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Abstract—Calcium aluminosilicates synthesized by chemical modification of nanostructured synthetic Na
zeolites were characterized. The sorption properties were studied for calcium aluminosilicates with SiO, : Al,O5
ratiosof2:1,4:1,6:1,8: 1, and 10 : 1. The maximum capacity of these compounds to sorb Cs* ions under
static conditions from solutions without salt background was shown to reach 1.45 mmol/g (192.7 mg/g). The
results of this work allow one to consider these compounds as promising materials for the sorption and immo-

bilization of long-lived radionuclides.
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INTRODUCTION

Long-lived radionuclides are dangerous to living
organisms when accumulated above the permissible
limits, and enough data has been accumulated on
many elements that prove their negative impact on
biological objects [1, 2]. To eliminate their negative
impact on biospheric biological objects, various meth-
ods and materials are used to concentrate these radio-
nuclides as highly stable compounds with subsequent
processing and disposal. In this context, it was of
interest to obtain efficient materials for the sorption
and immobilization of long-lived radionuclides, in
particular, ¥’Cs.

As such materials, various natural and synthetic
aluminosilicates (zeolites) are widely used [3—10].

Previously [11—13], we studied the sorption of Cs*
ions by X-ray amorphous nanostructured potassium
aluminosilicates (KAISi,O,-nH,0, where x = 1-5,y =
2(x + 1)) under static conditions, including the sorp-
tion from solutions with different salt backgrounds.
The kinetic parameters of the sorption were investi-
gated, and the activation energy of sorption was found.
It was determined that the maximum capacity of
KAISi;O4°1.5H,0 to sorb Cs™* ions under static condi-
tions from solutions without salt background reaches
3.7 mmol/g, and the interphase distribution coeffi-
cient Ky of ions at a solid : liquid ratio of 1 : 4000

reaches 1 x 10° mL/g. Aluminosilicates of a similar

composition can be obtained from various silicon-
containing waste, e.g., phytogenic waste [14].

Earlier [15, 16], we also investigated the capacity of
synthetic calcium aluminosilicates to sorb Sr?* and
Cs* from aqueous solutions of various ionic composi-
tions under static conditions. To obtain synthetic cal-
cium aluminosilicates with Al : Si ratiosof 2:2,2: 6,
and 2 : 10, salts of polysilicic acid with a given SiO, :
M, 0 ratio (M is an alkali metal (potassium)) were ini-
tially synthesized. The obtained solution of liquid
potassium glass was mixed with a solution of calcium
and aluminum chlorides according to the stoichio-
metric coefficients of the equation

8KOH + nSi0,4H,0 + CaCl,
+ 2AICl;6H,0 + H,0 = CaAl,Si, 0, . 22 mH0 (1)
+ 8KCl + H,0, where n= 2; 6; 10.

We detected that the SiO, : Al,O; ratio in the alu-
minosilicates produced by the described method is
within the error of measuring the specified molar
ratios of silicon and aluminum oxides, but if the total
charge of cations exceeds the aluminum content in the
synthesized aluminosilicate, then it follows that the
synthesis product may contain other phases: hydrox-
ides or carbonates. If aluminum during the replace-
ment of silicon is in the tetrahedral environment of
oxygen as an anionic complex, then the NMR spectra
contain peaks of aluminum in the octahedral environ-
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ment of oxygen, which confirms the presence of alu-
minum hydroxide in the studied composition. The
aluminosilicates obtained by this method are not sin-
gle-phase; the end products also contain insoluble cal-
cium carbonates, which interact with the sorbate.

These compounds, which are obtained from aque-
ous solutions by a low-temperature and rapid method,
are promising as a sorption material for removing ¥’Cs
from various aqueous media and can also be used as an
inorganic base for obtaining solid-state matrices to
reliably immobilize this radionuclide, e.g., when con-
ditioning spent sorbent [17—20]. Silicates as raw mate-
rials for such matrices meet the requirements imposed
on them (high chemical and radiation stability and
mechanical strength) [21].

