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Abstract—The article presents data on the synthesis of nanostructured, X-ray amorphous lithium aluminos-
ilicate, with a Si : Al ratio of 3 : 1. The composition, morphology, and thermal behavior were studied. The
sorption isotherm of Cs™ ions was obtained under static conditions with a ratio of T : L = 1 : 400. The maxi-
mum sorption capacity, degree of extraction, and distribution coefficients of cesium were determined. Data
on the sorption kinetics of Cs* ions were obtained at temperatures 30 and 60°C, and the activation energy of
the sorption process and diffusion coefficients were calculated.
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INTRODUCTION

An effective solution to environmental problems
associated with the purification of, first of all, water
areas from long-lived radioisotopes of cesium, stron-
tium, and a number of heavy metals, involves the
active search for both new types of materials and syn-
thesis of sorbents of a known class, but under condi-
tions that make it possible to obtain a material with a
given composition, a certain dispersion, and improved
functional properties. The relevance of such research
became obvious in connection with a number of envi-
ronmental disasters that occurred at nuclear power
plants and nuclear materials processing plants from
the mid-1960s to the present day.

The modern nuclear energy cycle for electricity
production requires highly efficient radionuclide sor-
bents and matrices based on them, which have a set of
physicochemical and mechanical characteristics: both
high resistance to mechanical loads and high chemical
and radiation resistance in various environments
under conditions of long-term disposal of highly
active nuclear waste. Silicates and aluminosilicates
satisfy these requirements and therefore belong to in-
demand natural and synthetic minerals widely used as
sorbents of toxic substances in liquid and gaseous
media, and as catalysts in the production of various
types of hydrocarbons, in medicine, etc. [1—4]. Natu-
ral and synthetic aluminosilicates (zeolites, clays), as
well as composite materials created with them, occupy

a particular place among inorganic materials for
extraction of radionuclides °°Sr, '*7Cs, and other iso-
topes from process waters [5—9].

Earlier, at the Institute of Chemistry, Far Eastern
Branch, Russian Academy of Sciences (IC FEB
RAS), nanostructured aluminosilicates of alkali and
alkaline earth metals with a specific surface area of
30—300 m? g~! and high sorption capacity values with
respect to Cs* and Sr>" were synthesized from aqueous
multicomponent systems. Researchers have studied
such classes of compounds as potassium and sodium
aluminosilicates Me,Al,Si, O, 1 2,nN,O (Where Me =
K*,Na"), calcium and barium aluminosilicates and
SlhcatCS (MGAIZSinO(n+ 2)2'mH20; MCOI’lSlOzmHZO
(where Me = Ca?*, Ba®") [10—16].

Given the previously obtained results on the syn-
thesis and sorption characteristics of the synthetic
compound KAISi;O4 1.5H,0 [10], using spark plasma
sintering, solid-state matrices were synthesized based
on amorphous KAISi;O4'1.5H,0 and potassium alu-
minosilicate from plant waste saturated with cesium to
immobilize of cesium-137. For the first time, samples
of solid matrices based on ((Cs,K)AISi;Og) with a high
relative density, compressive strength, and Vickers
microhardness were obtained. Their high hydrolytic
stability has been proven (within 10~7 g cm~2 days™')
and low diffusion coefficient D, of cesium during
leaching from the volume of matrices (within the lim-
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its) 7.36 x 1072 and 9.07 x 10~ cm? s~! for model
((Cs,K)AISi;04) — matrices and RS-(K,Cs)AlSi;Og —
matrices (from rice straw), respectively. The high
quality of the resulting products has been confirmed in
accordance with GOST R 50926-96 and existing ana-
logues, which is of practical interest for technologies
for purifying and processing radioactive waste and cre-
ating radioisotope products [17, 18].

Because nanostructured aluminosilicates of alkali
and alkaline earth metals have a high sorption capacity
with respect to cesium ions, we made an assumption
about the effectiveness of using lithium aluminosili-
cates. It should be noted that the bulk of the literature
on lithium silicates is devoted to the synthesis of these
compounds and their use for the production of, e.g.,
lithium aluminosilicate glass ceramics, lithium ion
sieves for extracting lithium from low-grade brines,
CO, sorbents, etc. [19—23].

