og (pollucite).

The consolidated samples structure varied depending on the process
temperature (Fig. 6). SEM image of the sample obtained at 800 °C
showed that the sintering processes were only initiated. Both sintered
areas in the form of monolithic inclusions and loose areas in the form of
compressed and partially sintered particles of the initial powder were
presented (Fig. 6a, a*). When the temperature increased up to 900 °C,
the area of monolithic agglomerates expended significantly due to the
intensification of sintering processes. Meanwhile, the presence of an
insignificant number of micro defects in the sample volume was detected
(Fig. 6b, b*). When the temperature reached 1000 °C, the aluminosili-
cate sample had a monolithic, non-porous and defect-free structure
(Fig. 6¢, c*).

According to the EDX analysis data (Fig. 7), the distribution of the
main elements over the matrices surface could be considered uniform, in
particular, cesium was integrated throughout the entire volume of the
samples.

The physical and mechanical characteristics of the (Cs, K)AlISizOg
matrices were directly proportional to the temperature of SPS per-
forming. The density, compressive strength, and Vickers microhardness
increased with a rise in the sintering temperature (Fig. 8). These pa-
rameters increased sharply at the sintering temperature from 900 °C and
above, which indicated the efficiency of (Cs, K)AlSi3Og powder sintering
under these conditions. It was consistent with the previously noted
powder shrinkage rate (Fig. 5a).

1000 °C
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An increase in the dispersion and asymmetry of the distribution of
microhardness values relative to the statistical median line in the box
and Vickers diagram indicated an increase in the structural heteroge-
neity of the (Cs, K)AlISi3Og samples. It was observed during increase in
the SPS temperature (Fig. 8). The range of microhardness values in the
statistical sample was due to the anisotropy of the properties formed
because of partial crystallization, which was previously confirmed by
XRD data (Fig. 5b).

3.2. Cesium leaching study

The dissolution stability of the (Cs, K)AlSi3Og matrices was evalu-
ated, which was the main indicator of their effectiveness for the cesium
radionuclide immobilization. The lowest rate of cesium leaching was
observed for the sample obtained at 1000 °C (Fig. 9a). This parameter
reached 6.94-107 g cm2-day™, which met the GOST R 50926-96 re-
quirements for solidified high-level waste. It was obvious that the high
hydrolytic stability of the samples was due to their glass-like structure.
The increase in this parameter for samples obtained at an elevated sin-
tering temperature was due to the formation of the pollucite phase in
their composition (Fig. 5b). It is known that the pollucite form of
aluminosilicate, both a natural mineral and its synthetic form, is capable
of providing high chemical binding of cesium ions up to 42 wt% [26,38].

The value of the tangent of the angle of inclination of the straight
lines (Fig. 9b) was close to 0.5, which indicated the predominance of the
diffusion leaching mechanism, according to the Groot and Van der Sloot
model [39,40]. (Cs, K)AlSi3Og matrices were characterized by a low
cesium diffusion coefficient (De), due to strong chemical cesium
bounding and low number of defects and open pores in the obtained
matrices structure (Table 1).

The leaching index (L) of all samples was higher than 8, which
allowed concluding that cesium was reliably fixed in the volume of the
material and that the synthesized matrices can be used as immobilizing
materials [41]. The calculated parameters of the leaching depth were
shown in Fig. 9c. Solid-state aluminosilicate samples had great stability
in an aqueous environment due to the dense structure and chemical
resistance of obtained matrices.

3.3. Comparison study

A comparative analysis of the qualitative characteristics of the (Cs, K)
AlSi3Og matrices obtained at 1000 °C and the regulatory document re-
quirements for solidified radioactive waste, showed that the developed
solid-state aluminosilicate had high-quality characteristics and comply
with the regulatory requirements (Table 2)

Fig. 7. EDX element mapping of (Cs, K)AlSi3Og solid matrices obtained by SPS at various temperatures.
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Table 1
Cesium leaching parameters for (Cs, K)AlSi3Og matrices obtained by SPS at
various temperatures.

Table 2
Quality characteristics for solid radioactive wastes and obtained aluminosilicate
matrices.

Sintering temperature, °C D, cm?%/s L U max, mg/kg
800 2.16:10° 8.66 3.28.107
900 3.84.10° 8.41 7.36+1072
1000 7.36+107° 8.13 7.71.10°°

Note: values error of +5%.

It was established that the SPS technology is more technologically
attractive compared to traditional sintering methods. The results of
Table 3 are clear supported the advantages of developed cesium-
saturated matrices in comparison with analogs materials. The temper-
ature conditions for matrices obtained by the SPS technique were lower,
as well as the heating and holding cycle time was minimal. The main
qualitative characteristics of the studied matrices in most cases exceeded
the required parameters and described analogs (Table 3).