It is known that salts of polysilicic (aluminosilicic)
acids, which include aluminosilicates, are easily sub-
jected to chemical modification, namely, the replace-
ment of cations that compensate for the excess charge
of the aluminum—oxygen tetrahedron with cations of
salts of stronger acids.

We synthesized Na aluminosilicates with given
SiO, : ALL,O;ratiosof 2:1,4:1,6:1,8:1,and 10: 1.
They were then chemically modified with calcium
ions by treatment in a calcium salt solution at a tem-
perature of no more than 100°C. After the modifica-
tion, the degrees of replacement of Na* ions with cal-
cium were compared, and under the same treatment
conditions, data were obtained on the composition,
morphology, and capacity of calcium aluminosilicates
with different SiO, : Al,O; ratios to sorb Cs* ions.
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EXPERIMENTAL

Synthesis and chemical modification of samples.
The initial substances for the synthesis of aluminosili-
cates with given SiO, : Al,O; ratiosof 2:1,4:1,6: 1,
8:1,and 10 : 1 were pure AlCl;-6H,0 (GOST 2463-80),
aqueous silicic acid SiO,-nH,O (GOST 4214-78),
analytically pure NaOH, and pure CaCl,.

Samples of aluminosilicates MALSi Oyx + 2y
nH,O (M = Na; k=1, 2, 3, 4, 5) with varying SiO, :
Al,Ojratios (2:1,4:1,6:1,8:1,and 10 : 1) were syn-
thesized by dissolving silica in sodium hydroxide to
obtain liquid glass with given silicate modulus M, =
SiO, : M,0 (M = Na) and then mixing the resulting
solution with an aluminum chloride solution. The
ratios of the components were calculated in such a way
as to obtain aluminosilicates with a given value of k =
Si : Al and a final pH value of the solution of 7. Figure 1
presents the dependence of the composition of alumi-
nosilicate (point of intersection with the abscissa axis)
on the modulus of the liquid glass when obtained from
solutions with a final pH of the solution of 7.

The selected conditions are met if the prepared lig-
uid glass solution has a modulus of My, = 1/2k, and
the components are taken according to the stoichio-
metric coefficients of the equation

4M,O + 2kSiO, + 2AICI,
= M2A128i2k02(2k + 2) + 6MC1.

The formed precipitate was separated from the
solution through a Blue Ribbon filter; during washing
in the filtrate, the presence of chloride ions was mon-
itored. Precipitates were dried until constant weight at
a temperature of 100—105°C.

(2)
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Table 1. Elemental composition, content of water of crystallization, and specific surface area of Na aluminosilicates

Elemental composition, wt % Specific surface
Formula H;0¢1ys, mol 5
Na Si Al area Sy, m°/g
NaAl,Si,O4 3.0 18.7 42.1 39.0 254.5
NaAl,Si 04, 34 13.3 56.8 29.8 143.9
NaAl,SicO4 4.5 13.7 63.5 22.6 225.6
NaAl,;SigO, 5.5 9.5 70.9 19.5 154.0
NaAl,Si;yOy4 6.0 6.9 77.0 16.1 304.9

To obtain Ca zeolites, the initial Na aluminosili-
cates were kept in a saturated solution of calcium chlo-
ride for 2 h at low boiling. Then, the precipitate was
separated from the solution through a Blue Ribbon fil-
ter, washed with distilled water until the test for chlo-
ride ions was negative, and dried at 105°C.

Sorption experiments. Experiments on the sorption
of Cs* ions were carried out under static conditions at
a solid : liquid ratio of 1 : 100 and a temperature of
20°C from aqueous solutions of cesium chloride with-
out salt background with various initial concentrations
of Cs* ions up to 75 mmol/L while stirring on an RT
15 Power magnetic stirrer (Ika Werke, Germany) for 3 h.