The objective of this article was to synthesize and
study the composition, morphology, thermal behav-
ior, and sorption properties under static conditions of
nanostructured lithium aluminosilicate with a Si/Al
ratio of 3 : 1 with respect to cesium ions.

EXPERIMENTAL
Synthesis of Lithium Aluminosilicate

Lithium aluminosilicate with a given Si/Al ratio
was synthesized according to the reaction

ALiOH + 3Si0,-nH,0 + AICI,-6H,0

1
—5 LiAlSi;0; + 3LiCl + 1 1H,0. ()

At the first stage, liquid lithium glass with a silicate
modulus of 1.5 was obtained:

4LiOH + 38i0, — Li,Si,04 + H,O. )

Then an aluminum chloride solution was added to
the resulting solution with constant stirring.

The ratio of components corresponded to Eq. (1),
and the pH of the solution at the end of the synthesis
process had a neutral value (pH 7). For the synthesis,
the following reagents were used: lithium hydroxide
(GOST 8595—83), grade MKU-85 finely dispersed
silica (condensed microsilica TU 5743-048-
02495332-96), and reagent grade aluminum chloride
hexahydrate (TU STP COMP 2-191-10). Lithium
hydroxide was dissolved in distilled water, which was
had been preboiled to remove dissolved CO, mole-
cules to prevent lithium carbonate formation.

The resulting lithium aluminosilicate precipitate
was separated from the solution through a blue ribbon
filter, washed with distilled water until the reaction to
chlorine ions was negative, and dried at a temperature
of 110°C.
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Cs* Sorption Experiments

Cs* sorption experiments were carried out under
static conditions at a ratio of the solid and liquid
phases of 1 : 400 and a temperature of 20°C from aque-
ous solutions of cesium chloride without a salt back-
ground with different initial concentrations of Cs*
ions from 0.5 to 106.8 mmol L~! with stirring on an RT
15 power magnetic stirrer (IKA WERKE, Germany)
for 3 h.

Cs* sorption kinetics experiments were carried out
under static conditions at a ratio of the solid and liquid
phases of 1 : 400 and temperatures of 30 and 60°C
from aqueous solutions of cesium chloride without a
salt background with an initial concentration of Cs*
3.35 mg L' in an interval of 3—20 min.

Analysis Methods

XRD patterns of the samples were taken on a D8
ADVANCE automatic diffractometer (Germany) with
sample rotation in CukK, radiation. XRD was per-
formed in the EVA search program with the PDF-2
powder data bank.

To quantitatively determine the elemental compo-
sition of the synthesized aluminosilicates, the energy-
dispersive X-ray fluorescence method was used using
a Shimadzu EDX 800 HS spectrometer (Japan). A
weighed portion of the sample was ground in an agate
mortar with boric acid (2 : 1 by weight) and placed in
a mold with a diameter of 20 mm. The source tablet
was pressed for 2 min at a pressure of 5000 kg, after
which it was placed in a spectrometer and measure-
ments were taken. The exposure time was 100 s in each
energy channel, the radiation source was an X-ray
tube with a Rh anode, and the element concentrations
were calculated using the fundamental parameters
method using the spectrometer software package
without taking light elements into account. The rela-
tive error in determining the elemental composition
did not exceed +=10%.

The lithium content in the sample was determined
using inductively coupled plasma mass spectrometry
(ICP-MS) with subsequent conversion to molar con-
tent. To preliminarily transfer the sample into a solu-
ble state, a sample of the substance was treated with a
hot hydrofluoric acid solution to remove silicon in the
form SiF,. Next, a solution of wet salts of lithium flu-
oride (LiF) and aluminum fluoride (AlF;) was boiled
in a solution of 1N hydrochloric acid to convert fluo-
rides into soluble AICIl; and LiCl salts, as well as to
remove traces of fluorine from the solution. Next, the
solutions were transferred into polypropylene volu-
metric flasks for subsequent ICP-MS analysis.

