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a b s t r a c t

A new approach to the use of rice straw as a difficult-to-recycle agricultural waste was proposed. Po-
tassium aluminosilicate was obtained by spark plasma sintering as an effective material for subsequent
immobilization of 137Cs into a solid-state matrix. The sorption properties of potassium aluminosilicate to
137Cs from aqueous solutions were studied. The effect of the synthesis temperature on the phase
composition, microstructure, and rate of cesium leaching from samples obtained at 800e1000 �C and a
pressure of 25 MPa was investigated. It was shown that the positive dynamics of compaction was
characteristic of glass ceramics throughout the sintering. Glass ceramics RS-(K,Cs)AlSi3O8 obtained by the
SPS method at 1000 �C for 5 min was characterized by a high density of ~2.62 g/cm3, Vickers
hardness ~ 2.1 GPa, compressive strength ~231.3 MPa and the rate of cesium ions leaching of
~1.37 � 10�7 g cm�2$day�1. The proposed approach makes it possible to safe dispose of rice straw and
reduce emissions into the atmosphere of microdisperse amorphous silica, which is formed during its
combustion and causes respiratory diseases, including cancer. In addition, the obtained is perspective to
solve the problem of recycling long-lived 137Cs radionuclides formed during the operation of nuclear
power plants into solid-state matrices.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The acute problem of global climate change is associated with
the carbon footprint of human activity, including carbon dioxide
emissions during the operation of thermal power plants (TPPs) on
gas, coal and fuel oil [1,2]. One way to reduce such emissions is to
use sustainable permanent energy sources, such as nuclear power.
Nuclear power plants currently provide about 13% of the world's
electricity and have become a reliable source of electricity for the
base load [3]. However, accidents occur at nuclear power plants,
one of which, at the Fukushima Daiichi station, was caused by the
Tohoku earthquake and tsunami in eastern Japan onMarch 11, 2011
[4]. The accident was assigned a maximum level of 7 on the
).

by Elsevier Korea LLC. This is an
International Nuclear Event Scale (INES).
In order for nuclear power to meet the requirements of reli-

ability, safety and economy, it is necessary to solve a number of
problems related to materials. One of the problems associated with
nuclear power plants is the resulting highly active nuclear waste.
The disposal scheme implies their burial in underground storage
facilities, but in order to guarantee safety, radioactive waste must
have high resistance to the external environment. To do this,
radioactive elements must be immobilized in the form of com-
pounds of such a composition that will be resistant to the effects of
destructive environmental factors during their prolonged exposure,
such as high temperatures, thermal stresses, radiation exposure,
corrosive effects of water and chemical solutions.

Nature-like materials similar to a stable mineral are preferred
for radionuclides immobilization. Pollucite CsAlSi2O6 is considered
the preferred mineral for 137Cs immobilization [5e8]. However, the
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synthesis of pollucite requires a fairly high consolidation temper-
ature (>1000 �C) [5,9], at which cesium easily volatilizes. It was
shown shows the prospects of using inorganic sorption materials
for cesium radionuclides adsorption, such as the non-mica alumi-
nosilicate minerals kaolinite, galloisite, chlorite, montmorillonite,
mordenite, as well as MnO2, TiO2, Al2O3 and FeOOH [10e14].

On the other hand, there is a significant problem of recycling
agricultural waste from rice production. Due to the fact that rice is a
silicophilic plant and contains up to 29% silicon dioxide [15], the
processing of rice husks and straw presents certain difficulties.
Currently, straw and rice husks are mostly plowed in the fields or
burned [10], but it slowly decomposes in the soil due to the surface
wax layer, and when it is burned, microparticles of silicon dioxide
enter the air, causing lung diseases, including cancer, in the popu-
lation in areas where rice is grown [16,17]. The use of rice straw as a
source of silicon and raw materials for the synthesis of alumino-
silicates makes it possible to solve the environmental problem of
recycling this agricultural waste. And if rice husk is relatively
studied and used for the synthesis of aluminosilicates [17e19], then
there are significantly fewer studies on rice straw [10,20], despite
the fact that rice straw produces the purest silica and is better
suited for the preparation of silicate materials [15].

Silicate and aluminosilicate materials are of interest due to their
sorption properties to heavy metal ions [21e23], radionuclides
[6,24e26], organic dyes [27,28] and other pollutants. Such mate-
rials are used, among other things, for cleaning solutions in medi-
cine [29], concentrations of scattered and rare earth elements [30],
as matrices for catalysts with embedded transition metals [31].
Moreover, both materials based on natural raw materials (zeolite,
vermiculite, etc.) and their synthetic analogues can be used for
these purposes [32].