4. Conclusion

An amorphous KAISi3Og aluminosilicate with a high sorption ca-
pacity towards cesium ions of ~3.7 mmol/g was synthesized by pre-
cipitation from an alkaline silica solution. Solid-state matrices of
amorphous composition based on synthesized (Cs, K)AlSi3Og powder

Parameter Requirements of The sample Testing method
GOST R 50926- obtained by
96 SPS at
1000°C
Chemical stability No more 107 6.94-107 GOST R 52126-
(leaching rate): '*3Cs, 2003 (ISO
g/cm?.day 6961:1982)
Compressive strength, No less 9 79 Tests on a
MPa bursting
machine
Thermal stability (no No less 550 Up to 1000 XRD and SEM
changes in the structure
and chemical
composition at
temperature), °C
Homogeneity of the glass ~ Homogeneous Tests on a XRD and SEM
block structure in the bursting
volume machine

were obtained using the SPS technique. Thermal stability of pristine
aluminosilicate and cesium-saturated form (Cs, K)AlSizOg during heat
treatment in an inert medium up to 1200 °C was shown. The obtained
matrices with a uniform cesium distribution by volume had high values
of relative density (up to 99.9%), compressive strength (31.3 — 79.2
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Table 3

Comparative characteristics of solid-state matrices for cesium immobilization.

Ceramics International xxx (XXxX) XXX

Type of matrices [Ref.] Sintering method Heating Sintering Exposure Sintering Cesium leaching
rate, °Cemin  atmosphere time, h temperature, °C rate, gem ™ 2eday !
1,
Bag gCsg.4Al5TigO16 [42] cold pressing 10 air 5 1300 7.83 x 1072
followed by
sintering
3Ca0+Al,03+3CaS04+32H,0 [43] cold pressing 5 air 2 1310 6.21 x 107
followed by
sintering
SAP (SiO5+Aly03+P505) [44] sintering without ~ — air 4 1150 102~102
pressure
Cs3(PM012040)+Cs4A14Si2004g [45] cold pressing - - 1 1200 4.7 x1023.9 x 107
followed by 4
sintering
K;.xCsxAlSisOg [46] sintering without 10 air 2 1300 4.35 x 102-8 x
pressure 10
Natural mordenite powder (lizaka mine, Nitto Funka Co) [47] sintering without 10 air 1 1100 Not provided
pressure
Shabazite (general composition: sintering without 10 air 1 1100 Not provided
K2AlL,Si4015) with Cs™ [48] pressure
Baj_x(La, Cs),ZrO3 [49] sintering without - air 2 900 0.9 x 10°
pressure
Cs30+Al1503+4.35105/Cs50+Al503+4.35105+B,03 [21] sintering without - air 3 1200/950 Not provided
pressure
raw material to prepare (0.3Na, 0.7Cs)-geopolymer sintering without 5 argon 2 600-1000 107
((0.3Na,0.7Cs)-GP)+B,03 [29] pressure
Synthesis of pollucite from (0.3X, 0.7Cs)-based geopolymer and  sintering without 5 air 2 <1000 2,51 x 107
their doping-enhanced immobilization performance of Cs (X  pressure
= Li, Na and K)) [50]
Cs-NZP [51] Microwave - air 3 1000 1.5 x10%-1.2 x
10°
Na-A (Cs - LTA) [18] hot pressing 10 argon 3 750 9.3 x 102
Natural zeolite from the Far Eastern deposit (Russia) [26,52] SPS 100 vacuum 0.08 1000 102 -10°
Cso.9Cag sK1.1[Al3SigO22] [53] SPS 50 vacuum 0.16 1100 1.13+0.12 x 1073
(Csp.15(3)Ko.57(4)Alg.90(4)Siz 24(5)06) [54] hot pressing - argon 4 1050-1250 Not provided
CsAlSis01, [55] hot pressing - - 3 950 low Cs leaching
rate
MPa), and Vickers microhardness (0.9-5.3 GPa). The highest dissolution References

stability was possessed by a high-temperature samples obtained at
1000 °C, where the cesium leaching rate (R¢s) did not exceed 107 gcm’
2~day'l and the diffusion coefficient (D) was 7.36 x 10 ecm?/s. The
high quality of the obtained products was confirmed by compliance with
GOST R 50926-96 and characteristics of described analogs. The devel-
oped aluminosilicate matrices are of practical interest for the purifica-
tion technologies and radioactive waste processing, and the creation of
radioisotope products.
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