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ABSTRACT

The problem of water contamination by long-living cesium and strontium radionuclides is an urgent
environmental issue. The development of facile and efficient technologies based on nanostructured
adsorbents is a perspective for selective radionuclides removal. In this regard, current work aimed to
obtain the nanostructured magnetic zeolite composites with high adsorption performance to cesium and
strontium ions. The optimal conditions of hydrothermal synthesis were established based on XRD, SEM-
EDX, N, adsorption-desorption, VSM, and batch adsorption experiment data. The role of chemical
composition, textural characteristics, and surface morphology was demonstrated. The monolayer ion-
exchange mechanism was proposed based on adsorption isotherm modeling. The highest Langmuir
adsorption capacity of 229.6 and 105.1 mg/g towards cesium and strontium ions was reached for
composite obtained at 90 °C hydrothermal treatment. It was shown that magnetic characteristics of
zeolite composites allowing to separate spent adsorbents by a magnet from aqueous solutions.
© 2021 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

terms of a specific activity to the composition of RW [5,6]. The risk
of their possible release into the environment poses a special threat

The inorganic synthesis of functional materials for radiochem-
istry tasks makes an important contribution to improving the ef-
ficiency and safety of radioactive waste management technologies,
which is associated with the need for the development and pro-
duction of highly effective sorbents for the *’Cs and 2°Sr radio-
nuclides removal from gas and liquid media [1—4]. These are the
most hazardous isotopes with a long half-life, which represent the
basis of irradiated nuclear fuel and make the main contribution in
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of radiation contamination of large areas due to their high migra-
tion ability in air, water, and soil [7].

Technologies for LRW treatment from >’Cs and °Sr with a high
degree of efficiency are implemented based on sorption processes,
including the use of ion-exchange synthetic zeolites [8—10]. These
are inorganic materials of aluminosilicate composition with a
specific frame structure consisting of tetrahedral silicon dioxide
and aluminum oxide separated by oxygen atoms, including ion-
exchange cations Na*t, K*, Ca?*, and Mg?* [11—13]. Zeolites have
a highly porous structure [14], radiation [15] and thermal [16]
stability, high ion-exchange capacity, and selectivity to several ra-
dionuclides, as described in detail in a broad review by Jiménez-
Reyes et al. [17]. The sorption efficiency of synthetic zeolites for the
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137¢s and 2°Sr removal was also evaluated in many studies [18—21],
which proved the prospects of such sorbents. For example, such
sorbents have found practical application in the course of elimi-
nating the consequences of the accident at the Fukushima-1 nu-
clear power plant in 2011 in Japan at the stage of preliminary
purification of contaminated seawater used for additional cooling
of emergency power units of the plant [22,23]. In addition, zeolites
are excellent candidates for the formation of dense ceramic and
glass-ceramic matrices for curing spent forms of sorbents for reli-
able and safe radionuclides immobilization [24—29] and radioiso-
tope products producing [30].

Recently, considerable attention has been paid to the synthesis
of nanostructured crystalline zeolites to increase the specific sur-
face area, change the configuration of the porous structure, as well
as change the chemical composition [31]. In this case, it was
possible to impregnate the required ion-exchange cations with an
increase in their concentration in the sorbent composition, an in-
crease in their penetrating ability, and diffusion rate during the
exchange with other cations from solutions.

Despite these advantages of highly dispersed zeolites, there is a
serious problem of their separation from the solution being
cleaned. The traditional method of high-performance centrifuga-
tion is long and expensive to implement, and also does not always
lead to the desired result and in some cases leads to the use of
additional separation methods, which may even lead to the for-
mation of secondary waste. As an alternative, it was proposed to
use the magnetic separation method, which is more efficient,
simple, and fast to implement [32]. However, this method applies
only to those sorbents that can be magnetized in an external
magnetic field and have a sufficient magnetic moment to be
controlled when it is applied.