Synthetic aluminosilicates have a number of advantages: con-
stant composition, reproducibility of properties, absence of impu-
rities. The use of vegetable silicon-containing raw materials - rice
straw, makes it possible to obtain silicon-containing materials with
a low content of impurities without additional purification pro-
cedures [33]. To obtain aluminosilicates from rice straw, the most
convenient method is alkaline leaching of silicon from vegetable
raw materials [7,20], and its further interaction with aluminum
compounds. It is known that such raw materials as geopolymer
composites based on metacaolin and volcanic ash [10,34], bauxite
minerals based on Al(OH)3 [35], aluminum foil [36], aluminum cans
[37] and aluminum slag [38] are used as a source of aluminum.

The work aimed to obtain KAlSi3O8 from rice straw by the SPS
method as a perspective matrices for cesium immobilization. The
novelty of the work was due to: (i) a method for obtaining KAlSi3O8
aluminosilicate using agricultural waste - rice straw as a renewable
raw; (ii) the physico-chemical and adsorption properties of the
Fig. 1. Scheme of
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prepared aluminosilicate to cesium ions were studied; (iii) the high
efficiency of reliable immobilization of cesium ions into solid-state
matrices was experimentally proved.

2. Experimental

2.1. Synthesis of potassiumeCesium aluminosilicate from rice straw
(RS-(K,Cs)AlSi3O8)

Rice straw of the “Meadow” variety of the Far Eastern selection
was washed with water, crushed into pieces 2e5 cm, dried in air.
Then the straw was treated with 1 M KOH solution in the ratio
S:L ¼ 1:25 g/mL for 1 h at 95 �C. The resulting solution was sepa-
rated by filtration and, with intensive stirring at 95 �C, a 0.5 M
Al2(SO4)3$18H2O solutionwas slowly added to it in an amount of 2%
of the reaction mixture volume. The precipitate was separated by
filtration, washed with water and dried in air at 105 �C. The product
was a fine powder of beige color, the yield was 18 wt % of the initial
straw, the elemental composition corresponds to the formula RS-
KAlSi3O8.

The saturation of the obtained material with cesiumwas carried
out from an aqueous 0.2 M CsCl solution at room temperature with
stirring for 1 h. The sorbent saturated with cesium was separated
on a filter, washed once with water and dried in air at 105 �C. The
scheme of the experiment is shown in Fig. 1.

2.2. Spark plasma sintering of RS-(K,Cs)AlSi3O8 solid matrices

SPS of potassium-cesium aluminosilicate from rice straw RS-
(K,Cs)AlSi3O8 matrices was conducted on a LABOX-625 (Japan) in-
stallment: reactive mixture was put into cylindrical graphite die
(outer diameter 30mm, internal diameter 15.3mm, height 30mm),
prepressed (20.7 MPa), further the green body was transferred into
a vacuum chamber (6 Pa) and 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 e 100 �C min holding time at maximal
temperature and cooling were 5 and 30 min, respectively; 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 height 4e6 mm.

2.3. Characterization methods

Cesium, aluminum, potassium concentration in solutions being
found on an inductively coupled plasma mass spectrometry on an
Agilent 8800 spectrometer (Agilent Techn., USA). Particle size dis-
tribution was determined on a particle size analyzer Analysette-22
experiment.



Fig. 2. (a) XRD and (b) FT-IR spectra of RS-KAlSi3O8 and RS-(K,Cs)AlSi3O8 aluminosilicates.

Fig. 3. Sorption isotherm of cesium ions on RS-KAlSi3O8 aluminosilicate.
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NanoTec/MicroTec/XT “Fritsch” (Germany). Scanning electron mi-
croscopy (SEM) was done on a CrossBeam 1540 XB “Carl Zeiss”
(Germany) equipped with the add-on for energy-dispersive spec-
tral analysis (EDX) “Bruker” (Germany). XRD was carried out on a
“D8 Advance Bruker AXS” (Germany) diffractometer. Vickers
microhardness (HV) was determined at 0.2 N load on a micro-
hardness tester HMV-G-FA-D “Shimadzu” (Japan). Compressive
strength (scs.) was evaluated on a tensile machine Autograph AG-X
plus 100 kN “Shimadzu” (Japan). Experimental density (ED) was
measured by hydrostatic weighing on the balance Adventurer™
“OHAUS Corporation” (USA). Relative density (RD) was found as a
ratio of the experimental density (ED) measured via hydrostatic
weighing to the theoretical density (TD). The thermogravimetric
study was carried out on a STA 449C (NETZSCH) device in platinum
crucibles with a pierced lid in a dry argon stream (20 mL/min) in
the temperature range of 35e1300 �C and a heating rate of 10 �C/
min. The weight of the canopies was about 40 mg, weighing was
carried out on Sartorius CP2P microweights with an accuracy of
1 mg.
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2.4. Evolution of cesium leaching from RS-(K,Cs)AlSi3O8 matrices

