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Abstract―Synthesis of a nanostructured magnetic aluminosilicate sorbent for the efficient removal of 90Sr
from aqueous media has been investigated. The inorganic sorbent was obtained by co-precipitation followed
by hydrothermal treatment to give a composite with nanoparticles of magnetic phase based on Fe3O4 (5–10 nm)
uniformly distributed in an amorphous aluminosilicate matrix (in 1 : 3 ratio). Structural studies confirmed
mesoporous morphology (specific surface area is 40 m2/g) and thermal stability up to 1000°C. The sorption
material displays superparamagnetic properties (18 emu/g), which enable its efficient magnetic separation
from purified solution. The maximal capacity toward stable Sr2+ ions is 105 mg/g (Langmuir model), with
high distribution coefficients for radionuclides Kd (90Sr) = 2273–2368 mL/g even in the presence of compet-
itive Ca2+ ions (100 mg/L). The sorption material is promising for the purification of liquid radioactive
wastes.
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INTRODUCTION
One of the most topical tasks of inorganic synthesis

is to prepare highly efficient inorganic sorption mate-
rials for the selective recovery of dissolved radionu-
clides, in particular 90Sr, from different liquid media
[1–3]. This isotope shows long half-life and high
migratory ability and poses a threat to environment
and human health. Traditional methods for removal of
90Sr using inorganic synthetic sorbents, for example
widespread crystalline aluminosilicates as zeolites,
already proved their efficiency [4–7]. However, these
approaches have a number of confinements such as
complication of separation of inorganic sorbent from

purified medium and high cost of centrifugation pro-
cesses [8].

In recent years, a considerable attention is paid to
the development of magnetic inorganic sorbents
which combine high sorption capacity with possibility
of fast and efficient separation under the action of
external magnetic field. Examples of such sorbents
which are currently studied by researchers are modi-
fied and synthetic aluminosilicates prepared by differ-
ent methods of inorganic synthesis [9–11]. For exam-
ple, the paper [12] reported sol–gel synthesis of mag-
netic composite sorbents based on cobalt ferrite,
vermiculite, and rice husk with high degree of Methy-
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lene Blue removal from aqueous solutions as a model
of organometallic complexes with radionuclides in
service water. The work [13] describes granular
(Fe3O4/LDH-ST, capacity of 0.60 g/g) and sponge
(MEL-Fe3O4/LDH-ST, capacity of 21.36 g/g) mag-
netic sorbents based on layered double hydroxides
modified with sodium stearate, which exhibit high
hydrophobicity (contact angle of 100–109°), efficient
oil removal, including oil product mixtures. The works
[14, 15] reported preparation of magnetic sorbent by
chemical co-precipitation of Fe2+ and Fe3+ ions in the
presence of zeolite A and assessment of its efficiency
toward Cs+ and Sr2+. Another research [16] describes
the method of insertion of iron nanoparticles in zeolite
structure for the recovery of Cs+. Nanosized magnetic
zeolites were also obtained in the works [17–19] using
methods of reductive deposition of iron nanoparticles
on commercial zeolites for the efficient sorption of
cesium and strontium from aqueous media. The study
[20] reports a procedure for impregnation of magnetite
into zeolite Y nanoparticles obtained by hydrothermal
method for designing magnetic sorbent for the recov-
ery of cesium and strontium radionuclides. These
studies confirmed high performance of these materials
in the selective recovery of Cs+ and Sr2+ (simulating
radioactive isotopes) from aqueous medium. The sor-
bents retain magnetic properties that allows the man-
agement of their relocation by external magnetic field,
which makes them promising for practical application.

The scientific problem is to overcome the funda-
mental contradiction between high sorption charac-
teristics and processability of application of inorganic
sorbents for purification of liquid radioactive media.
Existing materials show either sufficient capacity and
selectivity toward strontium radionuclides or conve-
nience of separation from purified solution but do not
combine these key properties in one system [21, 22].
A strong demand in the design of stable materials
capable of efficient performance under real conditions
of complex salt mixtures of liquid radioactive wastes is
retained. The scientific significance of the work is
determined by the solution of fundamentally import-
ant task: development of methodology for the directed
synthesis of functional aluminosilicate sorbents with
controllable ion-exchange and magnetic properties.

The aim of this work is to develop efficient mag-
netic nanostructured aluminosilicate sorbent for the
selective recovery of 90Sr radionuclides from aqueous
media, which combines high capacity, selectivity, and
possibility of magnetic separation and enables devel-
opment of efficient technology for the purification of
liquid radioactive wastes.