Similar examples of sorbents with magnetic properties are
composite materials based on zeolites in composition with mag-
netic phases, for example, with iron oxides or metallic iron. In
particular, Bourlinos et al. The outer surface of Y zeolite was
modified under hydrothermal conditions with maghemite, and the
resulting material was used for Hg?* adsorption [33]. Oliveira et al.
[34] proposed a method for direct deposition of maghemite on the
surface of NaY zeolite for the sorption of Cr>*, Cu?*, and Zn?* ions
from aqueous media. Faghihian et al. [35] synthesized a magnetic
composite by chemical co-deposition of Fe?* and Fe** in the
presence of A zeolite and evaluated the adsorption efficiency to Cs*
and Sr’*. The method of impregnation of metallic iron nano-
particles into a zeolite volume was described in Falyouna et al. [36]
and was successfully applied to the sorption of Cs™ ions. Nano-
structured magnetic zeolites have also been synthesized and
studied in such works as Eljamal et al. [37], Shubair et al. [38], and
Rahman et al. [39] by similar methods of reducing precipitation of
magnetic iron nanoparticles in the presence of commercial zeolite.
Faghihian et al. [40] by wet synthesis by mixing solutions of pre-
cursors forming zeolite A in composition with magnetite nano-
particles; O. A. Abdel Moamen et al. [41] by impregnating
magnetite nanoparticles into the volume of nanoscale particles of Y
zeolite, previously obtained under hydrothermal conditions. In
these works, it was shown that the selective Cs* and Sr’>* removal,
as simulators of unstable isotopes of these elements, proceeded
efficiently, taking into account the composition of the purified
medium, as well as preserving the magnetic characteristics of
materials controlled by an external magnetic field, which proves
the high practical prospects of such sorbents. Lihareva N. [42]
evaluated the removal of Cs* and Sr’** from aqueous solutions us-
ing a clinoptilolite. The kinetic data were fitted to the pseudo-
second-order. The isotherm data were best adjusted to the Lang-
muir model with a maximum adsorption capacity of 122.7 and
21.50 mg/g for Cs* and Sr?*, respectively showing an ion-exchange
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mechanism. Due to the cations' ionic radii and the water content
and frameworks, cesium prefers to be adsorbed onto natural zeo-
lites, mainly chabazite and clinoptilolite; on the contrary, strontium
prefers to be adsorbed better adsorbed by synthetic zeolites [17].
Chemisorption may explain the processes, which are endothermic
and spontaneous. Natural zeolites present multilayer adsorption,
whereas synthetic ones present monolayer adsorption. Some
composites have managed to increase the adsorption without a
doubt by a synergic effect. As expected, cesium adsorption is hin-
dered by ammonia, potassium, and sodium and that of strontium
by calcium and magnesium.

Ion exchange was regarded as a domain adsorption mechanism
of metal ions in solution by zeolite; meanwhile, inner-surface
complexation was domain one for aluminosilicate. lon exchange
and inner-surface complexation might be mainly responsible for
adsorbing metal ions onto the AlSi/NaY composite. The pore-filling
mechanism was a less significant contributor during the adsorption
process [43]. The results of competitive adsorption under binary
components (Cu?>* and Sr?>*) and ternary components (Cu®*, Pb?",
and Sr**) demonstrated the removal efficacy of target metals by the
aluminosilicate zeolite, and their composite remarkably decreased.
The synthesized AlSi/NaY composite might serve as a promising
adsorbent for natural water treatment.

One of the representatives of the aluminosilicates of the zeolite
family having a frame structure is the nosean-sulfate form of zeolite
Nag[AlSiO4]6(S04) with an intermediate frame structure between
the well-known zeolites sodalite and cancrinite [44]. The nosean
structure is typical for aluminosilicates and consists of alternating
Si04~ and AlO3~ tetrahedra, forming a B-frame of four- and six-
membered rings, where ion-exchange cations and water are pre-
sent in the cavities of the frame, including an additional anion SO~
[45,46]. These parameters indicate an obvious tendency of nosean
to ion-exchange sorption with selectivity for cesium and strontium,
similar to various and widely known zeolite forms. However,
studies on the use of nosean as a sorbent are very limited in the
literature. There are known works on Ca®*, Mg?*, Cu®>* sorption
[47] and some organic pollutants [48] from aqueous media, and
have also been tested for the purification of gas emissions [49].
There are no studies on the synthesis and study of the properties of
magnetic composites of nosean, including for the sorption of ra-
dionuclides, in the open literature. In this regard, the number of
proposed methods for the synthesis of nanostructured composites
based on zeolites is limited, and the relationship between the
synthesis conditions, physical-chemical characteristics, magnetic
and sorption properties has not been sufficiently studied.

The work aimed to synthesize the nanostructured magnetic
zeolite nosean in the composition with the magnetite phase (Fe304)
by hydrothermal method. The novelty of study consisted: (i) the
development of a new method for the synthesis of the obtained
composites, characterized by simplicity of implementation, (ii) the
study of the influence of heat treatment conditions during syn-
thesis on the composition, crystalline and porous structure, sorp-
tion and magnetic properties of composites, (iii) experimental
confirmation of the high efficiency of the obtained magnetic sor-
bents for the purification of liquid media from cesium and stron-
tium radionuclides.

2. Materials and methods
2.1. Chemicals

The synthesis of nanostructured sorbents based on synthetic
nozean zeolite and iron oxide was carried out by the method of

joint deposition (Massard method) [50] using a solution of
FeCl;-6H,0 and the Mohr salt Fe(NH4)2(S04)2-6H,0. Monoethylene
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glycol was used as a stabilizer of the obtained iron nanoparticles.
Zeolite was obtained using sodium silicate Na;SiO3-5H,0, sodium
aluminate NaAlO,. All reagents were supplied by Sigma-Aldrich,
99.9% purity.