Evolution of cesium leaching from RS-(K,Cs)AlSi3O8 matrices
was estimated based on desalination rate of cesium under long-
term contact (30 days) with the distilled water (pH 6.8) at room
temperature (25�С) in static condition according to well-known
Russian Government Standard (GOST R 52126e2003), closely
related to the ANSI/ANS-American National Standards Institute/
American Nuclear Society 2019 (ANSI/ANS 16.1) that was updated
according to the older procedure recommended by IAEA (ISO
6961:1982).

Long time leach testing of solidified radioactive waste forms”
the leaching of solidified samples was carried out in prolonged
contact with distilled water. In the process we selected samples of
the contact solution in the volume of 5 ml during the given time
interval.

Thus, the leaching ratewas calculated according to the following
formula:

Rin ¼
mi

T

Mi
0 � tn � S

(1)

where Rin - leaching rate, g/(cm2*days);

mi
T - mass of the i-th element leached during the n-th test time

interval, g;
Mi

0 - mass concentration of the i-th element in the matrix, g/g;
S - surface area of the sample, cm2;
tn- time of testing of the sample, day.

The volume of the contacted solution was taken equal to 25 ml,
according to the recommendation on the ratio of the solution vol-
ume to the sample area (3e10 cm). Thus, for the presented samples
KAlSi3O8 800, 900, 1000 the ratios were 6.8 cm, 13 cm, 9 cm,
respectively. Sampling was performed after 1, 3, 7, 14, 21, and 28
days, respectively.

The calculation of the effective diffusion coefficient (De) was
carried out bymathematical transformations of the second Fick law
according to the methodology described in the work [39]:

P
m

M0
¼2

�
De

p

�1
2
�
S
V

�
t
1
2 þ a (2)

wherem is themass of cesium (mg) leached over a time interval t, s,



Fig. 4. Particle size distribution (a) and SEM images (b, c and d) of RS-(K,Cs)AlSi3O8 powder.
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M0 is the initial amount of cesium 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, a is a parameter
that takes into account the initial cesium leaching (not related to
diffusion displacement, cesium is leached at the initial contact of
the aqueous solution with the sample surface).

To calculate this equation, this equation was reduced to a linear
form by introducing 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:

K ¼ 2
�
De

p

�0;5

$

�
S
V

�
(3)

As a result, the effective diffusion coefficient was calculated as
follows:

De ¼ K2 $ p

4
$

�
V
S

�2
(4)

Evaluation 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:

lg ðBtÞ¼1
2
lgt þ lg

"
Umaxd

ffiffiffiffiffiffi
De

p

r #
(5)

where Umax is the maximum amount of leached radionuclide, mg/
kg, d is the matrices density, kg/m3.
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The leaching depth of the matrices characterizes the destruction
when the matrices as a whole is in an aqueous medium. This
characteristic was calculated by Eq. (5):

Lit ¼
Xn
1

�
Wi

n $
tn
d

�
(6)

Lit e matrices leaching depth achieved over a time interval tn, cm,
d e sample density, g/cm3.
3. Results and discussion

3.1. XRD and FT-IR

The biogenic potassium aluminosilicate synthesized on the basis
of rice straw was amorphous, a halo with a maximum of 2 q about
29 deg. was observed on the diffractogram (Fig. 2a). After saturation
with cesium ions, there were no noticeable changes in the XRD
patterns. Fig. 2b shows the IR spectrum of the initial RS-KAlSi3O8

powder and the cesium form RS-(K,Cs)AlSi3O8. In the IR spectra of
the samples (Fig. 2b), an intense absorption band in the region of
850e1100 cm�1 was recorded, associated with valence vibrations
of SieOeSi and AleOeAl bonds. It should be noted that in a sample
saturated with cesium, in comparison with the initial one, a slight
shift of this absorption band to the region of lower frequencies was
observed, which is associated with the softening of the structure of
the nanocrystalline powder. Low-frequency absorption bands in
the 450e600 cm�1 region were characteristic of deformation vi-
brations of SieOeSi and AleOeSi bonds.

