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Purifying aqueous solutions from radioactive contamination is an extremely relevant scientific topic today. Many
organic and inorganic adsorbents can be recommended for the adsorption of heavy metal ions and radionuclides from
aqueous solutions, or as carriers for storage and disposal of radioactive waste.

Since radionuclides are sources of ionizing radiation, the radiation resistance of the adsorbent is an important
characteristic. These studies aim to investigate the titanium silicate behavior and its adsorption properties' changes
or their invariability in the field of intense f-radiation.

Experimental techniques describe the synthesis of titanium silicate adsorbent by sol-gel method and the study of
its adsorption capacity toward Ba’" cations. The adsorption of Ba’" cations was investigated under batch conditions
with neutral pH of the solution. Initial and residual concentrations of Ba’* cations were controlled by direct
complexometric titration with Na-EDTA with Eriochrom Black T as an indicator. The study of the radiation resistance
of the adsorbent to high-energy B-radiation was performed using a *°Sr-°Y B - source “Sirius” installed in the
Microtron Laboratory of the Uzhhorod National University. The distance from the source to the adsorbent samples
was 20 cm. The flux of electrons at this distance was 10° el/cm’-per second. The maximum energy of beta particles was
0.456 MeV for *°Sr and 2.28 MeV for °°Y. The maximum duration of exposure was 21 days, which corresponds to 1310
Gy. Raman spectroscopy of irradiated and nonirradiated samples of TiSi was performed using a Raman spectrometer
XploRA PLUS installed in the Center for Collective Use of Scientific Equipment “Laboratory of Experimental and
Applied Physics” of Uzhhorod National University.

Results consist of kinetic of Ba’" adsorption by titanium silicate and irradiated titanium silicate; isotherm of Ba®*
adsorption and Raman spectrum of nonirradiated, irradiated titanium silicate (TiSi) and TiSi after Ba’* adsorption.
Results showed that the value of the maximal adsorption was 140.5£9.2 mg/g (6.55 %) under a confidence level of
95 %. The adsorption values of barium ions by irradiated and non-irradiated titanium silicate coincide. This indicates
that the adsorption properties of this adsorbent do not change under the influence of such a radiation dose. The Raman
spectra of irradiated and non-irradiated titanium silicate coincide, while they do not identify free radicals, or ionic

formations, which would indicate a change in the properties of the adsorbent under the influence of beta radiation. It
can be argued that this adsorbent is radiation-resistant to beta-radioactivity, with a radiation dose of 1310 Gy.

The main conclusion of the present work is that the studied sample of titanium silicate is radiation-resistant. It
can withstand a radiation dose of 1310 Gy without changing its adsorption properties. Titanium silicate can be used
for the adsorption of strontium radionuclides, it can be a carrier for the disposal of radioactive waste.
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Purifying aqueous solutions from radioactive adsorbents. Since radionuclides are sources of
contamination is an extremely relevant scientific ionizing radiation, the radiation resistance of the
topic today. Many organic and inorganic adsorbent is an important characteristic [1-4].
adsorbents can be recommended for the According to publications [5, 6], the radiation
adsorption of heavy metal ions and radionuclides resistance of adsorbents is manifested in the
from aqueous solutions, or as carriers for storage invariability of their adsorption properties. The
and disposal of radioactive waste. Among them adsorbent is radiation-resistant to a certain
are ion exchange resins, adsorbents based on radiation dose if the ionizing radiation of a certain
titanium dioxide or titanium silicate, zeolites, type and a given dose does not decrease its
metal-organic frameworks, etc. However, only a adsorption capacity. In our work, the adsorption
small part of scientific papers is devoted to the capacity of titanium silicate toward barium
investigation of the radiation resistance of cations (which was measured before and after
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irradiation) was also chosen as an indicator of
TiSi radiation resistance.

These studies aim to investigate the
adsorbent’s behavior and its adsorption
properties' changes or their invariability in the
field of intense fS-radiation.

