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A B S T R A C T   

Hydrothermal synthesis of NaY-type zeolite was carried out and the effect of temperature on the phase 
composition, crystal structure, textural characteristics, particle size and morphology, as well as sorption prop-
erties to Cs+ ions was studied. Solid-state matrices based on NaY zeolite the Faujasite structure containing 26.1 
wt% cesium were obtained by spark plasma sintering (SPS) with high values of compressive strength (to 132.9 
MPa) and Vickers microhardness to HV~ 698, Fracture toughness (K1c) ~ 1.26 MPa m1/2. The kinetics of ceramic 
matrices consolidation, phase composition and morphology using dilatometric studies, XRD, and SEM were 
studied. The thermogravimetric analysis shown the high thermal stability of the obtained samples up to 1300 ◦C. 
The high hydrolytic stability of CsAlSiO4 ceramic was proven (leaching rate of 2.33 ×10− 8 g·cm− 2·day− 1 and 
cesium diffusion coefficient De 1.41 ×10− 13), which exceeds the requirements of GOST R 50926–96 and ISO 
6961:1982 for solid-state matrices.   

1. Introduction 

The safety of the development of nuclear energy directly depends on 
solving the problem of handling and processing of radioactive waste. 
Many studies are aimed at studying various approaches to the man-
agement of spent nuclear fuel [1–7]. One of the concepts is the reuse of 
highly active waste, in particular 137Cs, in ionizing radiation sources [8]. 
The danger of cesium radioactive isotopes for living organisms is asso-
ciated with the solubility of most of its compounds and the high rate of 
migration in the environment. Therefore, in order to ensure the safe use 
of autonomous closed sources and prevent environmental pollution, it is 
necessary to use materials in which cesium is immobilized into 
solid-state mechanically strong matrices. 

For the cesium isotopes immobilization as a highly active radioactive 

waste, glass and ceramic matrices of various compositions are used. 
Ceramics are characterized by higher physicochemical parameters than 
glass, in particular, compositions based on titanates, phosphates, alu-
minosilicates can be distinguished [9–22]. The advantage of alumino-
silicates, as a class of inorganic polymers, is the ability to form layered 
and skeleton crystal structures, which causes their high specific surface 
area and correlates with the ion exchange capacity. Zeolites are a cheap 
and affordable material for obtaining solid-state matrices based on 
aluminosilicate ceramics. 

The crystal structure of zeolites has two important features. Firstly, 
the aluminosilicate framework forms cavities, pores and channels in 
which molecules of only a certain size can be placed. Due to this, zeolites 
are capable of selective sorption by the molecular sieve mechanism and 
are highly selective sorbents. Secondly, the charge of AlO4 and SiO4 
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tetrahedra is compensated by cations that are located in these voids and 
are capable of substitution by the mechanism of ion exchange. There-
fore, the structure of the aluminosilicate frame is extremely resistant to 
radioactive radiation. These advantages make zeolites one of the most 
promising materials for cesium ions removal and immobilization. Thus, 
zeolites containing an 8-membered ring (8MR), such as mordenite, 
shabazite, LTE, show high selectivity for Cs+. This selective coordination 
is explained by the comparable diameters of Cs+ ions (3.6 Å) and the 
ring cavity (3.6–4.1 Å) [23,24]. 

Meanwhile, the use of synthetic zeolites has a number of advantages 
over natural ones, of which the main ones are consistency of composi-
tion, predictability of thermal behavior, absence of undesirable impu-
rities, homogeneity of structure and reproducibility of physicochemical 
properties. Natural zeolite rocks contain zeolite in the range of 20–70 wt 
% and impurities of various cations, such as Na, K, Ca, Mg, Zn, Fe. 
During subsequent heat treatment, the zeolite containing cesium cations 
is able to reliably immobilize the radionuclide due to phase trans-
formation into a denser monolithic nonporous structure, for example, 
pollucite. Since cesium chloride is able to volatilize when heated, sin-
tering should be carried out at the lowest possible temperature and in 
the shortest time. Various sintering methods are successfully used to 
obtain materials based on zeolites that immobilize radionuclides 
[25–33]. One of the promising processing methods is spark plasma 
sintering, which makes it possible to obtain materials with high per-
formance characteristics. This technology avoids the temperature 
gradient, significantly reduces the sintering time, and ensures a high 
heating rate, which ensures low entrainment of cesium into the gas 
phase [34–41]. 