2.2. Synthesis of composite

The synthesis of magnetic composites based on zeolite was
carried out in two stages: (i) initially, magnetite (Fe3O4) nano-
particles were obtained by co-precipitation in an aqueous glycol
solution, (ii) then hydrothermal crystallization of aluminosilicate
was carried out, according to the following scheme. To a dilute
aqueous solution of monoethylene glycol (MEG ratio: water 1:1)
with a volume of 120 ml, powders in the amount of 12 mmol
FeCl3.6H,0 and 8.3 mmol Fe(NH4)2(SO4),-6H,0 were added under
heating (80 °C) and constant stirring on a magnetic stirrer. Then
35 ml of a 24% ammonia solution was poured drop by drop and left
for 20 min with stirring. 17.2 ml of 2 M Na,SiO3-5H50 solution and
52.8 ml of 0.325 M NaAlO; solution were alternately added to the
resulting solution. The resulting solution was left for 30 min with
stirring. The temperature of the solution during the entire synthesis
was maintained in the range of 75—85 °C. Then it was poured into
an autoclave with a volume of 250 ml and kept at temperatures of
90, 120, 150, 180 °C, and a pressure of 90—70.12 kPa, 120—198.48,
150—475.72, 180—1001.9 kPa for 6 h. Then the resulting black
precipitate was filtered, washed with distilled water to a neutral
filtrate medium, and dried at 90 °C for 4 h.

2.3. Physical-chemical methods

The phases of the obtained samples were identified using X-ray
phase analysis (XRD) on an X-ray diffractometer D8 Advance
Bruker-AXS (Germany), CuKo radiation, Ni filter, average wave-
length () 1.5418 A, shooting angle range of 10—80°, scanning step
of 0.02°, the speed of registration of spectra of 5°C/min. The specific
surface area was determined on the ASAP MP 2020 device Micro-
meritics GmbH (USA) by the method of physical adsorption-
desorption of nitrogen at a temperature of 77 K, the data were
calculated using the BET method. The analysis of filtrates for the
content of cesium and strontium was determined on the atomic
absorption spectrophotometer AA-7000 Shimadzu (Japan), the
determination error did not exceed 5%. Images of the surface of the
samples were obtained using a Carl Zeiss Ultra 55 scanning electron
microscope (SEM, Germany), with the prefix for energy-dispersive
X-ray microanalysis (EDX) Bruker (Germany). The magnetic char-
acteristics were studied on a vibromagnetometer (VSM) included in
the station for measuring the physical properties of matter (PPMS)
of the company Quantum Design (USA), as well as on LakeShore
7401 VSM (USA).

2.4. Batch adsorption test

The sorption properties of magnetic composites obtained at
different temperatures of hydrothermal synthesis were studied
under batch adsorption test use of cesium and strontium stable
isotopes. Sorption isotherms were obtained using solutions with
different CsCl and Sr(NOs), concentrations, the pH value of the
liquid media was 6.0 + 0.5. The initial concentration of stable ce-
sium and strontium ions in the model solutions was 150 mg/l.

The experiment was carried out according to the following
scheme. A 10 mg sorbent sample was placed in an Eppendorf test
tube and 10 ml of stable cesium or strontium solution was poured
(solid/liquid = 1/1000). A series of test tubes were fixed on a ver-
tical shaker and mixed at rate of 20 rpm. Sorption was carried out
within 48 h. After that, the solution was separated from the spent
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sorbent using a “blue ribbon” filter and the residual content of
stable cesium and strontium ions was determined by atomic ab-
sorption spectrometry.
The calculation of removal efficiency (RE, %) was carried out
according to Eq. (1):
C

RE =°C;Ce - 100%, (1)
0

where are Cg — the initial concentrations of Cs* and Sr** ions, mg/l;
Ce — equilibrium concentrations of Cs* and Sr?* ions, mg]/l.

The sorption mechanism was evaluated based on the Cs™ and
Sr** sorption isotherms, which represent the dependence of the
amount of the adsorbed substance on the concentration of the
solution at a constant temperature. When describing the sorption
isotherms, well-known sorption models at the solid/liquid
boundary were used.

Freundlich equation:

q=Kg-C", (2)

where are C — the equilibrium Cs* and Sr?* concentrations (mg/1);

K¢ — the Freundlich constant, which characterizes the relative

adsorption capacity and represents the value of adsorption at an

equilibrium concentration equal to one; m — an indicator of the

heterogeneity of exchange centers, which characterizes the change

in the heat of adsorption depending on the degree of their filling.
Langmuir equation:

K;-C

1+K.-C 3)

q = qmax

where are qmax — the value of the maximum sorption (mg/g); C —
the equilibrium Cs* and Sr** concentrations (mg/1); K. — the con-
stant of the adsorption equilibrium, characterizing the energy of
the adsorbent-adsorbate bond.

Langmuir-Freundlich equation:

Kip-C™

1+ Kgp-Cm’ )

q = qmax

where are qmax — the value of the maximum sorption (mg/g); C —
the equilibrium Cs* and Sr?* concentrations (mg/l); Kir — the
constant of the adsorption equilibrium, characterizing the energy
of the adsorbent-adsorbate bond; m — an indicator of the hetero-
geneity of exchange centers, which characterizes the change in the
heat of adsorption depending on the degree of their filling. The
approximation of the experimental data by these equations in a
nonlinear form was carried out using the SciDavis program.