EXPERIMENT TECHNIQUE

Synthesis of adsorbent and study of its
adsorption capacity toward Ba** cations.
Titanium silicate (TiSi) was synthesized in ISPE,
NAS of Ukraine, according to the technique
described in [1, 7]. For the synthesis of titanium
silicates, titanyl sulfate TiOSOs solution was
used. TiSi adsorbents were obtained by mixing
two initial solutions: number one was prepared by
mixing pure (3.4 M) TiOSO; and ligand, a
mixture with D-sorbitol and L-lactic acid; and the
second solution was obtained by mixing a
technical solution of liquid glass (3.81 M Si) with
5 M NaOH. This process was performed at room
temperature using a magnetic agitator. The sol-gel
synthesis of this adsorbent can be described as
follows:

TiOSO4 + Na,0-2.5S8i0, + NaOH —
— Na,Ti,SikOm + nH2O(gel).

This solution was taken from the
technological sulfate line of production of the
rutile white titanium pigment. The heating
temperature was not higher than 150 °C, heating
was carried out for 48 hours.

The adsorption of Ba?* cations was
investigated under batch conditions with neutral
pH of the solution. Barium was chosen as the
object of investigation because it is an alkali earth
element. It is a heavy metal cation with chemical

90
38 Sr

properties close to radium. In addition, barium
isotopes, for example '*'Ba, can formed as fission
radionuclides, like *°Sr or '*’Cs. The mass of the
adsorbent was 0.05 g; the solution volume (V)
was 5 mL in all adsorption experiments. Initial
and residual concentrations of Ba®* cations were
controlled by direct complexometric titration with
Na-EDTA with FEriochrom Black T as an
indicator (in addition to Raman analysis of the
TiSi surface). Kinetic studies of Ba*" adsorption
by irradiated and nonirradiated TiSi were
performed using the 0.1 M BaCl, aqueous
solution with the duration of adsorption 5, 10, 15,
..., and 60 minutes. The mass of adsorbent and the
solution volume were the same, as was mentioned
before.

The adsorption values were calculated by
equations (1):
g, = Co=CV]

m

(1

where g. — the amount of adsorbate uptake at
equilibrium, mg-g™'; C, and C, — adsorbate initial
and residual (equilibrium) concentration, mg-L™";
V — the volume of the solution, L; m — is the mass
of the adsorbent (g).

Study on radiation resistance of TiSi
adsorbent. The study of the radiation resistance of
the adsorbent in relation to high-energy S~
radiation was performed using *’Sr-""Y - source
“Sirius” installed at the Microtron Laboratory of
the Uzhhorod National University. This source is
a radionuclide of *Sr in solid form on a ceramic
carrier. *°Sr is in secular equilibrium with its
daughter radionuclide *°Y. The decay chain of
these radionuclides is shown in Diagram 1.
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Diagram 1. Radioactive decay of °°Sr. Adapted from resource [§]
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The radioactive source of *°Sr — “Sirius” was
manufactured in 1980. It consists of 16 cassettes
of *Sr, the initial activity of which on the surface
at the time of manufacture was 5.55-10° Bq. In
other words, the initial activity of each of these
sources was close to 1 Ci.

After about 1.5 half-lives (present time), the
electron flux at a distance of 20 cm from the
source core is 1.10® electrons/cm? per second. The
dose was calculated according to the data (initial
activity) indicated in the data sheet and was also
controlled by a clinical dosimeter, which is
usually used to control the radiation dose at
accelerators.

These sours are called *°Sr-°Y because (a)
they were made by isolating *°Sr from a mixture
of fission radionuclides by the oxalate technique,
i.e. precipitation with yttrium oxalate; (2) °Y is a
daughter radionuclide of strontium (Diagram 1).