The work aimed to obtain solid-state matrices by the SPS method 
based on NaY zeolite for reliable immobilization of cesium radionu-
clides. The novelty of study are: (i) the effect of hydrothermal synthesis 
temperature on the characteristics of NaY zeolite was studied for the first 
time; (ii) the mechanism of spark plasma sintering of aluminosilicate 
ceramics based on crystalline CsAlSiO4 was studied in detail; (iii) it was 
confirmed that the obtained solid-state matrices fully comply with the 
requirements of GOST R 50926–96 and ISO 6961:1982 and can be used 

for reliable immobilization of cesium radionuclides. 

2. Materials and methods 

2.1. Chemicals 

Sodium metasilicate (Na2SiO3∙5 H2O), aluminum sulfate 
(Al2(SO4)3∙18 H2O) and sodium hydroxide (NaOH) were used NaY 
zeolite synthesis. Cesium chloride (CsCl) was dissolved for model solu-
tions preparation in order to study sorption characteristics. All chem-
icals were purchased from Sigma-Aldrich, 99.9% purity without 
additional purification. 

2.2. Preparation of NaY zeolite sorbents 

The synthesis of NAY zeolite with the required SiO2/Al2O3 ratio in 
the range of 8.5–10.5 consisted in hydrothermal crystallization of alu-
mosilicates hydrogel of the 14Na2O⋅Al2O3⋅10SiO2.800 H2O chemical 
composition. The hydrogel was prepared by mixing an alkaline solution 
of aluminum sulfate with a solution of liquid glass. Solutions of 0.45 М 
Al2(SO4)3∙18 H2O and 0.84 M Na2SiO3∙5 H2O in a volume ratio of 1:9 
were droplet added to the aliquot of 10 ml distilled water. The resulting 
hydrogel was intensively stirred on a magnetic stirrer at room temper-
ature for 30 min. Crystallization of the obtained hydrogel was carried 
out by hydrothermal method in a 250 ml reactor at temperatures of 110, 
130, 150 and 180 ◦C with an exposure time of 6 h. The resulting zeolite 
precipitate was filtered, washed with distilled water and dried at 90 ◦C 
for 1 h. 

2.3. Sorption saturation of NaY zeolite by Cs+ ions 

Zeolite powders in batches of 1.0 g were placed in flasks with 100 ml 
of CsCl solution containing Cs+ 5.0 g/L ions and kept for 24 h on a shaker 
at room temperature until sorption equilibrium was reached. Further, 
the samples were filtered, washed with distilled water and dried at 
100 ◦C until the moisture was completely removed. The sorption ca-
pacity of cesium ions was determined by atomic absorption spectrom-
etry by their residual content in solution. 

2.4. Batch sorption experiment 

The study of NaY zeolite sorption properties was carried out under 
batch conditions of stable cesium isotopes from distilled water. Sorption 
isotherms were obtained using solutions with different CsCl concentra-
tions at an initial pH of 6.0 ± 0.5. The initial concentration of cesium 
ions in model solutions was ranged from 0.05 to 20 mmol/L. 

10.0 mg sorbent suspension was placed in an Eppendorf tube and 10 

Fig. 1. (a) XRD patterns of zeolite samples and (b) DTA-TG curves of zeolite sample obtained at 110 ◦С after Cs+ ions saturation.  

Table 1 
Characteristics of NaY zeolite samples.  

Temperature of 
synthesis, ◦C 

Content of 
Cs+ ions, wt 
% (AAS) 

Content of 
Cs+ ions, wt 
% (EDX) 

A BET 

sp, m2/ 
g 

VHK, 
сm3/g 

DHK, 
nm 

110  22.1  22.0  410 0151  0.43 
130  26.1  25.9  417 0.153  0.43 
150  21.5  20.7  620 0.224  0.43 
180  3.0  2.0  13.6 0.009  0.54  
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Fig. 2. SEM images and EDS distribution of elements in the structure of NaY-type zeolite samples at different synthesis temperatures (a, a*) - 110 ◦C, (b, b*) - 130 ◦C, 
(c, c*) - 150, (d, d*) - 180 ◦C. 
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ml of model solution was poured (S:L = 1:1000 g/L). A series of test 
tubes was fixed on a vertical shaker and mixed at a rate of 20 rpm for 48 
h. After that, the sorbent was separated from the solution on the "blue 
ribbon" filter and the residual content of Cs+ ions was determined by 
atomic absorption spectrometry. 