EXPERIMENTAL

Chemicals and Procedure for the Synthesis
of Magnetic Aluminosilicate

Synthesis of nanostructured sorbent based on mag-
netic aluminosilicate was carried out by co-precipita-
tion (Massart method) [23] using solution of
FeCl3·6H2O and Mohr’s salt Fe(NH4)2(SO4)2·6H2O.
Monoethylene glycol was used as a stabilizer of result-
ing iron nanoparticles. Zeolite was prepared using
sodium silicate Na2SiO3·5H2O and sodium aluminate
NaAlO2. All chemicals of 99.9% purity were pur-
chased from Sigma-Aldrich.

Magnetic aluminosilicate was prepared in two
steps: (1) magnetite (Fe3O4) nanoparticles were first
obtained by co-precipitation method in aqueous gly-
col solution, (2) next, hydrothermal crystallization of
aluminosilica gel was performed by the following
scheme. Powders of 12 mmol of FeCl3·6H2O and 8.3
mmol of Fe(NH4)2(SO4)2·6H2O was added to 120 mL
of a diluted aqueous solution of monoethylene glycol
(MEG : water ratio is 1 : 1) on heating with constant
magnetic stirring. Next, 35 mL of 24% solution of
ammonia was added dropwise and the mixture was
stirred for 20 min. Sequentially, 17.2 mL of 2 M Na2SiO3·
5H2O solution and 52.8 mL of 0.325 M NaAlO2 solu-
tion was added to the prepared solution. The resultant
solution was stirred for 30 min. Solution temperature
was maintained in the range 75–85°C. Next, the solu-
tion was poured in a 250-mL autoclave and kept at
90°C and pressure of 70.12 kPa for 6 h. Then, the
resultant black precipitate was separated by filtration,
washed with distilled water until pH of the filtrate
becomes neutral, and dried at 90°C for 4 h.

Methods of Physicochemical Study
of Material Properties

Sample phases were identified by X-ray powder
diffraction (XRD) on a Colibri Burevestnik X-ray dif-
fractometer (Russia): CuKα radiation, Ni filter, aver-
age wavelength (λ) 1.5418 Å, the angular range of 2θ
was 5–90° with a step size of 0.02°, and scan rate of
5°/min. Specific surface area was determined on a
Quantochrome Autisorb-IQ instrument (USA) by
physical sorption–desorption of nitrogen at 77 K, the
data were calculated by BET method. Filtrates were
analyzed for cesium and strontium content on a Shi-
madzu АА-7000 atomic absorption spectrophotome-
ter (Japan), determination error was not larger than
5%. Images of sample surface were obtained using a
Carl Zeiss Ultra 55 scanning electron microscope
(Germany) with a Bruker add-on unit for energy-dis-
persive microanalysis (Germany). Samples were char-
acterized by transmission electron microscopy (TEM)
on a JEOL JEM 2100 microscope (Japan) with accel-
erating voltage of 200 kV and resolution of 0.19 nm.
Magnetic characteristics were studied on a vibrating-
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sample magnetometer (VSM) incorporated in a
Quantum Design Physical Property Measurement
System (PPMS) (USA) and on a Lake Shore 7401
VSM (USA).

Study on a Synchrotron Radiation Source

X-ray diffraction experiments with heating were
performed using a Synchrotron Radiation Source on
the 3-B Station (“Diffraction Movie”) of the electron
storage ring VEPP-3 [24] in the Budker Institute of
Nuclear Physics, SB RAS [25]. Diffraction patterns
were registered with an OD-3 single-coordinate
detector [26]. Wavelength of monochromatic radia-
tion was 1.51 Å within scanning angle range 2θ 18–
50 deg. The sample was placed in a special furnace,
which was heated at constant rate of 15°C/min to
400°C and 5°C/min to 1000°C. Exposure time for
OD-3 was 60 s.

Study of Static Sorption of Stable Strontium Isotopes.

Sorption properties of samples of magnetic com-
posites prepared by hydrothermal synthesis at differ-
ent temperatures were studied under static sorption
conditions for stable strontium isotopes from distilled
water. Sorption isotherms were obtained using solu-
tions with different concentration of stable strontium
isotopes (Sr(NO3)2), pH value of liquid media was
6.0 ± 0.5. Initial concentration of ions of stable cesium
and strontium in model solutions was 150 mg/L.