Thermogravimetric analysis was carried out with
Q-1500 D derivatograph of the F. Paulik, P. Paulik,
L. Erdei system (MOM< Hungary) (temperature
determination accuracy +5°C), with firing of samples
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up to 900°C at a rate of 10°C/min in an open platinum
crucible in air.

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

The density of aluminosilicates was determined
with a pycnometer.

The morphology of the samples was studied with a
HitachiS5500 high-resolution scanning electron
microscope (Japan). Before imaging, the samples
were coated with a conductive layer of platinum. The
shooting was carried out at an accelerating voltage of
7 kV and a vacuum of 10~ Torr.

The concentrations of Li* and Cs* in the analyzed
solutions were determined by ICP-MS on an Agilent
8800 spectrometer (Agilent Technologies, USA, 2013)
with a relative error no greater than 10%. Prior to mea-
surements, the solutions were diluted 100 times. The
following analytical isotopes were selected for analysis:
"Li and '33Cs.

To calibrate the device, a multielement certified
solution ICP-MS Verification Standard E (High
Purity Standards, USA) was used. The ICP-MS
detection limit (DL) was for Li 0.07 ug dm=3; for Cs,
0.03 ug dm=3.

The sorption capacity (4., mmol g!) of the studied
samples were calculated by the formula

Ciit — C
Af =( init eq)V’ (3)
m

where C,, is the initial concentration Cs* ions in solu-
tion, mmol L~'; C,, is the equilibrium concentration
of Cs* ions in solution, mmol L~!; Vis the volume of
the solution, L; m is the mass of the sorbent, g.

The extraction rate of Cs* ions (o, %) was calcu-
lated by the formula
(Cinit -C )

o= =

x100%. 4)
init
The interphase distribution coefficient (K, mL g!)
was determined as follows:

(Cinil - Ceq )V

K. =
d C.gm

(6))

RESULTS AND DISCUSSION

XRD of the resulting sample before and after firing
(Fig. 1) showed that the resulting compound is X-ray
amorphous, as evidenced by a blurred peak character-
istic of amorphous substances in the angle range of
15°—35°. It can be seen that when the sample is heated
to 1000°C (Fig. 1, b), partial crystallization occurs,
accompanied by the appearance of peaks in the XRD
pattern and a shift in the halo maximum. However, it
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Fig. 1. X-ray diffraction pattern of lithium aluminosilicate
sample: (a) initial sample after drying at 110°C, (b) sample
after firing at 1000°C.

was not possible to assign the detected peaks to a spe-
cific crystalline phase.

According to X-ray fluorescence analysis, the con-
tents of Si and Al are 74.9 and 24.8 wt %, respectively;
i.e., the actual ratio Si/Al = 3 : 1, which corresponds to
the given ratio during synthesis (silicon content
2.7 mol; aluminum content, 0.9 mol). According to
the ICP-MS data, the lithium content in the sample is
4.38 wt %, or is 0.63 mol.

The thermogravigram in Fig. 2 shows that the grad-
ual dehydration of synthetic lithium aluminosilicate
occurs in the temperature range of 30—500°C and is char-
acterized by a broadened endoeffect. Removal of adsorp-
tion water occurs up to 110°C (this is a rather arbitrary
value) and is accompanied by a loss in weight of 15.6%.
The total loss in weight is 37.2%. Excluding weight loss
due to adsorption water, 21.6% of the weight loss is due to
bound crystallization water, which corresponds to 4.7
H,O molecules. The gross formula of the resulting com-
pound was calculated from the results of energy-disper-
sive X-ray fluorescence, ICP-MS, and thermogravimet-
ric analysis: Lij ¢3Hg 27Al 951, 705 - 4.7H,0.

The specific surface area of the sample is 132.0 m? g~
The density of the resulting sample is 2.5 g cm™.

Figure 3 shows SEM images of lithium aluminosil-
icate after drying (initial sample).