The absorption bands in the 1600 and 3100e3650 cm�1 regions



Fig. 5. Isotherms of low temperature nitrogen adsorption-desorption and DFT pore size distributions of (a, b) RS-KAlSi3O8 and (c, d) RS-(K,Cs)AlSi3O8 powder.
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were caused by deformation and valence vibrations of crystalliza-
tion water, respectively. The maximum absorption band of the
water valence vibrations was 3450 cm�1 slightly lower for the
valence vibrations of free water (~3600 cm�1), and this was due to
the presence of hydrogen bonds of water with the alumosilicate
crystal lattice and a cation (potassium) compensating for the
negative charge of the AlO4 tetrahedron [40].
3.2. Cesium ions adsorption on RS-KAlSi3O8 aluminosilicate

Sorption properties to cesium ions were studied under static
conditions from CsCl solutions with a concentration of
0.22e3.75 mmol/L. It was shown that the removal efficiency of
cesium ions from the solution reached 96.6%. The sorption isotherm
of cesium ions on the obtained material (Fig. 3) was well described
by the Dubinin-Astakhov model (R2 ¼ 0.9995) and allowed to
calculate the theoretical value of the maximum sorption capacity
equal to 3.19 mmol/g.

Treatment of biogenic potassium aluminosilicate with an
aqueous CsCl solution led to the substitution of potassium for ce-
sium by the ion exchange mechanism, as was shown in Ref. [40]. At
the same time, most of the potassium was replaced with cesium,
and the real sorption capacity of biogenic aluminosilicate was
2.50 mmol/g, which is consistent with the theoretical value of the
maximum sorption capacity calculated above.
3.3. Preparation of glass-ceramic composites

The granulometric composition of RS-(K,Cs)AlSi3O8 powder
obtained from RS-KAlSi3O8 by saturation with cesium ions was
represented by a wide fraction of particles with a size of
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0.1e200 mm (Fig. 4). The smallest fraction was <1 mm, the average
fraction was 1e20 mm in the form of agglomerates of smaller par-
ticles and a large fractionwas represented by particles with a size of
20e200 mm. It was shown that fractions A and B make the main
contribution to the particle size distribution and account for more
than 80% of all particles, which was also confirmed by the SEM data
(Fig. 4b). Some large particles were agglomerates of smaller frac-
tions of particles with a size of 5e50 mm of spherical shape (Fig. 4b,
area C) and less than 1 mm (Fig. 4b).

Nitrogen adsorption-desorption isotherms for samples
belonged to type IV according to the IUPAC classification, charac-
teristic of mesoporous bodies (Fig. 5a,c). The shape of the capillary-
condensation hysteresis loop belonged to the H1 type, character-
istic of open cylindrical pores, and had no saturation limit in the
region of high p/p0 ~0.95e0.99. Micro-, meso- and macropores in
the studied samples were identified by DFT isotherms processing
(Fig. 5b, d). This difference was due to the fact that sorption pro-
ceeds uniformly over the entire surface, so the distribution of pores
did not change, but their volume decreased somewhat. The initial
powder of potassium aluminosilicate RS-KAlSi3O8 had a high SBET of
184.1 m2/g. The sample of cesium aluminosilicate RS-(K,Cs)AlSi3O8

had a lower SBET of 147.9 m2/g.
According to dilatometric curves, it was determined that

compaction (shrinkage) under conditions of spark plasma heating
occurred in two stages (Fig. 6 a, b). Stage I was observed at the
beginning of the process during the first minutes of synthesis (up to
2 min) at a temperature of 600e700 �C and mainly involved me-
chanical action on the powder by pressing. At this stage, the
powder particles were deformed, crushed, regrouped and packed.
The shrinkage rate for each sintering temperature (800e1000 �C)
lied in the range of 2e3.2 mm/min. The main stage II, included the



Fig. 6. (a), (b) dilatometry sintering curves of RS-(K,Cs)AlSi3O8, (c) XRD patterns of RS-(K,Cs)AlSi3O8 samples obtained by SPS at 800, 900, 1000�С and (d) DTA-TG analysis of RS-
(K,Cs)AlSi3O8 powder and matrices calcined at 1000 �C.
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thermal effect on the powder. It can be seen that the sintering of RS-
(K,Cs)AlSi3O8 occurred only at temperatures of 900 and 1000 �C, the
shrinkage rate was for 900 �C (curve b) e 1 mm/min, for 1000 �C
(curve c) - 3 mm/min. Sintering of the material was accompanied
by diffusion, plastic deformation and viscous flow of the material at
grain boundaries. The above-mentioned processes lasted for 2 min
at the subsequent exit to the plateau (Fig. 6a) According to the XRD
data (Fig. 6c), amorphous cesium aluminosilicate did not crystallize
during sintering at temperatures of 800e1000 �C and characteristic
peaks were not observed.