For mathematical processing of experimental data of sorption iso-
therms, well-known sorption models at the S/L boundary were used. The 
sorption capacity (qe) was calculation according to Eq. (1): 

qe = (С0 − Ce)∙VV
m × 100%

(1)  

where qe is the sorption capacity (wt%), C0 is the initial concentration of 
Cs+ ions before adsorption (g L− 1), Ce is the final concentration of Cs+

ions after adsorption (g L− 1), V is the volume of Cs+ ion solution (L), and 
m is the absorber mass supplied (g). 

Freundlich equation:  

G=KF ∙Cm,                                                                                    (2) 

where C is the equilibrium concentration of Cs+ ions (mg/L); KF is the 
Freundlich constant, which characterizes the relative adsorption ca-
pacity and represents the value of adsorption at an equilibrium con-
centration equal to one; m is an indicator of the heterogeneity of 
exchange centers, which characterizes the change in the adsorption 
energy depending on the degree of their filling. 

Langmuir equation: 

G = GmaxKL∙CC
1 + KL∙CC

(3)  

where Gmax is maximum sorption capacity (mg/g); С is the equilibrium 
concentration of Cs+ ions (mg/L); KL is Langmuir adsorption equilibrium 
constants characterizing the adsorbent-adsorbate interaction. 

Langmuir-Freundlich equation: 

Fig. 3. Sorption isotherms of Cs+ ion on NaY zeolite samples.  

Table 2 
Calculated parameters of the Langmuir, Freundlich and Langmuir-Freundlich equations for Cs+ ions sorption.  

Isotherm model Parameters NaY 110 ◦C NaY 130 ◦C NaY 150 ◦C NaY 180 ◦C 

Langmuir Gmax (mmol/g) 2.295 ± 0.087 2.129 ± 0.130 1.463 ± 0.089 0.186 ± 0.023 
KL (L/g) 0.712 ± 0.092 0.835 ± 0.177 1.277 ± 0.293 7.808 ± 4.373 
R2 0.99 0.98 0.98 0.85 

Freundlich KF( (mmol/g)× (L/mmol)n) 0.808 ± 0.129 0.808 ± 0.148 0.651 ± 0.10 0.140 ± 0.024 
m 0.422 ± 0.081 0.399 ± 0.094 0.357 ± 0.0803 0.179 ± 0.114 
R2 0.94 0.91 0.90 0.52 

Langmuir-Freundlich Gmax (mmol/g) 2.046 ± 0.030 1.885 ± 0.062 1.355 ± 0.089 0.172 ± 0.021 
KLF (L/g) 0.949 ± 0.051 0.776 ± 0.181 1.833 ± 0.641 1.763 ± 0.573 
R2 0.99 0.99 0.99 0.90  
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G = GmaxKLF∙Cm

1 + KLF∙Cm ,
(4)  

where Gmax is maximum sorption capacity (mg/g); С is the equilibrium 
concentration of Cs+ ions (mg/L); KLF is Langmuir-Freundlich 

adsorption equilibrium constant; m is an indicator of the heterogeneity 
of exchange centers. The approximation of experimental data by the 
specified equations in a nonlinear form was carried out using the "Sci-
DAVis" program. 

Fig. 4. Distribution of particle size of NaY zeolites obtained at (a, a*) 110, (b, b*) 130, (c, c*) 150 and (d, d*) 180 ◦С.  