Y is always present in the vicinity of *°Sr
and if there is a lot of *°Sr, then *°Y radiation
cannot be neglected. Since the half-life of Y is
much shorter than that of *Sr, they are in a state
of secular equilibrium, and the °°Y amount can be
calculated using the formula (2) below:

Ny = 52N, )
Ay

where Ny and Ng; are the number of *°Y and *°Sr
nuclei, respectively; As; and Ay are decay constants
of °Sr and °Y, respectively.
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Y is always the same amount, while *Sr is
constantly decreasing. The use of such a source
for the study of radiation resistance was due to
two profits: (1) in this way, the situation of the
influence of *’Sr on the adsorbent was simulated
since some authors recommend this adsorbent
specifically for the adsorption of °Sr from
aqueous solutions [4, 7]. (2) The use of source
“Sirius” radiation compared with accelerator
radiation saves a lot of electricity.

Thus, in our experiment, the distance from the
source to the adsorbent samples was 20 cm. The
flux of electrons at this distance was
10® electrons/cm®per second. The maximum
energy of beta particles was 0.456 MeV for *°Sr
and 2.28 MeV for Y (see in Fig. 1 a). The
maximum duration of exposure was 21 days. The
radioactive source “Sirius” creates a dose of
4 Roentgen per minute, which is equal to
5760 Roentgen per day. Thus, the adsorbent
samples were irradiated with doses of 5.76-10%;
11.52-10%, 12.10-10%, and 13.1-10* Roentgens
(corresponding to 57.6, 115.2, 1210 and 1310
Gray). The maximum radiation dose was 1310
Gy. The TAEA database [8], as well as the
programs for calculating the probability of
generating bremsstrahlung gamma radiation
NPMA Bremsstrahlung simulator, were used in
order to perform a qualitative and (if possible)
quantitative assessment of the effect of beta
radiation on the adsorbent.
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Fig. 1. Total irradiation from the *°Sr-*Y beta source: (@) Distribution of S -particles of the source “Sirius” by the
energy; (b) Modelling spectrum of bremsstrahlung gamma-ray, which were generated by beta particles of the
source “Sirius”. This spectrum was constructed using the program NPMA Bremmstraglung

That is, the adsorbent samples were exposed
to high-energy electrons with a maximum energy
of up to 2.28 MeV (Fig. 1 a, as well as

bremsstrahlung gamma rays, the energy
distribution of which is given in Fig. 1 » and in
Table 1.
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Table 1. Qualitative composition of radioactive
radiation, which was used to study the
radiation resistance of the adsorbent [8]

. Ep- max E brmss max, Energy
nuclide "y, oy keV [kev/decay]
90Sr 0.5479 320-547 3.988E-3
0y 2.28 1000-2280 0.25297

All studies were carried out following the
Radiation Safety Standards of Ukraine.

After irradiation, TiSi was used for a study of
the adsorption of barium ions from an aqueous
solution of BaCl, in a neutral medium. Part of the
irradiated adsorbent was left for Raman
spectroscopy.

Raman spectroscopy. Raman spectroscopy is
commonly used in chemistry to provide a
structural fingerprint by which molecules can be
identified, therefore this type of spectroscopy was
chosen for analysis of TiSi.

Table 2. Specifications of Raman spectrometer
XploRA PLUS

Parameters Value
Acceleration of spectrum SWIFT with a
mode motorized table
Confocal mapping 05 umXY
Optical microscope direct
Wavelengths of 532 nm

excitation lasers

Sample Dimensions (5+10mm) x (5+10mm)

Raman spectroscopy of irradiated and
nonirradiated samples of TiSi was performed at
the Center for Collective Use of Scientific
Equipment “Laboratory of Experimental and
Applied Physics” of Uzhhorod National
University.

The technical characteristics of the Raman
spectrometer XploRA PLUS are given in Table 2.