It can be seen that for cesium-saturated sample (Fig. 6d) when
the temperature rised, monotonous removal of water occurs
without separation at the stage of water desorption, decomposition
of crystallohydrates. The removal of the bulk of the water occurred
at 600 �C and ended at about 1000 �C with a total weight loss of
24%. DTA for ceramics obtained at 1000 �C, weight loss was not
observed up to 900 �C, only at higher temperatures there was a
small decrease in mass <1 wt%, which is associated with the
removal of carbon residues from rice straw.

The structure of consolidated ceramic samples varied depend-
ing on the process temperature (Fig. 7). The SEM image of the
sample surface prepared at 800 �C showed that at this temperature
sintering processes were only initiated, both sintered areas and
areas where consolidation processes had just begun were present
in the volume (Fig. 4a). Elongated sintered regions were formed in
the structure of the sample during sintering, from which the for-
mation of a glass phase in the sample was initiated.
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Thus, the hardness and compressive strength were not high
values of 0.235 GPa and 20.7 MPa, respectively (Table 1). According
to the EDX analysis (Fig. 7a), these regions had a homogeneous
composition, without recrystallization. The surface of the material
had a porous heterogeneous structure. When the temperature
raised to 900 �C, the area of agglomerates increased due to a more
active temperature effect on RS-(K,Cs)AlSi3O8 intensification of
solid-phase sintering of the material. The number of large pores
and small particles in the sample sharply decreased (Fig. 7 b,c). In
the inserts to Fig. 7a * -b * it can be seen that sintered agglomerates
had areas with a porous internal volume. The type, size and
structure of the pores decreased with increasing SPS temperature.
This was due to two factors: firstly, the intensification of sintering
processes, which were accompanied by diffusion and led to
deformation and pores destruction (Fig. 5b).

When the temperature reached 1000 �C RS-(K,Cs) AlSi3O8 was
characterized by an amorphous structure due to the partial for-
mation of the glass phase. Under such conditions, a monolithic
material with a maximum density of 2624 g/cm3 and a high
compressive strength of 231.3 MPa was obtained (Table 2).

It was found that the physical and mechanical characteristics of
RS-(K,Cs)AlSi3O8 glass-ceramic matrices change with increasing
SPS temperature in the range of 800e1000 �C. The density of the
matrices varies up to 2.5086e2.6236 g/cm3. The compressive
strength was in the range of 20.7e231.3 MPa, and the Vickers
microhardness was 0.235e2.197 GPa (Table 1). Both of these values
increased sharply at a sintering temperature above 900 �C. This



Fig. 7. SEM images and EDX analysis of RS-(K,Cs)AlSi3O8 ceramics samples obtained by SPS at 800, 900 and 1000 �C.

Table 1
Characteristics of the matrixes containing cesium obtained.

Sintering temperature, �С Density, g/cm3 Comprehensive strength, MPa Hardness, GPa Leaching rate (RCs), g$cm�2$day�1

800 2.509 20.7 0.235 1.05 � 10�4 e 2.2 � 10�6

900 2.559 127.4 1.481 8.23 � 10�5 e 1.95 � 10�6

1000 2.624 231.3 2.197 2.18 � 10�6 e 1.37 � 10�7

Table 2
Quality characteristics for solid-state matrices.