Aluminosilicate has a loose layered structure char-
acteristic of clays and clay minerals such as kaolinite,
montmorillonite, sepiolite, palygorskite, vermiculite,
etc. (Figs. 3, 4a).

When the initial sample is heated to 1000°, the
morphology of the observed surface changes signifi-

cantly. Numerous pores with a diameter no greater
than 20—100 nm are formed (Fig. 4b).

To assess the sorption properties, the resulting iso-
therm was analyzed in coordinates of the Langmuir
equation and empirical Freundlich equation.
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Fig. 2. Thermogravigram of lithium aluminosilicate sample.

Langmuir equation:
% = ; + & , (6)
AC Amaxk Amax
where C,, is the equilibrium concentration of Cs*ions
in solution, A4,,,, is the maximum sorption capacity,
and k is the Langmuir constant.

The constant of the equation was calculated from
the slope and intercept of the line on the graph at the
corresponding coordinates of the linear equation
Cey/A. from C,: y = 0.1613x 6.0617 (R? = 0.8516). The
found parameters of the Langmuir equation are: A,,,, =
6.2mmol g~ !, k= 0.03 L mmol ™!, taking into account
the measurement error of Cs* concentrations within
10—15% using ICP-MS, experimental data on the
maximum sorption capacity and calculated using the
Langmuir equation of the same order.

The obtained high maximum sorption capacity can
be explained by the morphology of lithium aluminosili-
cate, high specific surface area (greater than 130 m? g~ ")
and high chemical affinity of cesium and lithium.

Table 1 presents the dependence of the coefficient
of the interphase distribution of cesium on lithium

aluminosilicate and the degree of extraction of Cs*
ions on the ratio of solid and liquid phases.

It follows that at T : L = 1 : 40, the degree of
extraction of Cs* ions reaches 97%, and the highest
value of the distribution coefficient is observed at the
ratio T : L = 1: 2000 (K, 0.74 x 10* mL g~'). Taking
into account the thermochemical properties of the
sorbent based on lithium aluminosilicate, it is possible
to form compounds for effective extraction of cesium
with subsequent thermomechanical treatment of the
sorbent with the sorbed isotope.

Kinetics of the Sorption Process

In Fig. 6 shows the kinetic curves of sorption of Cs
ions+ lithium aluminosilicate at temperatures 30 and
60°C.

As can be seen from the presented kinetic curves,
the sorption capacity reaches a maximum within
10 min, increasing with increasing temperature.

To describe the kinetics of topochemical reactions,
which include the process under study, we used the
equation substantiated in [24]:

1

urr — Amaxkt—’
A 1+ kt

where k is a dimensional constant (time)~!; 7 is the
sorption time; A, and A,,,—current and maximum
sorption capacity.

(7

Fig. 3. SEM images of lithium aluminosilicate particles (initial sample).
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Fig. 4. SEM images of lithium aluminosilicate particles: (a) initial sample; (b) after firing at 1000°C.

To determine the constant k£ and A4,,,,, Eq. (7) is
transformed into a straight line equation of the form

(y = A bx):
1 __1 + 1 ,
ACll IT Amax ktAmax
Linear kinetic equations were obtained for different

sorption temperatures (Figs. 7a, 7b): y = 154.02X
150.45, R? = 0.8313 (30°C); y = 227.69X 108.91, R*> =

(@ = 1/ Ao 36 = 1/ (Arak)) - (8)

Asorps mmol/g
N WA N
T

1 1 1
ol! 20 40 60 80

Ceq», mmol/L

J
100

Fig. 5. Isotherms of Cst sorption by lithium aluminosilicate.

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

0.9291 (60°C), and the & values are determined from the
equations, which are of 0.98 and 0.478 min~' for the cor-
responding temperatures. The calculated values of the
maximum sorption capacity A,,,, are 6.65 x 10~ mmol g~
for 30°C and 9.2 x 10~3 mmol g~! for 60°C.