2.5. Determination of sorption characteristics to radionuclides 37Cs
90
and *°Sr

The sorption characteristics of the samples were determined by
the example of the sorption of trace amounts of *’Cs and °Sr ra-
dionuclides. The experiments were carried out under static con-
ditions by continuously mixing a sample of an air-dry sorbent
weighing about 0.1 g, weighed with an accuracy of 0.0001 g from 20
cm? of solution for 24 h. Then the mixture was filtered through a
paper filter “white ribbon,” and the specific activity of >’Cs in the
filtrate was determined by a direct radiometric method using a
spectrometric complex SKS-50 M (Green Star Technologies, Mos-
cow). Based on the analysis results, the values of the distribution
coefficient (Kd) of the corresponding radionuclide were calculated
using the formula:
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_Ao—Ay Yy

Kg==05 0 x 0

(5)

where, A,, Ap — respectively, the specific activity of the 137¢s or sy
radionuclide in the initial solution and in the filtrate, Bq/dm?>;

V, — volume of the liquid phase, cm?;

m, — sorbent mass, g;

In the study of 37Cs, the following solutions were used as the
liquid phase:

— 0,1 mol/dm? solution NaNO3, pH = 6,0;

— 1,0 mol/dm? solution NaNOs, pH = 6,0;

— seawater sampled in the Sevastopol Bay of the Black Sea (sam-
pling date - November 22, 2019). The salinity of water - 21.2 g/l,
pH — 7.8.

Before starting the experiments, indicator amounts of 3’Cs
radionuclide in about 105 Bq/dm> were added to the solution and
kept for three days at room temperature to achieve equilibrium of
various ionic radioactive forms the solution components.

In the study of %°Sr, the following solutions were used as the
liquid phase:

— 0,01 mol/dm? solution CaCly, pH = 6,0;

— 0,1 mol/dm? solution NaNOs, pH = 6,0;

— seawater sampled in the Sevastopol Bay of the Black Sea (sam-
pling date - November 22, 2019). The salinity of water - 21.2 g/l,
pH - 7.8.

Before starting the experiments, indicator amounts of °°Sr
radionuclide in an amount of about 105 Bq/dm® were added to the
solution and kept for at least three days at room temperature to
achieve equilibrium ionic and radioactive forms of the solution
components.

A beta spectrometric channel determined the specific activity of
90sr in solutions from the total beta activity on an SKS-50 M
spectrometric complex (Green Star Technologies, Russia). Samples
containing 2°Sr were kept for at least 14 days before measurement
to establish the radioactive equilibrium of the °°Sr—°Y vapor.

During the sorption of °°Sr from solutions of calcium salts, in
addition to the (Kq) values of °°Sr, the values of the static exchange
capacity (SEC) for calcium and the separation coefficient of the Sr/

a

= Fe,0,
v Na, [AISIO,],(CO,)

R 180°C
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Ca pair (Dsyca) were calculated according to formulas 6 and 7,
respectively:

SEC = (C, - Cp) X Vp/mc (6)
Dsrjca = (Kq x Cp)/SEC (7)
where

Co, Cp - respectively, the concentration of Ca®* ions in the initial
solution and in the filtrate, mmol/cm>;
Kq - distribution ratio %°Sr, cm?/g.

The concentration of calcium ions in solutions was determined
by the volumetric complexometric method.

3. Results and discussions

During hydrothermal synthesis, magnetic composite powders
were obtained at different temperatures, the phase composition of
which is shown in Fig. 1. The main crystalline phase of all samples is
magnetite (Fe304). The crystalline phase of the aluminosilicate
appears on the X-ray image only for the sample obtained at 180 °C
(Fig. 1a). This phase was identified as the carbonate form of the
nozean frame aluminosilicate Nag[AlSiO4]g(CO3) [51]. A detailed
comparison of the X-ray diffraction results for the sample obtained
at 180 °C with the diffractograms of the reference crystal phases
shows that the main diffraction maxima of 20 13.9°, 24.2° and 34.5°
correspond to Nag[AlSiO4]s(CO3), along with the rest, which is
comparable to Fe30, diffraction pattern (Fig. 1b).

To visualize the crystal structures of the obtained aluminosili-
cate compounds, their structural 3D models were constructed
(Fig. 2) using the VESTA software (Letia and Groza, 2009). The pa-
rameters of the unit cell of the synthesized carbonate form of
nosean coincide with the calculated ones and correspond to the
cubic form a = b = ¢ = 9.001 A, while for the sulfate form the
calculated parameters correspond to the cubic form
a=Db=c=9.084 A According to the obtained models, it can be
seen that the packing density of atoms in the crystal lattice of the
sulfate form is slightly higher compared to the carbonate one.