Fig. 5. (a) XRD patterns and (b) dilatometry curves of solid-state matrices prepared by SPS.  
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2.5. Spark plasma sintering of NaY samples 

The synthesis of ceramic matrices was carried out by the method of 
spark plasma sintering of powders on the SPS-515S installation of the 
“Dr. Sinter⋅LAB TM” company (Japan). Zeolite powder of 1.0 g was 
placed in a graphite mold (working diameter 10 mm), pressed at a 
pressure of 20.7 MPa, then the sample was placed in a vacuum chamber 
(residual pressure 6.0 Pa) and sintered. The sample was heated by a 
constant electric current with a forced supply of periodic low-voltage 
pulses in the On/Off mode with a frequency of 12/2, a pulse packet 
duration of 39.6 ms and a pause of 6.6 ms. The sintering temperatures 
were 700, 800 and 900 ◦C, the heating rate was regulated in stages: 
300 ◦C/min in the temperature range from 20◦ to 650◦C, then from 
650 ◦C and above - 90 ◦C/min. The samples were kept at the final 
temperature for 5 min with further cooling for 30 min to room tem-
perature. The formation pressure was constant and amounted to 
57.3 MPa. 

2.6. Analytical methods 

The crystal phases of the samples were identified using X-ray phase 
analysis (XRD) with CuKα-radiation, Ni-filter, average wavelength (λ) 
1.5418 Å, shooting angle range 2θ 10–80◦, scanning step 0.02◦, regis-
tration rate of spectra - 5◦/min on a diffractometer "D8 Advance Bruker 
AXS" (Germany). 

The thermogravimetric curves were recorded on the DTG-60 H 

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. Particle size distribution was determined on a 
particle size analyzer Analysette-22 NanoTec/MicroTec/XT Fritsch 
(Germany). The structure of the studied materials was evaluated by 
scanning electron microscopy (SEM) on the CrossBeam 1540 XB "Carl 
Zeiss" device (Germany). The appearance density (ρapp.) was measured 
by hydrostatic weighing on the scales of Adventurer TM "OHAUS Cor-
poration" (USA). The concentration of cesium ions in solution was 
determined by atomic absorption spectrometry (AAS) on a SOLAAR M6 
"Thermo" spectrometer (USA). The Vickers microhardness (HV) was 
measured at a load of HV0.5 on HMV-G-FA-D (Shimadzu, Japan). 
Compressive strength was evaluated on the Autograph AG-X plus 100kH 
tensile testing unit (Shimadzu, Japan) at a displacement rate of 0.5 mm/ 
min. 

2.7. Evaluation of Cs+ ions leaching 

The hydrolytic stability of ceramic matrices was evaluated by the 
rate of cesium ions leaching during prolonged contact with an aqueous 
medium at room temperature, according to GOST R 52126–2003. A 
solution of distilled water was used for the study. Determination of the 
concentration of desorbed cesium from the matrices into the solution 
was carried out on 1, 3, 5, 7, 14, 30 day, using the method of atomic 
absorption spectrometry. The experimental results were processed ac-
cording to the Eq. (5): 

Rn
i =

mi
n

Mi
0⋅S⋅tn

, g
/(

cm2⋅day
)

, (5)  

where mi
n is the weight, g, of element i leached during the n-th test time 

interval tn, day, Mi
0 is the weight content, g/g, of element i in the 

matrices, S is the geometric surface area of the sample, cm2. 
The effective diffusion coefficient (De) was calculated by trans-

formations of Fick’s second law (Eq. 6) according to the methodology 
described in [42]: 
∑

m
M0

= 2
(

De

π

)1
2
(

S
V

)

t1
2 + α, (6) 

Fig. 6. XRD patterns of the sample obtained by SPS at 900 ◦C and the indi-
vidual crystalline phases of Cs0.72Na0.15Al0.81Si2.19O6⋅0.28H2O 
and NaAlSiO4. 

Fig. 7. Model image of (a) Cs0.72Na0.15Al0.81Si2.19O6⋅0.28 H2O and (b) NaAlSiO4 crystal structure.  

Table 3 
Physico-mechanical characteristics of matrices obtained by SPS.  

Sample Temperature of 
sinthering, ◦С 

ρapp., g/ 
cm3 

R, g/ 
cm2⋅day 

σcomp, 
MPa 

HV 

NaY zeolite 
110 ◦С  

700  2.23 3.5⋅10− 5 53. 4  90  
800  2.63 1.1⋅10− 5 89.7  104  
900  2.72 2.3⋅10− 8 132.9  619  
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where m is the cesium weight, mg, leached over a time interval t, s, M0 is 
the initial cesium content in the sample, mg, De is the effective diffusion 
coefficient, cm2/s, S is the surface area of the sample, cm2, V is the 
volume of the sample, cm3, α is a parameter that takes into account the 
weight of leached cesium at the initial sample contact with distilled 
water. 