RESULTS AND DISCUSSION

Adsorption of Ba** cations by irradiated and
non-irradiated titanium silicate. According to
publications [9-11], beta radiation is incapable of
generating radiation defects of the classical type
due to the small mass of beta particles. For
example, to shift the atom of the cell into the
interstitial space, or to form a Frenkel pair.
However, beta radiation with mega-electron-volt
Energy is capable of breaking the chemical bonds
and changing the oxidation state of the elements.
According to [12], this can change the properties
of the adsorbent, and even improve them in some
cases. For example, the rupture of certain found
bonds can lead to the emergence of new
adsorption centers. Therefore, the kinetic studies
of Ba®" cations of irradiated samples of TiSi and
nonirradiated ~ samples  were  performed
simultaneously in parallel experiments.

The results of the adsorption of barium
cations by irradiated titanium silicate and an
unirradiated sample are shown in Fig. 2.
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Fig. 2.

Adsorption kinetics of Ba>" ions from an aqueous solution of BaCl, by irradiated (1310 Gy) and non-irradiated

titanium silicate. The initial concentration of Ba?" ions was 0.1 M, V pp+ =5 mL, m(TiSi) = 0.05 g, pH="7

The figure shows that the value of the
maximum adsorption is 140.5+9.2 mg/g (6.55 %)
confidence level of 95 % [1, 13]. The values of
adsorption of barium ions by irradiated and non-
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believe that the adsorption mechanism changes.
Earlier we showed the adsorption of barium
cations to be better described by the theory of
Freundlich and Dubinin-Radushkevich,
compared to the Langmuir theory [1].

This increases the probability that the surface
of titanium silicate cannot be considered
homogeneous, i.e. there are different surface
groups on the surface of titanium silicate, e.g.
=Ti-OH and =Si-OH, which can be adsorption
centers. It is necessary, however, to note that not

—m—Ba?

0 1000 2000 3000 4000 5000 8000
Ce (mg/L)
a

every =Ti-OH- surface group is an adsorption
center [14].

Most likely, the adsorption of Ba®' at the
pedestrian stage occurs due to the electrostatic
interaction of Ba®* cations with the entire surface
of titanium silicate. The Dubinin-Radushkevich
adsorption theory, which is based on the potential
Polanyi theory, is the theory of non-localized
adsorption. As we can see, the experimental
results of the adsorption of barium ions by this
adsorbent are well-described by D-R theory.
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Fig. 3. Isotherm of Ba?" adsorption by TiSi (a); (b) Linear fitting of experimental adsorption isotherm using D-R Theory

Barium adsorption is influenced by various
factors — the presence of mesopores, the
developed surface of the adsorbent, van der Waals
forces, and electrostatic interaction. It can be
assumed that, during irradiation with a dose of
1310 Gy, all these factors do not change, since
change neither the magnitude nor the nature of the
adsorption process.

Raman Scattering spectra of irradiated and
unirradiated titanium silicate. The Raman
scattering spectra of irradiated and non-irradiated
titanium silicate and the Raman image of the
adsorbent sample are shown in Figs. 4 a, b and
5 a—c.

The oscillation of 380 cm™' refers to the
oscillations of the Si-OH group. The oscillations,
the maximum of which lies in the region of
430-500 cm, refer to the oscillations of SiO;
(Si-O-Si). There are no maxima at 520-620 cm™
that could be attributed to oscillations of radical
Si-O* groups on the spectrum. The oscillation of
700-800 cm™' also refers to the oscillations of
SiO, surrounded by oxygen atoms [15].
Oscillations of 144 and 195 cm™' refer to TiO,
oscillations, according to the literature [16, 17].