According to the SEM data (Fig. 3), the structure of the obtained
samples of magnetic composites was represented by nanoscale
(significantly less than 50 nm) spherical particles agglomerated

4 Fe,0,
“ 1 l y | 5 Aeiz =
(3) | ‘ . i Na,[AISiO,];SO,*H,0
(2) ] ol ) Na,[AISiO ],CO,

FeNaA-180°C

20, degrees

20, degrees

Fig. 1. Diffractograms of nanostructured magnetic composites: (a) samples obtained at different temperatures of hydrothermal synthesis; (b) comparison of the experimental

sample obtained at 180 °C with the corresponding reference structures.
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Na;[AISiO,]4(SO,)

Fig. 2. Model images of the crystal structures of the carbonate and sulfate forms of the frame alumosilicate nosean.

with each other. The results of the study showed that the size of
these nanoparticles increased with an increase in the temperature
of hydrothermal synthesis. The surface morphology of the mag-
netic zeolite sample obtained at 180 °C differed significantly
(Fig. 3d, d*). The particles were agglomerated into large spherical
formations, the surface of which was structured by crystallites with
smooth faces. This is probably due to the formation of a crystalline
aluminosilicate from the amorphous phase, as was shown in the X~
ray diffraction analysis for this sample (Fig. 1).

According to the data of the elemental analysis carried out by X-
ray fluorescence and EDX methods (Table 1), it was found that the
quantitative ratio of Al,03/SiO; varied within 1.4—1.9, which cor-
responded to zeolite A-type structure. The ratio of magnetite and
aluminosilicate was maintained within 1:3.

As a result of grain growth, the number of contacts between
particles increased, and larger agglomerates were formed, as was
shown in the SEM images (Fig. 3a-c*). As a result, this led to a
decrease in the BET surface area from 40 to 18.3 m?/g, which was
determined by the results of nitrogen adsorption-desorption
(Fig. 4a—d). It was shown that the isotherms of low-temperature
nitrogen adsorption-desorption for these samples obtained
within 150 °C had an identical character and belong to type IV
according to the IUPAC classification, characteristic of mesoporous
solids (Fig. 4a—c). The hysteresis loops shape was of H1 type with a
sharp increase in the sorption capacity in the region of high relative
pressures p/pp — 0.95—0.99, which indicates the presence of slit-
like shapes in composites structure. This was due to the similar
morphology and type of porous structure of these samples, which
was confirmed by the identical size range of meso- and macro-
pores, which was determined by the DFT method (Fig. 4a* - c*).

The sample synthesized at 180 °C had an obvious difference, the
value of Aggr increased to 54.8 m?/g and the transition of hysteresis
loop shape of the nitrogen adsorption-desorption isotherm from
the H1 to H2 type indicated the formation of cylindrical mesopores
in the sample (Fig. 4d). This was confirmed by DFT method calcu-
lation, where the pore size distribution graph showed that meso-
pores with a size in the range of 5—32 nm were formed in the
sample (Fig. 4d*). Such a difference in this sample was due to a
change in its general structure and surface morphology (a change in
the shape of particles from spherical to crystalline; their packaging
and spatial agglomeration, etc.), as was shown above in the SEM
image (Fig. 3d, d*).

Fig. 5 shows the Cs* sorption isotherms at pH 6.0 + 0.5, as well

as the curves obtained by approximating the experimental data
with the Langmuir, Freundlich, and Langmuir-Freundlich models. It
was shown that with an increase in the temperature of hydro-
thermal synthesis, the values of the maximum sorption (Qmax)
decreased, which indicates a decrease in the number and avail-
ability of sorption centers for ion exchange. This was probably due
to their growth and agglomeration, as was shown on SEM images
for samples obtained in the range of 90—150 °C (Fig. 3a-c*), as well
as a decrease in the specific surface area and pore volume (Fig. 4 a,
a*-c, c*). The sample obtained at 180 °C had the lowest sorption
capacity, which was characterized by the highest value of t BET
surface area (Fig. 4), which was mainly due to a change in the
composition of nosean aluminosilicate Nag[AISiO4]g(CO3) crystal-
line phase (Fig. 1, Table 1).

Table 2 showed the corresponding values of the adsorption
equilibrium constants (K{) and the maximum sorption (Qmax)-
Based on the high values of the correlation coefficients (R?) and the
correspondence of the calculated and experimental values of the
sorption capacity. It can be concluded that the experimental data
were reliably described by the Langmuir equation. This indicated
the occurrence of predominantly monomolecular adsorption,
which was characteristic of the ion-exchange sorption mechanism.
It was shown that the sample obtained at 90 °C had the greatest
sorption capacity, which was probably due to its chemical
composition (Table 1) and the largest number of active ion ex-
change (sorption) centers on the magnetic composite surface.

According to the C. H. Giles classification [52], the isotherms in
Fig. 5a can be attributed to the C-type, which is characterized by a
linear initial section, which corresponds to the preservation of the
number of adsorbed centers in a wide range of cesium concentra-
tions, up to the maximum possible adsorption of the adsorbent
from the solution. At the same time, the conditions for obtaining
type-C isotherms were the presence of “flexible” layers or regions
with different degrees of crystallinity in the porous sorbent; the
high affinity of the adsorbing substance (cesium ions) to the sor-
bent; the high penetrating ability of the adsorbent to the structural
geometry of the sorption material.