This equation was reduced to a linear form by introducing the co-
efficient K (Eq. 7), 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 
solution: 

K = 2 (
De

π )
0,5 ∙ ((

S
V
), (7) 

The effective diffusion coefficient was calculated according to Eq. 
(8): 

De = K2∙ππ
4 ∙ (V

S )
2 (8) 

The leaching index L was calculated as the decimal logarithm of the 
inverse diffusion value [43]: 

L = lg
1

De
(9) 

Estimation of the dominant leaching mechanism based on the 
dependence of the decimal logarithm of the accumulated fraction of 
leached radionuclide (Bt, mg/m2) on the decimal logarithm of the 
leaching time t, s by Eq. (10): 

lg (Bt) =
1
2

lgt+ lg

[

Umaxd
̅̅̅̅̅̅
De

π

√ ]

(10)  

Where Umax is maximum amount of leached radionuclide, mg/kg, d is 
density of matrices, kg/m3. 

The leaching depth of the matrices characterizes the matrices 
destruction during contact with an aqueous solution and was calculated 
by Eq. (11): 

Li
t =

∑n

1

(
Wi

n⋅
tn

d

)
(11)  

where Lt
i is leaching depth of the matrices reached during interval time 

tn, cm, d is density of matrices, kg/m3. 

3. Results and discussions 

According to the XRD results (Fig. 1a), it was found that the NAY 
zeolite of the Fojasite structure was obtained during hydrothermal 
treatment of alumosilicates hydrogel at 110–150 ◦C. At a higher tem-
perature, sodium aluminosilicate hydrate Na2Al2Si2.4O8.8⋅6.7 H2O was 
formed. 

The thermal stability of a cesium-saturated NaY zeolite was studied 
during calcination up to 1300 ◦C in air. According to the DTA-TGA data 
(Fig. 1b), heating of the sample to 500 ◦C was accompanied by an 
endothermic effect and a mass loss of 11.6 wt% due to the removal of 
physically and chemically bound water. In the temperature range of 
1000–1100 ◦C, the presence of an exothermic effect was revealed, which 
indicated a phase transition and, accordingly, a change in the crystal 
structure. A decrease in mass above 960 ◦C may be associated with a 
slight entrainment of cesium into the gas phase. Based on the presented 
results, a sample obtained by hydrothermal treatment at 110 ◦C was 
selected for the synthesis of solid-state matrices. 

The highest weight content of cesium ions (26.1 wt%) was achieved 
for samples obtained by hydrothermal treatment at 110 and 130 ◦C, 
characterized by similar specific surface area of 410 and 417 m2/g, 
respectively (Table 1). 

The calculation of sorption capacity was performed according to Eq. 
(1). Fig. 2 shows that with an increase in the temperature of the hy-
drothermal synthesis of NaY type zeolite the sorption capacity was 
changed. At temperatures of 110 and 130 ◦C the sorption capacity was 
increased, followed by an increase in temperature, the sorption capacity 
of cesium was decreased, which correlates with the data obtained by 
atomic adsorption. 

According to the C. H. Giles classification [44], the sorption iso-
therms of cesium ions (Fig. 3a) could be attributed to the H-type, which 

Fig. 8. Dispersion of Vickers microhardness of NaY zeolite ceramic samples synthesized by SPS at different temperatures and SEM images Vickers index fingerprints.  
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is characterized by a vertical initial section, due to the high affinity of 
sorption sites to cesium ions. All isotherms were characterized by a 
well-defined plateau, which indicates the achievement of adsorption 

equilibrium and the filling of all sorption sites with adsorbate molecules. 
It was shown that with an increase in the temperature of hydrothermal 
synthesis, the sorption capacity decreased from 2.05 to 0.17 mmol/g, 

Fig. 9. SEM of solid-state matrices obtained by SPS at (a, a*) – 700, (b, b*) – 800, (c, c*) 900 ◦С.  

