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SUMMARY

The article presents the results of a study of the strontium-90 and cesium-137 radionuclides
sorption by the anatase nanopowder, synthesized by a chemical method using titanium
tetraisopropoxide as a precursor in an alkaline medium. The anatase particles were studied
before and after sorption by electron microscopy, X-ray phase analysis, thermographic
analysis and infrared spectroscopy. To study the sorption efficiency, radioactive tracers of
137Cs and *°Sr were added to the simulated solution. The sorption characteristics (degree of
sorption, %) and distribution coefficients (K4, ml/g) of cesium-137 and strontium-90 ions
between anatase and the simulated NPP wastewater are given. Was determined the sorbed
forms of *°Sr and '*’Cs on anatase (water-soluble, ion-exchange and fixed forms) by using
sequential leaching procedure. These data illustrate a high sorption capacity of nanosized
anatase towards strontium-90 (with a minimum percentage of the water-soluble form) and a
weaker sorption capacity towards cesium-137 radionuclides. It can be used simultaneously
with other selective radionuclide sorbents.
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Introduction

Considering the impact of various radioactive water pollutants on the environment, the '*’Cs and *°Sr
radionuclides are of special interest due to their radiotoxicity and mobility. Various sorbents, in
particular, those based on titanium oxides and hydroxides are used for decontamination
(Wang et al., 2022). Despite the fact that the sorption of metal ions and some radionuclides on
polymorphic modifications of titanium dioxide has been widely studied, there are no studies of '*’Cs
and Sr sorption on anatase nanoparticles and the influence of NPP wastewaters on the sorption
processes. So, an urgent scientific task is the selection and study of sorption materials for efficient
decontamination of radiation-contaminated aquatic environments.

The purpose of the work is evaluation of the efficiency of synthesized anatase nanoparticles for
removal of *°Sr and '*’Cs from solutions — simulated NPP wastewater.

Materials and Methods

Synthesis of anatase nanoparticles was carried out by a chemical method using a titanium
tetraisopropoxide solution as a titanium precursor (Lavrynenko et al., 2023). To study the sorption
capacity of titanium dioxide particles towards strontium and cesium, simulated wastewater solutions

were prepared using clean for analyses salts. The composition of the solutions is presented in Table 1.

Table 1 Chemical composition of the simulated wastewater solution".

Tons Concentration, Tons Concentration,
mg/dm? mg/dm’
BOs* 2000 Na* 1593
NO5 693.8 K* 386
SO4 81.8 Co?* 50
CI 998.9 Mn?* 10
Fe?* 5 Srt* 50
Ca** 5 Cs*” 50
Mineralization 7.035 g/dm?
pH 11.8 units

" The composition of the simulated wastewater is given after its ozonation to destroy organic
complexes and remove sediments formed during the ozonation process (Shabalin et al., 2022).

The use of radioisotope tracers in the research. The radioactive tracers *’Cs (t;, = 30.15 years) and
%81 (ti2 = 28.79 years) were added to the model solution. The activity of *’Cs in the model solution
was 3.8 x 10° Bg/dm®, *°Sr — 1.7 x 10> Bq/dm®. Powdered anatase was mixed with the model solution
and kept at room temperature for 24 hours. Then, it was filtered through a microporous Capron
membrane filter (0.2 pm pore size) and washed with double distilled water using a Buchner funnel
vacuum pump and a Bunsen flask. Then, it was air-dried at room temperature. The residual activity of
the filtrate and the final pH values were measured. The coefficient of interphase distribution (Kg,
ml/g) is equal to the ratio of the amount of the adsorbed radionuclide by the rock to its content in the
solution:

Co—C
Ko =2 =(

V
)X(E)

where N — mass of sorbed radionuclide, g/g of sorbent; C — concentration in the solution after
sorption, g/dm’; Cy — initial concentration in the solution, g/dm’; V — the volume of the liquid
phase, ml.; m — mass, g.
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The sequential leaching procedure was used to determine the sorbed forms of *°Sr and *’Cs on
anatase. (Bondarenko et al., 2014).

Results and Discussion

The synthesized anatase forms porous spheroids with particles size of approximately 15-20 nm and
particle agglomerates size of 100-200 nm (Fig. 1a). For the untreated powders, easy destruction of
agglomerates in an aqueous environment is noted. In the presence of inorganic chemicals in the
solution, formation of colloidally stable sols is probable (Lavrynenko et al., 2023). Fig. 1b presents an
X-ray diffraction pattern of the nanopowder used for sorption studies in the simulated NPP
wastewater solutions. According to X-ray diffraction data, the crystallographic characteristics of the
synthesized anatase correspond to the typical values of the standard anatase samples included in the
ASTM databases.
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Figure 1 SEM images of anatase nanopowder (a), XRD diffractogram of anatase nanopowder (b).