98

The peak at 300, or rather 274 cm ', is absent
in the Raman spectra of pure silicates and TiO;
but is manifested in composite materials, for
example, TiO, nanotubes modified with silicon
dioxide [18]. This maximum can belong to
Ti-O-S1 bonds. However, some authors attribute
the maxima of 270 and 304 cm' to the
oscillations of the TiO¢ groups [19]. A small
maximum at the 620650 cm' position may
belong to the oscillations of adsorbed barium. At
the same time, this maximum is diagnosed only
on the spectrum of titanium silicate (irradiated)
after the adsorption of barium cations. According
to the authors [20], the Raman spectra of barium-
containing glasses and alloys always contain a
maximum of about 600—720 cm ™' at low, medium,
and high barium content in the structure [21, 22].
The oscillation of 810-830 cm™' may refer to the
vibration of the Si in the oxygen cage, according
to the publication [15]. The small peaks in regions
870-910 cm™' may correspond to the groups
Si,0,° [15].

The Raman spectra of irradiated and non-
irradiated titanium silicate coincide, while they do
not identify free radicals, or ionic formations,

ISSN 2079-1704. CPTS 2024. V. 15. N 1
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which would indicate a change in the properties
of the adsorbent under the influence of beta
radiation. It can be argued that this adsorbent is

radiation-resistant to beta-radioactivity, with a
radiation dose of 1310 Gy.

a

b

Fig. 4. Raman image of titanium silicate before irradiation (a); after irradiation by maximal dose ()
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Fig. 5. Raman spectra of unirradiated titanium silicate, irradiated titanium silicate, and titanium silicate with adsorbed
barium ions on the surface: (a) with isolated maxima belonging to the oscillations of the TiO, groups (1); (b) with
highlighted maxima belonging to the oscillations of the groups SiO», Si-OH (2); (c) with highlighted maxima, which

belong to the oscillations of the groups Ba*™-O (3)

CONCLUSIONS

The studied sample of titanium silicate is
radiation-resistant. It can withstand a radiation
dose of 1310 Gy without changing its adsorption
properties.

ISSN 2079-1704. CPTS 2024. V. 15. N 1 99

The Raman scattering spectra of irradiated
and unirradiated titanium silicate coincide with
high accuracy and do not identify maxima that
would belong to ion formations or free radicals.

Titanium silicate can be used for the
adsorption of strontium radionuclides, it can be
a carrier for the disposal of radioactive waste.



O.Ya. Sych, Yu.M. Kilivnik, M.M. Pop et al.

Hocaigxenns pagianiiiHoi CTIiHKOCTI acOpOEHTIB 3 BUKOPUCTAHHAM Pali0AKTHUBHOTIO
mKepena *'Sr
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Voiczopoocvruil nayionanvuutl yrigepcumem
nn. Hapoona, 3, Yoceopoo, 88000, Yrpaina, Hanna.vasylyeva@uzhnu.edu.ua, h.v.vasylyeva@hotmail.com
Inemumym copbyii ma npobdnem endoexonoeii Hayionanonoi akademii Hayk Ykpainu
eyn. I'enepana Haymosa, 13, Kuis, 03164, Vkpaina, ispe@ispe.kiev.ua

Ouuwenns 800HUX PO3YUHIB 8i0 paAOiOAKMUBHUX 3A0PYOHEHb € HA036UHAUHO AKMYANbHOK MEMOI CbO200eHH.
bazamo opeaniunux i Heopeaniunux adcopbenmis npononyoms 0 a0copoyii UOHIE 8ANCKUX Memanis, padioHYKAi0I8
i3 BOOHUX pO3uUHiB, AbO AK HOCIi Ol 3aXOpPOHeHHs pAdioOaKMuUeHUux 6ioxodis. Y makomy eunaoxy padiayitina
CcmitiKicms 015t A0COpPOEHMI6 € ANCIUBOIO XAPAKMEPUCTNUKOTO.

Mema Oanux 0ocniodicens ueuUmMU 3MIHY CIPYKIMYPHUX MA A0COpOYiiHUX éracmugocmeti (A60 He3MIHHICMYb)
aocopbenmis 6 noni iHmencueHozo B-sunpominioéanns cmeopenozo ’Sr. 3oxpema, 6yno eusmnaueno padiayitiny
CMItIKiCMb CUNIKamy mumany.