Analysis methods. The amount of water of crystalli-
zation in the obtained zeolites (Table 1) was deter-
mined from the difference in weight between the sam-
ple dried at 100—105°C and the sample annealed at
800°C. The amount of water of crystallization was also
calculated from the thermal curves recorded with a
MOM Q-1500 D Paulik-Paulik-Erdey derivatograph
(Hungary) with a temperature determination accuracy
of £5°C during annealing samples to 800°C at a rate of
5 deg/min in an open platinum crucible in air.

The elemental composition of the synthesized alu-
minosilicates was quantitatively determined by
energy-dispersive X-ray fluorescence spectroscopy
with a Shimadzu EDX 800 HS spectrometer (Japan).
A portion of the sample was ground in an agate mortar
with boric acid (2 : 1 by weight) and placed in a mold
20 mm in diameter. The emitter tablet was pressed for
2 min at a pressure of 5000 kg, after which it was placed
in a spectrometer and measurements were taken. The
exposure time was 100 s in each energy channel, the
radiation source was an X-ray tube with an Rh anode,
the concentration of elements was calculated by the
method of fundamental parameters using the software
package of the spectrometer without taking light ele-
ments into account.

The specific surface area of the samples was deter-
mined by low-temperature nitrogen adsorption with a
Sorbtometer-M instrument (Russia).

The X-ray powder diffraction patterns of the pre-
cipitates were recorded with a Bruker D§ ADVANCE
automatic diffractometer (Germany; CuK,, radiation).
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The X-ray powder diffraction patterns were identified
using the EVA software with the PDF-2 database.

The study of the morphological characteristics and
the confirmation of the local elemental composition
were carried out with a Hitachi S5500 high-resolution
electron microscope (Japan).

The ?7Al, #Si, and 'H 12-kHz MAS NMR spectra
were recorded with a Bruker ADVANCE AV-300
(Germany; B, = 7 T). The external standards in the

27A] spin-echo NMR spectra were diluted aqueous
solutions of AICl;:6H,O ([Al(H,0)4]** ion) and NaCl.
The ¥Si NMR spectra were recorded using the *Si—
{'H} cross correlation with the suppression of 2Si—'H
interactions, and the chemical shifts of ?°Si and 'H
were measured from the signal of tetramethylsilane.
The accuracy of determining the chemical shifts and
integral intensities of signals were 1 ppm and 10%,
respectively.

The contents of Cs* ions in the initial solutions and
the filtrates after the sorption were determined by
atomic absorption spectrometry on a Solaar M6 dou-
ble-beam spectrometer (Thermo Scientific, USA)
using the 852.1 nm analytical line. The detection limit
for cesium ions in aqueous solutions is 0.01 ug/mL.

The sorption capacity 4, (mmol/g) of the studied
samples was calculated as

Ac — (Cin Ce)V, (3)

m
where C,, is the initial concentration of Cs* ions in the
solution, mmol/L; C, is the equilibrium concentration
of Cs* ions in the solution, mmol/L; V'is the volume
of the solution, L; and m is the weight of the sorbent, g.

RESULTS AND DISCUSSION

Characterization of the Initial
and Modified Aluminosilicates

All the X-ray powder diffraction patterns of the
samples of Na aluminosilicates with SiO, : AL, O3
ratios from 2 to 10 show broad maxima at small 26.
The absence of clear Bragg peaks confirms the X-ray
amorphism of the samples, which is determined by
their low degree of crystallinity and the nanosize of
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Fig. 2. Scanning electron microscopy images of sodium aluminosilicate.

crystallites. It was found that, with an increase in the
SiO, : Al,O; ratio in the series2: 1,4:1,6: 1,8 : 1,
10 : 1, the interplanar spacings increase sequentially
from 3.359 to 3.711 A.