Experiment was carried out by the following
scheme. A 10-mg weighed sample of sorbent was
placed in an Eppendorf tube and 10 mL of stable
strontium solution was added (S : L = 1/1000). A series
of tubes were fixed in a vertical shaker and stirred at a
rate of 20 rpm. Sorption was performed for 48 h. Next,
the solution was separated from the sorbent using a
“blue ribbon” filter paper and the residual content of
stable cesium and strontium ions was determined by
atomic absorption spectrometry.

Purification degree (PD, %) was calculated
according to the formula:

(1)

where C0 is initial concentration of Sr2+ in solution,
mg/L; C1 is Sr2+ concentration in solution after sorp-
tion, mg/L.

Sorption mechanism was assessed based on Sr2+

sorption isotherms, which are dependence of amount
of sorbed substance on solution concentration at con-
stant temperature. Sorption isotherms were described
using known models for sorption on solid/liquid border.

Freundlich equation:

(2)

− ×0 1

0

 PD =   100%, C C
C

Γ = f ,mK С

where C is equilibrium concentration of Sr2+ (mg/L);
Kf is Freundlich constant that characterizes relative
adsorption ability and represents adsorption value at
equilibrium concentration equal to one; m is the coef-
ficient showing non-uniformity of exchange centers
that characterizes the change in adsorption heat
depending on filling extent,

Langmuir equation:

(3)

where Gmax is the value of limiting sorption (mg/g); C
is equilibrium concentration of Sr2+ (mg/L); Kl is
adsorption equilibrium constant that characterizes
adsorbent–adsorbate binding energy.

Combined Langmuir–Freundlich equation:

(4)

where Gmax is the value of limiting sorption (mg/g); C
is equilibrium concentration of Sr2+ (mg/L); Klf is
adsorption equilibrium constants that characterize
adsorbent–adsorbate binding energy; m is the coeffi-
cient showing non-uniformity of exchange centers
characterizing the change in adsorption heat depend-
ing on filling extent. Experimental data were approxi-
mated by these equations in nonlinear form using Sci-
Davis program.

Study of Static Sorption of 90Sr Radionuclides

Sorption characteristics of samples toward 90Sr
radionuclides were determined under static conditions
using procedure given below. A weighed sample of air-
dry sorbent about 0.01 g was stirred with 10 cm3 of
solution for 48 h. Solutions with strontium stable iso-
tope concentration of 10 mg(Sr2+)/L and different
concentrations of calcium stable isotopes were used as
model solutions of liquid radioactive wastes (LRW).
Prior to experiments, a label of 90Sr radionuclide in
amount of ~105 Bq/dm3 was added to the solution.
After completion of adsorption, the mixture was fil-
tered through a blue-ribbon filter paper and specific
activity of 90Sr was determined with a Perkin Elmer
Tri-Carb 2910 TR liquid scintillation alpha-beta spec-
trometer (USA). Values of distribution coefficients (Kd)
for 90Sr radionuclides were calculated by equation (5):

(5)

where A0 and As are specific activity of radionuclide
(Bq/dm3) in initial solution and filtrate, respectively;
Vs is liquid phase volume (cm3); ms is sorbent weight, g.
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RESULTS AND DISCUSSION

The hydrothermal synthesis of aluminosilica gel in
combination with nanosized Fe3O4 particles resulted
in nanostructured powder of magnetic composite
whose structure was studied by electron microscopy
(Fig. 1). According to SEM data (Fig. 1a), the struc-
ture of the obtained samples is represented by nano-
sized (less than 20 nm) spherical particles, which pro-
duce larger agglomerates. The composite displays uni-
form morphology without distinct separation between
aluminosilicate and magnetic phases.

TEM study exhibited that the composite is repre-
sented by agglomerates of secondary particles of quasi-
spherical shape 0.5–1 μm in size, whose surface con-
tains micro- and mesopores formed on the contact
boundaries between primary particles (Figs. 1b and
1c). The primary particles (crystalline grains) have a
quasi-spherical shape and size of 20–40 nm (Fig. 1b).
There are dark inclusions 5–10 nm in size (Figs. 1b
and 1d) corresponding to magnetite nanoparticles

(Fe3O4), whose presence provides magnetic properties
of the aluminosilicate composite important for its
application as a magnetic sorbent for radionuclides.