3.1. Determination of sorption characteristics to the 3’Cs
radionuclide

To obtain comparative characteristics of the studied samples
under similar conditions, we carried out the sorption of cesium and



A. Dran'kov, O. Shichalin, E. Papynov et al.

Nuclear Engineering and Technology xxx (Xxxx) Xxx

Fig. 3. SEM images of nanostructured magnetic composites obtained at different temperatures of hydrothermal synthesis, a,a* - NaFeA-90, b,b* - NaFeA-120, c,c* - NaFeA-150, d,d*

- NaFeA-180.

strontium radionuclides on the sorbents listed in (Table 3).
3.2. Determination of sorption characteristics for °°Sr radionuclide
To obtain comparative characteristics of the studied samples

under similar conditions, °°Sr was sorbed on the presented sor-
bents. The values of the distribution coefficients (Kg) of °°Sr on

various sorbents upon sorption from model solutions of the above
composition are given in Table 5.

Presented in Table 5, the results show that in a 0.1 mol/dm3
NaNOs solution, the studied NaFeA sorbent has high sorption
characteristics with respect to 2°Sr. However, in the presence of
calcium ions and seawater, it is significantly inferior to known
sorption materials — titanium phosphate, silicotitanate and MDM
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Table 1
The content of oxide phases in magnetic composites obtained at various tempera-
tures of hydrothermal synthesis.

X-ray fluorescence analysis,
wt. %

Tsynthesis, °C EDX analysis, wt. %

FE304 Na20 5102 A1203 FE304 Na20 SiOZ A1203

90 259 133 360 248 225 158 399 218

120 250 157 348 246 243 156 387 214

150 246 157 351 246 255 155 378 212

180 230 189 348 233 244 187 363 205
sorbents.

Magnetic zeolite NaFeA has a high calcium capacity (3.57 mmol/
g). However, the selectivity to strontium in the presence of calcium
ions is low and significantly inferior to almost all known studied
sorbents, as shown in Table 6.

Fig. 6 shows Sr>* ions sorption isotherms at pH 6 + 1, as well as
curves obtained by approximating experimental data with the
Langmuir, Freundlich, and Langmuir-Freundlich models.

Table 7 showed the calculated parameters for these models. The
isotherms for the samples synthesized at 90 and 120 °C had an H-
type [52] at which there was a steeply ascending section in the
region of low concentrations (Fig. 6a and b). This indicated high
affinity of sorbent to the Sr** jons and a high adsorption on the
sorbent surface. Isotherms of this type are the result of an exchange
between the functional groups of the sorbent and Sr?* ions formed
during dissociation of the adsorbent in solution. For samples syn-
thesized at 150 and 180 °C, the isotherms were of the L-type, which
is characterized by a curved initial section relative to the concen-
tration axis (Fig. 6¢ and d). Since with an increase in the proportion
of adsorption sites occupied by Sr** ions, it is more difficult to find a
vacant place, especially if the crystallites tend to form large ag-
glomerates, as shown in the SEM (Fig. 3c*-d*), the formation of
which in solution was due to increased intermolecular interaction.

Table 7 shows the calculated equation parameters after experi-
mental data approximation. Thus, the strontium ions sorption
proceeded by a monomolecular mechanism, mainly due to ion
exchange, which is confirmed by a reliable description of the
experimental data by the Langmuir model. At the same time, with
an increase in the temperature of hydrothermal synthesis, the
maximum sorption value (qmax) decreased, which is consistent
with changes in the specific surface area (Fig. 4), the chemical
composition (Table 1), and the surface morphology of the samples
(Fig. 3). The sample synthesized at 90 °C had the greatest sorption
capacity, which, as in the case of Cs™ sorption, was associated with
the largest number of ion-exchange centers on the magnetic
composite surface. The same results were revealed by Kouznetsova
et al. [43] for studying Sr>*, Cu®*, and Pb** ions adsorption on
novel mesoporous aluminosilicate/zeolite composites. It was
shown that ion-exchange process was regarded as a domain
adsorption mechanism of metal ions in solution by zeolite. Mean-
while, inner-surface complexation was domain one for
aluminosilicate.

The study of the magnetic characteristics of nanostructured
composites included the determination of the specific magnetiza-
tion in a state close to saturation (M), as well as the coercive force
(H.). Additionally, the temperature dependence of the specific
saturation magnetization of the samples was measured to study the
influence of the temperature conditions of their synthesis on the
magnetic parameters of the magnetite phase, which is part of the
samples and determines their general magnetic properties.

Fig. 7 shows the dependences of the specific magnetization of
the studied samples on the applied field strength (H). It was
established that for all the studied samples there is a complete
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absence of hysteresis (Hc and residual magnetization Mr are equal
to 0). This behavior was possible for magnetite particles in the
superparamagnetic state [53]. For magnetite, the critical volume of
nanoparticles in the superparamagnetic state was equal to:

25kBT

Vgp = Ku

(8)

where are kg is the Boltzmann constant, T is the sample tempera-
ture at measurement (T), K, is the magnetic anisotropy (K, = —1,1
x 10° erg/em?) [54].