Table 1 presents the composition, specific surface
area, and content of water of crystallization in the
obtained samples,

The produced samples of the composition
M,ALLSi,0514ynH,O (M = Na) are nanodispersed
powders with a developed surface, which consist of
10—20-nm particles coalesced into agglomerates. Fig-
ure 2 shows the scanning electron microscopy images
of the sample of nanostructured sodium aluminosili-
cate with a SiO, : Al,O; ratio of 2 : 1. No fundamental
differences were detected in the morphology of sam-
ples with different SiO, : Al,O; ratios.

The studied sodium aluminosilicates were found to
be characterized by an increase in the specific surface
area with an increase in the SiO, : Al,O; ratio, which

reaches more than 300 m?/g (Table 1).

Table 2 presents the elemental composition of Ca
zeolites obtained by the modification of Na alumino-
silicates with various SiO, : Al,O; ratios.

In the samples of calcium aluminosilicates
obtained by this method of chemical modification of
the initial sodium aluminosilicates, no sodium was
found, and the specific surface area of the samples is
lower by a factor of 2—2.5. The complete replacement

of sodium cations by calcium in Na aluminosilicates
should be explained by the closeness of the ionic radii
(0.104 and 0.116 nm for calcium and sodium ions,
respectively). The morphology of calcium aluminosil-
icates after the modification does not differ from that
of the initial Na-form aluminosilicates.

NMR Study of Aluminosilicates

The Al NMR spectra (Fig. 3a; Table 3) show sig-
nals near ~0 and ~50 ppm, which can be assigned to
octa- and tetracoordinated aluminum atoms, respec-
tively [22, 23]. The signals of the tetracoordinated
atoms are more intense and more noticeable because
of their smaller width. The intensity of these signals
increases with increasing silicon content in the sam-
ple, and for CaAl,Si;jO,4, it becomes difficult to
determine the presence of a signal near 0 ppm.

The ?Si MAS NMR spectra of the studied com-
pounds (Fig. 3b) each contain one broad signal, the
position of which regularly depends on the composi-
tion of the sample and is determined by the ratio of the
Si—O—Si and Si—O—Al structural fragments. Whereas
the signal of CaAl,Si;,O,, has a shift of —98.5 ppm, the
signal of CaAl,Si, g, the signal position is —86.5 ppm.

The '"H MAS NMR spectra show signals at 4.6—
4.8 ppm, which are composite signals of the samples
CaAl,SizO,c and CaAl,SigO,,.

Table 2. Elemental composition of Ca zeolites obtained by modification of Na aluminosilicates

Si0, : Al,Oj ratio Elemental composition, wt % (mol)

. - Assumed formula

in initial Na aluminosilicate Na Ca Si Al
2:1 CaAl,Si,0q4 — 27.0 (0.67) 28.5 (1.0) 32.6(1.2)
4:1 CaAl,Si,0¢, — 24.4 (0.61) 50.9 (1.8) 24.1 (0.89)
6:1 CaAl,SigOy4 — 22.0 (0.55) 53.1(1.9) 21.2(0.78)
8:1 CaAl,SigO,y — 19.6 (0.49) 63.8(2.3) 15.9 (0.58)

10:1 CaAl,SijOyy — 14.4 (0.36) 68.5(2.5) 17.1 (0.63)
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Fig. 3. (a) ¥’Al, (b) Si, and (c) 'H MAS NMR spectra of the studied calcium aluminosilicates with SiO, : Al,O5 ratios of (1) 2: 1, (2)

4:1,3)6:1,(#H8:1,and (5) 10: 1.

Based on the data on the elemental composition
and NMR spectra, Ca?' ions in the samples are in
excess. If it is taken into account that some (up to 60—
80%) of the Al atoms are in the tetrahedral coordina-
tion and belong to the zeolite, then the same number
of moles of charges should be compensated by the
charges of cations, in this case, calcium ions, and the
excess part of calcium should be assigned to carbonate
calcium obtained during the synthesis, which is con-
firmed by experiments. The rest of the Al atoms (20—
40%), which are in the octahedral coordination with
oxygen, should be attributed to hydroxide AI(OH);.