According to elemental analysis performed by
X-ray fluorescence and energy-dispersive X-ray spec-
troscopy (Table 1), it was found that Al2O3/SiO2 ratio
varies in the range 1.4–1.9, which corresponds to the
structure of type A zeolite. The ratio of magnetite and
aluminosilicate retains within 1 : 3.

Low-temperature adsorption–desorption iso-
therms correspond to the type IV according to IUPAC
classification typical for mesoporous materials (Fig.
2a). The observed hysteresis loops of H1 type with
sharp increase in adsorption capacity in the regions of
high relative pressure (р/р0 → 0.95–0.99) indicate the
presence of slot-like pores in composite structure. The
data of DFT analysis (Fig. 2b) indicate the presence of
micro-, meso-, and a certain number of macropores.
Specific surface area of the material is 40 m2/g.

Fig. 1. (a) SEM and (b, c, d) TEM images of nanostructured magnetic aluminosilicate.
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According to XRD data (Fig. 3), the main crystal-
line phase is magnetite (Fe3O4). Aluminosilicate phase
is represented in amorphous state.

According to elemental analysis by X-ray f luores-
cence and energy-dispersive X-ray spectroscopy
(Table 1), it was found that quantitative Al2O3/SiO2
ratio varies within 1.4–1.9, which corresponds to the
composition of structural type A zeolite. The ratio of
magnetite and aluminosilicate retains within 1 : 3.

The study of magnetic properties of a sample of
nanostructured magnetic aluminosilicate included
determination of specific magnetization in the state close
to saturation (M) and coercive force (Hc) (Fig. 4a).
Moreover, we studied temperature dependence of spe-
cific magnetization of saturation of samples to exam-
ine effect of temperature conditions of their synthesis
on magnetic parameters of magnetite phase incorpo-
rated in sample composition and affecting general
magnetic properties of studied sorbents (Fig. 4b). Fig-
ure 4a shows the dependences of specific magnetiza-
tion of sample on the strength of applied field (H). It
was found that complete absence of hysteresis is
observed for the studied sample (Hc and residual mag-
netization Mr are equal to 0). Such a behavior is possi-
ble for magnetite particles under superparamagnetic
state [27, 28]. The calculated critical diameter of mag-
netite nanoparticles is Dsp = 26 nm. Magnetization
behavior of nanoparticle ensemble in magnetic field is

well described by Langevin function, which confirms
the presence of superparamagnetic state.

(5)

where  is the magnetic moment of each

nanoparticle, D is nanoparticle diameter [29]. The
average nanoparticle diameter calculated from
approximation, is 27.9 ± 1.5 nm for all samples, which
agrees well with Dsp. Calculated (theoretical) value of
specific magnetization of iron at its content of 12–
15 wt % in magnetite phase in studied sample is
18 emu/g. For comparison, the specific magnetization
of saturation for magnetite is 92.4 emu/g, while weight
content of iron in magnetite is 72 wt %. Thus, the
experimental value of specific magnetization of satu-
ration for sample completely corresponds to iron
amount in magnetite phase. Experimentally measured
values of specific magnetization of saturation coincide
with calculated value (Fig. 4a).

Figure 4b displays temperature dependence for
specific magnetization of saturation for sample under
study. Curie temperature was found to be of 580°С.
Thus, temperature conditions of hydrothermal syn-
thesis (90°С) have no effect on the composition and
structure of magnetic phase in samples, no magnetite
oxidation takes place.
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Table 1. Content of oxide phases for magnetic composited obtained by hydrothermal method at different temperatures

Tsynthesis, °C
X-ray f luorescent analysis, wt % Energy-dispersive microanalysis, wt %

Fe3O4 Na2O SiO2 Al2O3 Fe3O4 Na2O SiO2 Al2O3

90 25.9 13. 3 36.0 24.8 22.5 15.8 39.9 21.8

Fig. 2. (a) Low-temperature (77 K) nitrogen sorption–desorption isotherms and (b) a histogram of pore size distribution calcu-
lated by DFT for nanostructured magnetic aluminosilicate.
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According to in situ XRD data on synchrotron
radiation source (Fig. 5), magnetic aluminosilicate
retains its amorphous structure on heating up to
1000°C in air. No phase transitions or structural
changes are observed at temperature up to 400°C.
A partial oxidation of magnetite (Fe3O4) incorporated
into zeolite to form hematite (Fe2O3) proceeds on
heating to 900°C and above. Amount of crystalline
Fe3O4 in sample after heating is 57.1%, while that of
Fe2O3 formed is 42.9%. Complete oxidation of mag-
netite does not achieved because magnetic particles of
5–10 nm in size, which was confirmed by TEM data
(Fig. 1b and 1d), are involved in the bulk of amor-
phous phase of aluminosilicate matrix. In spite of
these changes in the phase composition of iron oxides,
the amorphous structure of aluminosilicate matrix

remains stable up to 1000°C, which confirms the ther-
mal stability of the composite on oxidative heating.