Knowing the constants of the sorption process at
two temperatures (K,; = 0.98 min~!, K,, = 0.478 min!),
we determined the activation energy of the sorption
process by this sorbent using the Arrhenius equation:

10 -

=

o 2

E 6L 1

Ep

X

527

w 1 1 1 1 J
0 5 10 15 20 25

t, min

Fig. 6. Kinetic dependences of the sorption of Cs* ions by

lithium aluminosilicate at various temperatures: (/) 30;
(2) 60°C.
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Table 1. Values of sorption capacity, degree of extraction o,
(%), and K of cesium ions at different values of T : L
(t=20°C, initial concentration of Cs* ions 3.35 mg/L
(25.2 umol/L))

-3
T:L | Kemljg | o100 g
mmol/g
1:40 1215 0.52 96.8
1:100 1457 0.993 93.6
1:400 2550 4.04 86.8
1:1000 1735 12.6 64.6
1:2000 7339 52.3 79.7
In(K,/K,,) = (Q/R)(/T, = 1/T), )

where Q is the activation energy, kJ mol~! and R is the
gas constant, 8.314 J mol~! K. The activation energy
of the sorption process, calculated from the experi-
mental data, is 19.98 kJ mol~!.

From the obtained values of the constants K,; =
0.98 min~! (for 30°C) and K, = 0.478 min~—! (for 60°C)
and from Eq. (7), it follows that at a sorption time of
the reciprocal of the constant (= 1/K}), the sorption
capacity should reach a value of half the maximum
value, but from the experimental data on the value of
the sorption capacity over time, it follows that already
with a minimum sorption time of 3 min, the sorption
capacity reaches 70—80% of the sorption capacity
determined for the sample at 20 min of sorption and is
taken as the equilibrium maximum value (Fig. 6). It

(a)
g 200 e T L)
o O e
5 150L e
* 100} s
=

I s0r

0 0.1 03 - y

1/t min~!
ol © e

g 150 T e o
E R y=227.69x + 108.91
3 R2=10.9291
I S0

0 0.1 0.2 0.3 04

1/¢, min~!

Fig. 7. Dependence of reciprocal value of sorption capacity
of lithium aluminosilicate 1/ A, on 1/¢ at different tem-
peratures: (a) 30, (b) 60°C.
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was assumed that during the sorption time within
20 min at temperatures of 30 and 60°C, thermody-
namic equilibrium is established and the equilibrium
constants of cation exchange K, can be determined as
the ratio of the equilibrium concentration of Cs* ions
at the appropriate temperature (1.19 mg L~! for 30°C
and 0.77 mg L~ for 60°C) to the initial concentration
of 3.35 mg L. The following values of the constants
were obtained: 0.358 and 0.23, respectively, for the
indicated temperatures.

Applying empirical laws to calculate changes in iso-
baric-isothermal potential Ag using the Gibbs—Helm-
holtz equation,

AG = AH; —TAS, (10)

and the (van’t Hoff) dependence of this potential on
the logarithm of the equilibrium constant,

AG = RT In K, (11)

these equilibrium constants for these temperatures are
presented as a dependence:

InK., = —AHy /TR + AS/R, (12)

we obtain the equation y = 1.4332x — 0.0017, from
which it follows that sorption by this sorbent in the
studied temperature range is accompanied by a slight
change in the entropy of the system AS = —0.014 J
mol~! K-!, enthalpy AH = —11.9 J mol~!, and free
energy Ag = —7.28 J mol~.

To draw a conclusion about the diffusion parame-
ters of the sorption of Cs* ions with a specific nano-
structured sorbent, the methodology and calculation
equations given in [25] for highly dispersed materials
were used:

Yor = Y, + 2SNtV D) N, (13)

where Y., Acur/Amayx 1S the relative value of sorption;
S is the specific surface area of the sorbent, cm?g=!; V
is the volume of the sorbent sample, cm® (V = m/p,
where m is the sorbent mass, g; p is the sorbent density, g
cm™); tis time, s; D is the diffusion coefficient, cm?s™;
T =3.14.