Thus, it should be concluded that the compounds
obtained have the phase and elemental compositions
presented in Table 4.

Sorption of Cs™ Ions

Figure 4 illustrates the dependences of the sorption
capacity of the samples of calcium aluminosilicates on
the initial concentration of Cs* ions in the solution.

Table 3. Parameters of the 2Al NMR spectra

To determine the parameters of the isotherms, the
experimental data on the sorption were processed in
the coordinates of the linear Langmuir equation

/4, =1/ (A K CH+ 1/Ay,, (¥ =ax+b), (4)

where A, and A,, are the sorption capacity and the
maximum sorption capacity, respectively, mmol/kg;
K is the Langmuir constant, L/mmol; and C, is the
equilibrium concentration, mmol/L.

Table 5 presents the graphically determined
parameters of the Langmuir equations. The Langmuir
model is seen to be suitable for describing the sorption
of Cs™ ions by the studied compounds, as evidenced by
the corresponding correlation coefficients.

The data obtained show certain differences in max-
imum sorption capacity between the samples with dif-
ferent SiO, : Al,O; ratios. The capacity of aluminosil-
icates 3—5 to sorb Cs™ ions is higher than that of samples 1
and 2. The maximum sorption capacity A4, was found
for sample 3 and reaches 1.45 mmol/g (192.7 mg/g)
(Fig. 4).

Component 1 (tetrahedron) Component 2 (octahedron)
No. of compound Compound

CS*, ppm area, % CS, ppm area, %

1 CaAl,Si,O4 47 60 —6 40

2 CaAl,Si Oy, 44 58 —11 42

3 CaAl,SigOy¢ 48 76 =5 24

4 CaAl,SigO, 48 80 -8 20

5 CaAl;SijOyy 49 85 —6 15

*CS stands for Chemical shift.
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY Vol.67 No.9 2022
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Table 4. Phase and elemental compositions and specific surface area of calcium aluminosilicates (samples after drying at

105°C)
H.0 Elemental composition, wt % (mol) Specific surface area
Overall formula 2 eryst> Phase composition, % Ssp> m?/g (relative
mol Si Ca
density d, g/cm3)
Ca0‘67All'ZOSiLOO3‘44(OH)1‘44(CO3)0‘31 4 28.5 (10) 32,6 (12) 27.0 (067) AmOTPhOUS phase (685%), 81.0 (208)
hydroxide AI(OH); (23.8%),
calcite CaCO5 (7.7%)
Ca{)461A10489Si1A804A63(0H)1.12(C03)0,35 5 50.9 (18) 24.1 (089) 24.4 (061) Amorphous phase (77%), 67.5 (22)
hydroxide AI(OH); (15.5%),
calcite CaCO5 (7.5%)
Cay 55Al 7511 904.93(OH)( 56(CO3)g 25 6 53.1(1.9) 21.2(0.78) 22.0(0.55) | Amorphous phase (86.1%), 71.8 (2.03)
hydroxide AI(OH); (8.3%),
calcite CaCO3 (5.6%)
Cay 49Al( 5851 305 53(0H)( 35(CO3) 26 7 63.8(2.3) 15.9 (0.58) 19.6 (0.49) | Amorphous phase (89.6%), 123.3 (1.99)
hydroxide AI(OH); (5%),
calcite CaCO5 (5.4%)
Cay 36Al( 6351 506,07(0H) 25(CO3).09 8 68.5(2.5) 17.1 (0.63) 14.4(0.36) | Amorphous phase (94.4%), 134.3 (2.0)
hydroxide AI(OH); (3.8%),
calcite CaCO; (1.8%)