The calculated critical diameter of magnetite nanoparticles was
equal to Dsp = 26 nm. The magnetization behavior of an ensemble
of nanoparticles in a magnetic field was well described by the
Langevin function, which confirms the presence of a super-
paramagnetic state:

B mH\  kgT

where are m = M%D} is the magnetic moment of each nanoparticle,
D is the diameter of the nanoparticle [54].

The average diameter of the nanoparticles calculated from the
approximation for all samples was 27.9 + 1.5 nm, which is in good
agreement with the Dp. It is important to note that the size of Fe304
nanoparticles did not change with an increase in the temperature
of hydrothermal synthesis.

The unambiguous relationship between the specific saturation
magnetization and the applied field strength for the main magne-
tization curve, for the curve M(H) with an increase and decrease in
the conditionally positive and negative H values allowed to limit
ourselves to two branches of the dependence M(H) (Fig. 7). The
calculated (theoretical) value of the specific magnetization of iron
at its content for 12—15 wt % in the composition of the magnetite
phase was 17—19 emu/g. For comparison, specific magnetization of
magnetite saturation was 92.4 emu/g, and the weight content of
iron in its composition was 72 wt%. Thus, the experimentally ob-
tained value of the specific magnetization of saturation fully cor-
responded to the amount of iron in the magnetite phase
composition. The experimentally measured values of the specific
saturation magnetization completely coincided with the calculated
value (Fig. 7).

Fig. 8 shows the dependences of the specific saturation
magnetization of the studied samples on the heating temperature.
It was determined that the Curie temperature for all the studied
samples was 580 °C. Thus, the temperature conditions of hydro-
thermal synthesis studied in the range of 90—180 °C did not affect
the composition and structure of the magnetic phase, and the
oxidation of magnetite did not occur.

The results of magnetic studies showed that the coercive force
was close to zero, so the synthesized nanostructured composite
sorbents belong to soft magnetic materials with a relatively high
specific saturation magnetization. In this regard, firstly, the parti-
cles of this sorbent in the absence of a magnetic field will not have a
dipole interaction, which will exclude their agglomeration when
dispersed in purified solutions. Secondly, when such a sorbent was
exposed to a constant 2000—3000 Oe, its high efficiency of mag-
netic separation will be achieved.

4. Conclusions

Magnetic nanostructured sorbents based on composites of
zeolite nosean and magnetite were obtained by hydrothermal
synthesis. It was established that in the samples obtained during
hydrothermal treatment in the range of 90—150 °C, only the
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Fig. 5. Isotherms of cesium sorption by nanostructured magnetic composites obtained at different temperatures of hydrothermal synthesis and approximation isotherms based on
Langmuir, Freundlich, and Langmuir-Freundlich models.

Table 2

Calculated parameters of the Langmuir, Freundlich, and Langmuir-Freundlich models for Cs* sorption isotherms.

Model Parameters T synthesis» °C
90 120 150 180
Langmuir Qmax 229.6 139.9 139.9 18.18
Ky 0.08 0.05 0.05 2.61
R? 0.92 0.99 0.99 0.74
Freundlich Kg 24.20 15.73 15.29 14.46
n 0.60 0.49 0.50 0.08
R? 0.88 0.99 0.99 0.73
Langmuir-Freundlich max 192.41 96.35 96.67 17.03
K 0.95 0.95 1.02 0.68
R? 0.99 0.83 0.84 0.49

Table 3

Characteristics of the materials used for the sorption of cesium and strontium radionuclides.

Sorbent Manufacturer Sorbent composition Particle size,  Technical conditions
mm
NaA Ishimbay Chemical Catalyst Plant, Republic of Bashkiria, Sodium form of type A zeolite 0.2-0.5 2163-003-15285215-
Russia; 2006.
Clinoptilolite Deposits “Sokirnitsa”, Ukraine Zeolite 0.2—0.5 14.5-00292540.001-
2001
Termoxid 35 JSC “TERMOXID"Co (Zarechny, Zirconium 04-1.5 2641-019-57983206-
Sverdlovsk region) Hydroxide 2012
Nickel potassium ferrocyanide;
Termoxid 3A JSC “TERMOXID"Co (Zarechny, Sorbent based on hydrated titanium and zirconium  0.4—1 2641-004-12342266-
Sverdlovsk region) dioxides 2004
FT-1 ICTREMS KSC RAS, Apatity; Titanium phosphate 0.3—-0.5 —
TC-1 ICTREMS KSC RAS, Apatity; Sodium potassium titanosilicate 0.3-0.5 -
FNC-10 SPE Ektos-Atom, JSC (Moscow) Nickel potassium ferrocyanide 0.2-0.5 2641-012-57989206-
2012
MDM Industrial batch, manufacturer - IPCE RAS Sorbent based on modified manganese dioxide 0.2—0.5 2641-001-51255813-

2007

The values of the distribution coefficients (Kq) of '*’Cs on various sorbents during sorption from model solutions of the above composition are given in (Table 4).
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Table 4
Values of the distribution coefficient (Kg) of '*’Cs on various sorbents during sorp-
tion from model solutions.