When this approach is used, experimental data is
required on a value of Y, less than 0.5, but such rela-
tive sorption values are possible at sorption times 7 <
1/K,, according to Eq. (7), and it is difficult to obtain
them experimentally. However, using Eq. (8) and the val-
ues Ay = 6.65 X 1073 mmol g1, K,; = 0.98 min~! (for
30°C); and A,,,, = 9.2 X 10> mmol g~!, K, = 0.478 min™!
(for 60°C), determined from the experimental data,
we obtained the Y values by calculating Y, =
Agure/Amax at times ¢ < 1/K_,.. (Table 2).

According to the data presented in Table 2, we plot-
ted the dependences Y, = f(Vf) shown in Fig. 8 and
obtained the straight line equations y = 0.0736x —
0.0786, R?> = 0.99 and y = 0.0462x — 0.0548, R*> =
0.9769 for temperatures of 30 and 60°C, respectively.
Vol. 59
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Table 2. Data for calculating diffusion coefficient

t=30°C, A, = 6.65 X 1073 mmol g~

t=60°C, Aoy = 9.2 X 107> mmol g~

s |Aer X 103, mmol g7'| vz, 812 Yoy = Acur/Amax
61.2 3.17 7.82 0.499
50 2.85 7.07 0.449
25 1.84 5.0 0.289
15 1.24 3.87 0.196
10 0.89 3.16 0.140
3 0.29 1.73 0.046
2 0.2 1.41 0.031

s | Agrx 103, mmol/g | V1,52 |Yeur = Acur/Amax
125 4.58 11.18 0.49
100 4.07 10 0.44
50 2.61 7.07 0.28
30 1.77 5.47 0.19
15 0.98 3.87 0.106
5 0.35 2.23 0.038
1 0.07 1 0.007

The angular coefficients for x in accordance with
Eq. (13) are (25/V) YD/N1w = 0.0736 for 30°C and
0.0462 for 60°C. All data for calculating the diffusion
coefficient are determined: the volume of sorbent V'is
calculated (m = 0.05 g, density 2.5 g cm™3), specific
surface area 132 m? g~!. The diffusion coefficients for
Cs* ions calculated using the described method are
3.81 x 107 and 1.53 x 107! cm? s~! for 30 and 60°C,
respectively.

Taking into account the initial and equilibrium
value of the sorbate concentration in the solution in
Eq. (13), we can take into account the coefficient NV,
which is equal to their ratio C,,/C,, (3.35 mg L' is the

0.6
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Fig. 8. Dependence of relative value of sorption on V7 at:
(a) 30, (b) 60°C.
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initial concentration, 1.18 mg L™! is the equilibrium
concentration at 30°C, and 0.766 mg L' at 60°C):

Yo = Yo + QS/VI)NN N D)\ m, (14)
then the diffusion coefficients are 0.5 x 10~'¢ and
0.1x10~'® cm? 5!, respectively, for the indicated tem-
peratures. Given that the experimental data on sorp-
tion and kinetics were determined with an error of at
least 10—15%, the obtained calculated data on the dif-
fusion coefficients should be considered as indicative
and for their comparative analysis, similar data are
needed for other sorbents with a similar composition,
structure, and morphology.

CONCLUSIONS

X-ray amorphous nanostructured lithium alumi-
nosilicate with a specific surface area of 132 m? g~! was
synthesized. Based on the methods used in the study,
the gross formula of the resulting compound was cal-
culated: Li, ;N ,7Al, 4Si, ,04'4.7H,0. The morphol-
ogy of the resulting compound and the effect of tem-
perature on its nanotexture were studied, and the for-
mation of nanopores was established after heating of
the sample to 900—1000°C. The sorption properties
during sorption of Cs* ions were studied under static
conditions from solutions without a salt background.
According to the maximum sorption capacity with
respect to Cs™ ions (4.7 mmol g™ '), lithium aluminos-
ilicate is superior to many natural and synthetic sor-
bents, but to fully characterize the sorbent, we plan to
conduct additional research on the influence of the
salt background, solution pH, and firing temperature
of the aluminosilicate on the sorption properties. The
activation energy of the sorption process and the diffu-
sion coefficients of Cs* ions at 30 and 60°C have been
calculated.
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