Parameter Value

According to GOST R 50926-96 Matrices prepared by SPS at 1000�С Control method

Leaching rate of133Cs, g/cm2$day <10�5 1.37$10�7 GOST R 52126-2003 (ISO 6961:1982)
Comprehensive strength, MPa >9 231.3 Tests on a bursting machine
Thermal stability, �С >550 Up to 1000 XRD, DTA-TG
Uniformity of the structure in the volume of the glass block Homogeneous Homogeneous XRD and SEM
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effect was probably associated with a change in the sintering rate of
the matrices (Fig. 6b), at a temperature above 900 �C, intensive
sintering and collapse of the open porosity and the formation of a
monolithic glass-ceramic structure occurred. An increase in the
dispersion and asymmetry of the distribution of microhardness
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values relative to the statistical median line in the box-and-
whiskers diagram indicated an increase in the structural hetero-
geneity of the single-phase synthetic RS-(K,Cs)AlSi3O8 with an in-
crease in the SPS temperature (Fig. 8). The range of microhardness
values in the statistical sample was due to the anisotropy of the



Fig. 8. Vickers microhardness values for samples RS-(K,Cs)AlSi3O8 prepared by SPS at
800, 900, 1000�С

Fig. 9. Parameters of cesium leaching from RS-(K,Cs)AlSi3O8 matrices prepared by SPS at 800, 900, 1000 �C: (a) rate of cesium leaching; (b) logarithmic dependences of the
accumulated fraction of leached cesium on the leaching time; (c) e leaching depth.

Table 3
Effective cesium diffusion coefficient of the RS-(K,Cs)AlSi3O8 glass-ceramic samples
obtained by SPS at 800, 900, 1000�С

Time, days Effective cesium diffusion coefficient, cm2/s

800�С 900�С 1000�С

1 2.93 � 10�10 6.27 � 10�9 8.16 � 10�12

3
7 9.07 � 10�14

14 2.41 � 10�10

21 2.70 � 10�11 8.97 � 10�10

30
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properties formed as a result of partial crystallization of the ob-
tained glass ceramics.

The cesium leaching from obtained RS-(K,Cs)AlSi3O8 ceramic
samples was evaluated, which is the main indicator of their effec-
tiveness for the immobilization of cesium radionuclides. The rate of
cesium leaching was the lowest for samples obtained at 1000 �C
(Fig. 9a). This indicator reached 10�6-10�7 g/cm2 day, which met
the requirements of GOST R 50926 96 for solid high-level waste.
Obviously, the high hydrolytic stability of the samples of alumi-
nosilicate matrices was due to their glass-like composition based
on RS-(K,Cs)AlSi3O8 without any recrystallization during sintering.

The leaching curves of cesium ions were characterized by break
points: day 14 for samples with a sintering temperature of 800 and
900 �C, day 3 for a sample with a sintering temperature of 1000 �C
(Fig. 9a). Up to the breaking point, the dependence of the logarithm
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of the released cesium fraction on the logarithm of time (Fig. 9b)
was characterized by the tangent angle tangent close to 1, which,
according to the de Groot and van der Sloot model [40,41], indicates
the effect of surface leaching: cesium fixed in the surface layers of
samples leaches faster than the diffusion of cesium from the vol-
ume of ceramics to the surface. After the break point in all tested
samples, diffusion within the material become the limiting stage of
cesium leaching. Thus, glass ceramics were characterized by a low
cesium diffusion coefficient (Fig. 9c), which was associated with a
low number of structural defects in the material and the collapse of
pores during sintering.

Table 3 shows the calculated diffusion coefficients of strontium
from ceramic samples depending on the leaching time. As the
duration of the experiment increased, the diffusion coefficient
decreased, which was associated with a decrease in the strontium
content in the near-surface layers of the samples and, thus, a
change in the mechanism of removal of the substance.

4. Conclusions

Amorphous alumosilicate RS-KAlSi3O8 with a high sorption ca-
pacity to cesium ions of 3.2 mmol/g was synthesized by processing
rice straw by precipitation from alkaline hydrolysate. Solid-state
amorphous matrices for 137Cs immobilization of amorphous
composition based on the synthesized RS-(K,Cs)AlSi3O8 powder
were obtained by the SPS method. The thermal stability of the
initial aluminosilicate and the cesium-saturated RS-(K,Cs)AlSi3O8
form during heat treatment in an inert medium up to 1000 �C was
shown. The obtained matrices with a uniform distribution of ce-
sium by volume had high values of density (2.62 g/cm3),
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compressive strength (231.3 MPa) and Vickers microhardness
(2.197 GPa). The highest resistance to dissolution was possessed by
high-temperature samples obtained at 1000 �C, where the rate of
cesium leaching (RCs) did not exceed 1.37 � 10�7 g cm�2 � day�1,
and the diffusion coefficient (De) was 9.07 � 10�14 cm2/s. The high
quality of the obtainedmatrices was confirmed by compliance with
GOST R 50926-96. The developed aluminosilicate matrices based
on agricultural waste are prospect for purification technologies and
processing of radioactive waste, the creation of radioisotope
products.
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