The study of adsorption characteristics of nano-
structured magnetic aluminosilicate toward Sr2+ sta-
ble strontium isotope was carried out using three clas-
sic isothermal models (Fig. 6, Table 2). Analysis of
experimental data exhibited that Langmuir model
provides the best description for adsorption process
with determination coefficient R2 = 0.93, which indi-
cates a monolayer adsorption character on energeti-
cally uniform active centers of adsorbent surface
during ion exchange processes [30]. The value of max-
imal sorption capacity by Langmuir equation of Q =
105 mg(Sr2+)/g is comparable with capacity character-
istics of promising sorbents for strontium removal
reported in the actual scientific literature [5, 31].

The selectivity of nanostructured magnetic alumi-
nosilicate was assessed by determination of distribu-
tion coefficients of 90Sr radionuclide in the presence of
competitive calcium ions (Table 3). In monocompo-
nent solution, distribution coefficient was Kd(90Sr) =
2273 mL/g, while the presence of calcium cations at
concentration of 100 mg/L had no effect on the
adsorption properties of the material, and distribution
coefficient was Kd(90Sr) = 2368 mL/g. Increase in cal-
cium concentration up to 1000 mg/L leads to decrease
of distribution coefficient down to Kd(90Sr) = 1328 mL/g,
which is about 58% of initial value. This decrease is
caused by the competitive adsorption of Ca2+ and Sr2+

ions on the surface active centers because these ions
have similar physicochemical properties and close
ionic radii. Nonetheless, the obtained values of distri-
bution coefficient remain rather high for the efficient
application of this material for purification of liquid
radioactive wastes from 90Sr, because they exceed
103 mL/g [32, 33].

Fig. 3. Diffraction pattern for nanostructured magnetic
aluminosilicate.
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CONCLUSIONS

In this work, we have synthesized nanostructured
magnetic aluminosilicate sorbent that combines high
adsorption capacity toward strontium radionuclides
(90Sr) and the possibility of efficient magnetic separa-
tion. Co-precipitation method followed by hydrother-
mal crystallization allows preparation of composite
where magnetic phase as magnetite nanoparticles
(Fe3O4) of 5–10 nm in size is uniformly distributed in
amorphous aluminosilicate matrix with phase ratio of
1 : 3. The structural and morphological studies (SEM,
TEM, and XRD) confirmed the formation of meso-
porous structure with specific surface area of 40 m2/g,
which provides the high availability of active centers
for sorption. The thermal stability of the composite
was confirmed by in situ XRD on synchrotron radia-
tion source: aluminosilicate matrix retains amorphous
structure up to 1000°C, while the oxidation of magne-

Fig. 5. Kinetics of phase transformations according to in situ synchrotron X-ray diffraction on heating of nanostructured mag-
netic aluminosilicate in air up to 1000°C.
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tite to hematite begins only at 900°C, which indicates
the distribution of these nanoparticles in the bulk of
aluminosilicate matrix, which confines their oxidation
process.

We revealed the superparamagnetic behavior of the
material with zero coercive force and specific magne-
tization of saturation of 18 emu/g, which allows one to
control the sorbent by external magnetic field under
conditions of magnetic separation from purified solu-
tion.

Sorption testing have shown that the material effi-
ciently removes 90Sr ions with maximal capacity of
105 mg/g, which corresponds to the data of Langmuir
model (R2 = 0.93), indicating monolayer adsorption.
Sorbent selectivity was confirmed by the high distribu-
tion coefficients Kd(90Sr) = 2273–2368 mL/g even in
the presence of competitive Ca2+ ions (100 mg/L),
although increase in calcium concentration to
1000 mg/L leads to decrease of Kd to 1328 mL/g.

Thus, the developed magnetic aluminosilicate
shows the promise for the practical application in the
purification of liquid radioactive wastes and combines
high sorption capacity, selectivity, thermal stability,
and convenience of magnetic separation, which
addresses key processing concerns related to common
sorbents.
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