Fig. 10. Parameters of cesium leaching from CsNaAlSiO4 matrices prepared by SPS at 700, 800, 900 ◦C: (a) rate of cesium leaching; (b) logarithmic dependences of 
the accumulated fraction of leached cesium on the leaching time; (c) – leaching depth. 
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which indicates a decrease in the number of sorption sites. Therefore, 
this may be due to a decrease in the specific surface area and the pore 
volume of the samples (Table 1), and consequently, the availability of 
ion exchange sites. 

The decrease in sorption capacity may be due to an increase in the 
size and agglomeration of particles, as shown in the distribution of 
particle size for samples obtained in the range of 110–150 ◦C (Fig. 3a- 
c*). The sample obtained at 180 ◦C had the smallest sorption capacity of 
0.17 mmol/g, characterized by the lowest value of BET specific surface 
area (Table 1). This indicates that the phase composition changes during 
hydrothermal synthesis of 180 ◦C (Fig. 1a) and the specific surface area 
decreases, which was accompanied by low sorption characteristics to 
Cs+ ions. 

Table 2 shows the calculated parameters for sorption models. Based 
on the high values of the correlation coefficients (R2) and the corre-
spondence of the calculated and experimental values of the sorption 
capacity. Thus, the experimental data were reliably described by the 
Langmuir-Freundlich equation. This indicates the occurrence of pre-
dominantly monomolecular adsorption at the initial stage, which is 
characteristic of the ion exchange sorption mechanism. The sample 
obtained at 110 ◦C had the highest sorption capacity, which is probably 
due to its chemical composition (Fig. 1) and the largest number of active 
ion exchange sites on the surface of NaY zeolite.(Fig. 4). 

The sintering of cesium-saturated zeolite was carried out under 
conditions of spark plasma sintering at temperatures of 700, 800 and 
900 ◦C. According to XRD data (Fig. 5a) the formation of nepheline 
(NaAlSiO4) and pollucite (Cs0.72Na0.15Al0.81Si2.19O6⋅0.28 H2O) occurred 
at 700–900 ◦C. Herein, the highest shrinkage rate of solid-state matrices 
was established for SPS at 900 ◦C (Fig. 5b). 

For a more detailed analysis of the crystal structure and phase 
composition of the ceramic matrices, Fig. 6 presents comparative XRD 
patterns of the sample obtained by SPS at 900 ◦C and the individual 
crystalline phases of Cs0.72Na0.15Al0.81Si2.19O6⋅0.28 H2O and NaAlSiO4. 

In order to visualize the crystal structures of the obtained ceramics, 
structural 3D models were constructed (Fig. 7) using VESTA software. A 
comparative analysis of the experimental X-ray of the ceramics obtained 
at 900 ◦C and the X-ray of nepheline and pollucite constructed on the 
CAD database was carried out. 

The main characteristics of the matrices are presented in Table 3. 
Thus, with an increase in the sintering temperature from 700◦ to 900◦C, 

an increase in apparent density (2.23–2.72 g/cm3), mechanical 
compressive strength (53.4–132.9 MPa) and Vickers microhardness 
(100− 900) was observed. 

To analyze the microhardness, a value span diagram was used, which 
is an indirect assessment of the strength microhardness of the material 
(Fig. 8). According to obtained data, with an increase in the sintering 
temperature, the hardness of ceramic materials increased from 100 to 
900 HV. This was primarily due to consolidation efficiency of sintered 
powder into a denser compact, as well as grain growth and the formation 
of dense ceramics. 

This indicates an increase in the density of samples during sintering 
and is in good agreement with the results of dilatometric studies 
(Fig. 5b). Also, the lowest cesium leaching R (2.3⋅10− 8 g/cm2⋅day) was 
achieved for the sample obtained by SPS at 900 ◦C. 

According to the results of the SEM, it was found that the surface 
structure of all samples has similar features. SPS consolidation was 
accompanied by dense packing and active sintering of zeolite particles. 
At temperatures of 700 and 800 ◦C, the powder particles were signifi-
cantly deformed during sintering, partially preserving the contour of the 
shape and the contact boundaries (Fig. 9). At a temperature of 900 ◦C, 
the particles were completely sintered into a monolithic structure. In 
addition, the surface of the samples had large defects and small pores 
(Fig. 9a, a*, b, b*). The size of the defects and the number of pores were 
reduced by increasing the sintering temperature up to 900 ◦C. 