Analysis of the chemical composition of the anatase surface after the contact with the simulated
wastewater solutions, carried out by energy-dispersive spectroscopy, showed the presence of adsorbed
ions — sodium, potassium, manganese, iron, cobalt and strontium (Table 2), which implies a high
sorption capacity of the synthesized anatase.

Table 2 Chemical composition of anatase surface layer (EDS-data)” after contact with simulated
wastewater solution.

Number of Na,O | KO | TiO; | MnO | FeO | CoO SrO Total (oxide),
determining area mass %
3 7.62 | 1.15 | 69.21 | 325 | 2.28 | 1099 | 5.50 100
4 534 | 058 | 72.60 | 2.68 | 3.16 | 8.01 7.63 100
5 842 | 1.00 | 5458 | 3.01 | 292 | 8.65 | 21.42 100

"Average values of measurements with an area of 0.25 mm?®.

The initial anatase samples and those after the contact with the simulated wastewater solution were
studied by infrared spectroscopy (Fig. 2). The spectrum in Fig. 2b taken after adsorption of cesium
and strontium demonstrates a shift of characteristic frequencies towards higher values and an increase
in their relative intensity compared to the initial anatase. The shift of anatase bands after contact with
the simulated wastewater can be attributed to the fixation of the components on the anatase surface
with the formation of additional surface bonds Ti — hydroxyl and Ti — oxygen, as well as to the
influence of the anionic component of the dispersion medium. The wide halo and asymmetry of the
bands indicate a high dispersion and structural defects of the anatase samples.
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Figure 2 Infrared spectra of anatase powder: a — initial; b — after contact with the simulated
solutions.

The obtained kinetic curves of **Sr and “’Cs sorption on the nanosized anatase show that the
equilibrium between the liquid and solid phases is established within 6 hours (Fig. 3a). The further
increase in the exposure time does not lead to a significant improvement in the adsorption capacity.
The nanosized anatase showed a high sorption capacity towards *’Sr. The degree of sorption reaches
99.9% during the time of experiment (from 6 to 24 h). The maximum degree of sorption of *’Cs is
66.5%. Thus, the anatase sorbs *°Sr much more efficiently than '*’Cs. Based on the values of the
radionuclide activity in the solutions determined after sorption, the distribution coefficients (Kq) of
%Sr and ’Cs were calculated (Fig. 3b, Table 3). They are high for *°Sr (up to 672 ml/g) and
significantly lower for '*’Cs (up to 3 ml/g).
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Figure 3 Sorption kinetics (a) of *’Sr and '*’Cs on anatase and their desorption (b).

The determination of various forms of radionuclides is crucial in assessing the migration ability of the
radionuclides sorbed by anatase for its further use as an immobilization matrix for radioactive waste
disposal. The results of experiments on desorption of the radionuclides sorbed by the anatase using
the sequential leaching method (Fig. 3b) indicate a high percentage of the fixed forms of sorbed *’Cs
(up to 68%), a significant percentage of the water-soluble form of '*’Cs (up to 22%) and a minimal
percentage of the ion-exchange form (up to 10%). The distribution of the forms of **Sr sorbed on the
anatase is completely different from that of '*’Cs, since the percentage of the water-soluble form of
%Sr is minimal (up to 2%), while the amount of the ion-exchange (45%) and the fixed (up to 53%)
forms is practically the same. This distribution of the forms during the desorption is explained by the
specific characteristics of the distribution of inner- and outer-sphere sorption centres of the anatase
(Muller et. al., 2011).
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Table 3 Distribution coefficients (Ky) of *’Sr and '*’Cs on anatase sorption.

sfgrﬁiﬁfh. Ko (S, mllg | Kq(¥Cs), ml/g
0.5 18.6 1.0
1 215 16
P 448 2.0
3 62.7 24
6 84.4 2.9
24 672.0 3.0

Thus, the nanosized anatase is an efficient sorbent for *°Sr removal from the NPP wastewaters. The
nanosized anatase retains this radionuclide sufficiently with a minimum percentage of the water-
soluble form. However, the efficiency of '*’Cs sorption by the anatase is lower, and the proportion of
the water-soluble form of cesium is quite significant (up to 22%). Therefore, it is advisable to use this
sorbent for the wastewater decontamination from *°Sr in combination with other sorbents, for
example, modified aluminosilicates.

Conclusions

The structure of the anatase corresponds to the standard parameters. The size of its particles is
approximately 15-20 nm. The particles form aggregates that are convert into colloidally stable sols.

The degree of *°Sr sorption on the anatase is up to 99.9%, while that of '*’Cs is only up to 66.5%. The
maximum distribution coefficients for *’Sr — 672 ml/g and for '*’Cs — 3 ml/g. The distribution of the
forms of **Sr and *’Cs sorbed on the anatase is the following: water-soluble form of **Sr — 2% and
37Cs — 22%; ion-exchange form of *’Sr — 45%, '¥7Cs — 10%; fixed form of *’Sr — 53%, *’Cs — 68 %.
The nanosized anatase is efficient sorbent and a reliable immobilization matrix for *°Sr.
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