Table 5. Parameters of the Langmuir equations in the sorp-

tion of Cs* ions by aluminosilicates

Parameters of Langmuir equation

Compound
A, mmol/g | &, L/mmol R?
CaAl,Si,Oq 0.841 0.11 0.9842
CaAl,Si O, 0.844 0.21 0.9900
CaAl,SicO 6 1.45 1.18 0.9924
CaAl,Si;pO0yy 1.34 0.39 0.9772
1.6 -
1.4 3
1.2F
L0k
£ 0.8
£0.
0.6 -
<
0.4+
0.2H
0 10 20 30 40 50 60 70

Fig. 4. Isotherms of sorption of Cs*ions by the samples of
calcium aluminosilicates with SiO, : Al,O3 ratios of (/) 2 :
L(24:1,3)6:1,(H8:1,and (5) 10: 1.

Cin; ml’l’lOl/L
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CONCLUSIONS

A number of nanostructured calcium aluminosili-
cates obtained from Na aluminosilicates with SiO, :
AlL,Ojratiosof2:1,4:1,6:1,8:1,and 10 : 1 were
synthesized and studied. It was determined that cal-
cium aluminosilicates are X-ray amorphous and have
a specific surface area from 67 to 134 m?/g, which
increases with increasing SiO, : Al,O; ratio. The phase
and elemental composition was determined, and the
morphology of the obtained compounds was studied.

The sorption of Cs* ions under the considered con-
ditions is described by the Langmuir equation. The
maximum sorption capacity is observed for the syn-
thesized calcium aluminosilicate with a SiO, : Al,O,
ratio of 6 : 1 and is 1.45 mmol/g (192.7 mg/g).

It was shown that the sorbents based on calcium
aluminosilicates obtained by chemical modification of
Na aluminosilicates by their treatment in a calcium
chloride solution can be recommended as efficient
sorbents for removing Cs* ions from aqueous solutions
under static conditions.

ACKNOWLEDGMENTS

Atomic absorption analysis was made using equipment
Far East Center of Structural Studies (Institute of Chemis-
try, Far Eastern Branch of the Russian Academy of Sci-
ences, Vladivostok, Russia).

FUNDING

This work was performed under State assignment
no. FWFN(0205)-2022-0002, topic 2, section 3 for the
Institute of Chemistry, Far Eastern Branch, Russian Acad-
emy of Sciences, Vladivostok, Russia.

No. 9 2022



SYNTHESIS OF CALCIUM ALUMINOSILICATES 1399

CONFLICT OF INTEREST

The authors declare that they have no conflicts of interest.

AUTHOR CONTRIBUTIONS

P.S. Gordienko and S.B. Yarusova conceived and
designed the experiment. I.A. Shabalin and E.A. Nekhlyu-
dova synthesized the samples. A.B. Slobodyuk made the
NMR study of the samples. O.O. Shichalin and E.K. Papynov
co-processed data and co-wrote the paper. V.G. Kuryavyi
studied the morphological characteristics of the samples.
N.V. Polyakova analyzed the elemental composition of the
samples by energy-dispersive X-ray fluorescence spectros-
copy. Yu.A. Parot’kina carried out atomic absorption spec-
trometry studies. All authors discussed the results.

REFERENCES

1. Impact of Cesium on Plants and the Environment, Ed. by
D. K. Gupta and C. Walther (Springer Int. Publ., Swit-
zerland, 2017).
https://doi.org/10.1007/978-3-319-41525-3

2. The Handbook of Environmental Chemistry, Strontium
Contamination in the Environment, vol. 88, Ed. by
P. Pathak and D. K. Gupta (Springer Nature Switzer-
land, Switzerland, 2020).
https://doi.org/10.1007/978-3-030-15314-4

3. E. H. Borai, R. Harjula, L. Malinen, et al., J. Hazard.
Mater. 172, 416 (2009).
https://doi.org/10.1016/j.jhazmat.2009.07.033

4. B. K. Singh, Tomar Radha, Kumar Sumit, et al., J.
Hazard. Mater. 178, 771 (2010).
https://doi.org/10.1016/j.jhazmat.2010.02.007