The highest density of the structure was characteristic of the sample 
after the SPS process at 900 ◦C, which is consistent with the dilatometric 
dependencies shown in Fig. 9a. Based on the results of the powder 
compaction dynamics, it was found that the activation of solid-phase 
sintering processes of particles occurred at 2 min for synthesis at 
600 ◦C. Slight compaction up to 600 ◦C was realized due to pressing. 

The hydrolytic stability of the obtained matrices was evaluated, 
which is the main indicator of their effectiveness for cesium radionu-
clides immobilization. The lowest rate of cesium leaching was observed 
in samples obtained at 900 ◦C. This indicator reached 2.33⋅10− 8 g 
/cm2⋅day, which met the requirements of GOST R 50926–96 for high- 
level waste (Fig. 10a). The high hydrolytic stability of matrices was 
due to their chemical composition. The increase in this indicator for 
samples obtained at an elevated sintering temperature was due to a 
decrease in the defects number. 

The value of the tangent of inclination angle for the straight lines 
related to the matrices obtained at 700 and 800 ◦C (Fig. 10b) was close 
to 0.5, which indicates the predominance of the diffusion leaching 
mechanism, according to the de Groot and van der Sloot model [28,29]. 
The tangent of the curve corresponding to sintering at 900 ◦C tended to 
1, which means that the dissolution of the surface occurs earlier than the 
internal diffusion. Calculated indicators of the leaching depth are shown 
in Fig. 10c. Ceramic matrices had great stability in distilled water, due to 
the dense structure and chemical resistance.(Table 4). 

A comparative analysis of the qualitative characteristics of the 
matrices studied in the work on the example of a sample obtained at 
900 ◦C and the requirements of the regulatory document on cured 
radioactive waste showed that the sample has high quality indicators 
and meets regulatory requirements (Table 5). 

4. Conclusions 

Hydrothermal synthesis of NaY zeolite was successfully carried out at 
a temperature of 110–180 ◦C. An increase in temperature led to a slight 
increase in the dispersion of particles, the average size of which was 
5–8 µm. The largest sorption capacity (26.1 wt%) for cesium was 
reached for a sample obtained at 110 ◦C, with a specific surface area of 
409 m2/g. The cesium-saturated NaY had thermal stability up to 
1300 ◦C and a low transition of cesium to the gas phase. Solid-state 
matrices with pollucite and nepheline structures were obtained by 
spark plasma sintering at 700, 800 and 900 ◦C. The process of shrinkage 
and sintering of the powder at 700–900 ◦C proceeded in a short time 

Table 4 
Parameters of cesium leaching from matrices obtained at different SPS 
temperatures.  

Sintering temperature, ◦С De, сm2/s L Umax, mg/kg 

700 2.84∙10− 8  7.55 5.96∙10− 2 

800 2.91∙10− 9  8.54 2.41∙10− 2 

900 1.41∙10− 13  12.85 1.69∙10− 4  

Table 5 
The comparison characteristics for solid-state matrices.  

Parameter According 
toGOST R 
50926–96 

Matrices 
prepared by SPS 
at 900 ◦С 

Control method 

Leaching rate of133Cs, 
g/cm2⋅day 

< 10− 5 2.3⋅10− 8 GOST R 
52126–2003 
(ISO 6961:1982) 

Comprehensive 
strength, MPa 

> 9 132.9 Tests on a 
bursting 
machine 

Thermal stability, ◦С > 550 Up to 1300 XRD, DTA-TG 
Uniformity of the 

structure in the 
volume of the glass 
block 

Homogeneous Homogeneous XRD and SEM  
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~2–3 min. With an increase in the sintering temperature, the density, 
mechanical strength and Vickers microhardness of ceramics increased 
significantly. The sample obtained at 900 ◦C had the highest hydrolytic 
stability (the cesium leaching rate RCs ~ 10− 8 g⋅cm− 2 day− 1, the diffu-
sion coefficient De ~1.41 ×10− 13 cm2/s), HV~ 698, Fracture toughness 
(K1c) ~ 1.26 MPa m1/2. The obtained matrices are suitable for reliable 
and safe immobilization of cesium radionuclides. 
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