Sorbent Kq4 values of '*7Cs, cm?/g in solution:

0,1 mmol/dm® NaNO; 1,0 mmol/dm® NaNO;  Sea water
NaFeA 2.5 x 10° 0.2 x 10° 1.7 x 103
NaA 8.9 x 10° 0.7 x 10° 0.2 x 10°
Clinoptilolite 1.6 x 10° 0.1 x 10° 1.5 x 10°
FT-1 73 x 10° 0.8 x 10° 8.8 x 10°
TC-1 5.7 x 10% 2.9 x 10% 1,8 x 10*
FNC-10 8.4 x 10* 7.3 x 104 1,1 x 104
Termoxid 35 1.2 x 10° 8.1 x 10* 3,1 x 10*

The results presented in the table show that in terms of sorption characteristics with
respect to '37Cs, the NaFeA sample is superior to NaA and Clinoptilolite, only in
seawater. Regarding absolute Ky values, '*’Cs NaFeA in all studied media is inferior
to almost all studied sorbents.

Table 5

Values of the distribution coefficient (K4) of °°Sr on various sorbents during sorption
from model solutions.

Sorbent Kd values of °°Sr, cm?/g in solution

0,01 mmol/dm?® CaCl, 0,1 mmol/dm® NaNO;  Sea water
NaFeA 1.5 x 103 1,1 x 10* 0.2 x 10°
NaA 0.3 x 10° 8,5 x 10* -
Clinoptilolite 0.3 x 10? 0.3 x 10? <10
Termoxid 3K 0.2 x 10° 3,5 x 10* 0.5 x 10°
MDM 53 x 10° 4,0 x 10* 0.6 x 10°
FT-1 4,6 x 10* 51 x 10* 47 x 10°
TC-1 3,5 x 10* 4,1 x 10° 73 x 10°

magnetite crystalline phase was identified, with an increase in the
treatment temperature to 180 °C, an impurity of the crystalline
zeolite nosean was formed. All samples were characterized by a
mesoporous structure with a specific surface area of 18.3—54.8 m?/

(a3
N
=3
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Table 6

Values of the static exchange capacity (SEC) for Ca®", the distribution coefficient (Kq)
of %°Sr and the separation coefficient of the Sr/Ca pair (Dsy/ca) on various sorbent
samples (solution 0.01 mol/dm? CaCl,, pH = 6.0).

Sorbent SEC for Ca®*, mmol/g Kq °°sr, em®/g Dsi/ca

NaFeA 3,57 1.5 x 103 2,1

Termoxid 3K 0,23 0.2 x 10° 89

FT-1 1,78 4,6 x 10* 61

TC-1 1,61 3,5 x 10* 72

MDM 0,83 53 x 10° 37
Table 7

Calculated parameters of the Langmuir, Freundlich, and Langmuir-Freundlich
models for Sr** sorption isotherms.

Model Parameters T synthesiss °C
90 120 150 180
Langmuir Omax 105.1 104.1 27.86 25.87
Ky 0.75 0.77 1.55 1.73
R? 093 0.92 0.90 0.98
Freundlich K 41.32 41.53 15.10 14.78
n 0.29 0.29 0.17 0.13
R? 0.90 0.90 0.87 0.91
Langmuir-Freundlich Qmax 92.41 96.35 28.10 27.70
Kk 0.20 0.95 0.76 0.54
R? 0.92 0.93 0.92 0.90

g, slit-like and cylindrical pores, for samples obtained at 90—150
and 180 °C, respectively. According to the sorption capacity of
stable cesium and strontium ions, the samples were arranged in the
following order 90 °C > 120 °C = 150 °C > > 180 °C. The sorption
isotherms of cesium and strontium ions were reliably described by
the Langmuir monomolecular adsorption equation, which
confirmed the ion-exchange sorption mechanism. The maximum
sorption capacity to cesium and strontium ions of 229.6 and
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Fig. 6. Isotherms of strontium sorption by nanostructured magnetic composites obtained at different temperatures of hydrothermal synthesis and approximation isotherms based

on Langmuir, Freundlich, and Langmuir-Freundlich models.
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105.1 mg/g was achieved for a sample obtained at 90 °C.

The sorption characteristics of this material with respect to *’Cs
and 2°Sr radionuclides are superior to sorption materials of a
similar type (NaA and clinoptilolite) only in seawater, where the
(Kq) value for cesium can reach 1.7 x 10% ml/g, which indicates that
they are promising for use in purification of seawater from radio-
active cesium. The measured magnetic characteristics of the ob-
tained composites indicated the successful magnetic modification
of the nozean zeolite with magnetite and the prospects for the use
of a magnetic field during the separation of spent sorbents.
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