5. C. B. Durrant, J. D. Begg, A. B. Kersting, et al., Sci.
Total Environ. 610—611, 511 (2018).
https://doi.org/10.1016/j.scitotenv.2017.08.122

6. N. K. Lee, H. R. Khalid, and H. K. Lee, Microporous
Mesoporous Mater. 242, 238 (2017).
https://doi.org/10.1016 /j.micromeso.2017.01.030

7. V. V. Milyutin, N. A. Nekrasova, and V. O. Kaptakov,
Radioaktiv. Otkhody 4, 80 (2020).
https://doi.org/10.25283/2587-9707-2020-4-80-89

8. T. G. Leont’eva, L. N. Moskal’chuk, A. A. Baklai,
et al., Sorbts. Khrom. Prots. 18, 726 (2018).
https://doi.org/10.17308 /sorpchrom.2018.18 /599

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 67

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

N. A. Palchik, L. I. Razvorotneva, T. N. Moroz, et al.,
Russ. J. Inorg. Chem. 64, 308 (2019).
https://doi.org/10.1134/S003602361903015X

P. S. Gordienko, I. A. Shabalin, S. B. Yarusova, et al.,
Russ. J. Inorg. Chem. 64, 1579 (2019).
https://doi.org/10.1134/S0036023619120052

P. S. Gordienko, S. B. Yarusova, I. A. Shabalin, et al.,
Radiochemistry 56, 607 (2014).
https://doi.org/10.1134/S1066362214060051

P. S. Gordienko, I. A. Shabalin, S. B. Yarusova, et al.,
Theor. Found. Chem. Eng. 52, 581 (2018).
https://doi.org/10.1134/S0040579518040127

P. S. Gordienko, I. A. Shabalin, S. B. Yarusova, et al.,
Inorg. Mater. 54, 1151 (2018).
https://doi.org/10.1134/S0020168518110079

S. B. Yarusova, P. S. Gordienko, A. E. Panasenko,
et al., Russ. J. Phys. Chem. A 93, 333 (2019).
https://doi.org/10.1134/S003602441902033X

P. S. Gordienko, I. A. Shabalin, A. P. Suponina, et al.,
Russ. J. Inorg. Chem. 61, 946 (2016).
https://doi.org/10.1134/S003602361608009X

P. S. Gordienko, I. A. Shabalin, S. B. Yarusova, et al.,
Russ. J. Phys. Chem. A 90, 2022 (2016).
https://doi.org/10.1134/S0036024416100125

O. O. Shichalin, E. K. Papynov, V. Yu. Maiorov, et al.,
Radiochemistry 61, 185 (2019).
https://doi.org/10.1134/S1066362219020097

S. B. Yarusova, O. O. Shichalin, A. A. Belov, et al., Ce-
ramics Int. 48, 3808 (2022).
https://doi.org/10.1016/j.ceramint.2021.10.164

E. K. Papynov, O. O. Shichalin, V. Yu. Mayorov, et al.,
J. Hazard. Mater. 369, 25 (2019).
https://doi.org/10.1016/j.jhazmat.2019.02.016

E. K. Papynov, A. A. Belov, O. O. Shichalin, et al., Nucl.
Eng. Technol. 53, 2289 (2021).
https://doi.org/10.1016/j.net.2021.01.024

A. I. Orlova and M. 1. Ojovan, Materials 12, 2638
(2019).

https://doi.org/10.3390/ma12162638

J. Fitzgerald, G. Piedra, S. Dec, et al., J. Am. Chem.
Soc. 119, 7832 (1997).
https://doi.org/10.1021/ja970788u

R. B. Ejeckam and B. L. Sheriff, Can. Mineral. 43, 1131
(2005).

Translated by V. Glyanchenko

No.9 2022



	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	Characterization of the Initial and Modified Aluminosilicates
	NMR Study of Aluminosilicates
	Sorption of Cs+ Ions

	CONCLUSIONS
	REFERENCES