Excnepumenmanvua yacmuna oanoi pobomu CKiadaemovcsl i3 ORUCY CUHMe3y adcopbenma Ha OCHOGI CUNIKamy
mumany 301b-2elb Memooom i 0ocniodceny adcopbyitinoi 30amuocmi danozo mamepiany wodo kamionie Ba’”.
Hacmynna cmaodia excnepumenmanvHux 00Caiodxcenb 6KOUAE 8 cebe 00caioxcenus padiayitnoi cmitikocmi TiSi i
Pamanieceky cnexmpockonito 6uxioHux 3paskie adcopOeHma, OnpoMIiHeHUX 3paskie aocopbenmy ma 3pasKie nicis
aocopbyii kamionie Ba’".

Jlocniooicenns  padiayitinoi  cmitilkocmi — 6i0HOCHO — BUCOKO-eHEpeemudnux — 0Oema-uyacmox npogoounu 3
suxopucmannam °Sr-°Y B oaxcepena «Cipiycy, ecmanoenenozo y Mixpomponniti nabopamopii JIBH3 «YocHY».
Biocmanwv 6i0 Oorcepena 0o 3spaskie adcopbenma cmarnosuna 20 cm. Ilomix enexmponie na makiti giocmaHi 68
10% e/em?-c. Maxcumanvna enepeia 6ema-uacmox cmponyiio (°°Sr) cmanosuna 0.456 MeB, 6ema-uacmox impiio (*°Y)
2.28 MeB. Hatidosuia mpusanicme onpominenns Oyna 21 000y, wo eionogioaro 1310 [pei. Pamaniecoky
CREKMPOCKONII0 00CHIOANCYBAHUX 3pasKie adcopbenma Ha ocrosi TiSi nposoounu 3 6UKOPUCMAHHAM PAMAHIBCLKO20
cnexkmpomempa XploRA PLUS y Ilenmpi xonexmuenoeo kopucmyeanus «J/labopamopis excnepumenmanbHoi i
npuxnaonoi gizuxuy JJBH3 « YocHY ».

Pesynemamu noxaszyroms, wo 6enuduHa MaKcumaibHoi adcopbyii kamiouie 6apito adcopbeHmom Ha OCHOSI
CUNIKAMY MUMaHy nicisi OnpoMinHenHs 003010 bema-eunpominiosanns 1310 I'peti cmanosums 140.5%9.2 me/2 (6.55 %)
npu dosipuomy inmepsani 95 %. Benuuuna adcopbyii kamionie Ba’" y maxux dice camux ymosax Heonpominenum
cunikamom mumauy cxkiaoae 144 me/e. Benuuunu adcopbyii y mesxcax noxubku cnisnadaroms. Pamaniecoki cnexmpu
ONPOMIHEH020 | HeONPOMIHEHO20 CUNIKAMY MUMAH) MAKOXC € IOeHMUYHUMU, NPU YbOMY HA HUX He i0eHmU@IKyIombcs
8LbHI padukaiu abo toHHI hopmysanist, AKi 6U CGIOYUNU NPO 3MIHY 6ACTNUBOCMEN NOBEPXHI adcopbenma nid 0icio
dosu b6ema- padioaxmusrocmi 1310 I peit.

OcHogHull BUCHOBOK OaHO pobomu € maxutl, wo O0CAIONCEH UL 3pA30K A0COPOEHMA HA OCHOGI CUTIKAMY MUMAH)
€ paoiayitno-cmiukum. Bin moxce sumpumyeamu 003y 1310 I'peii 6e3 3minu adcopoyiinux eracmueocmeti. Cunixam
mumany modice 6ymu euxopucmanuti 0na eunyyenns *’Sr iz 6o0uux posuunie i ax nociti 0aa *’Sr npu 3axopouenni
PadioaKmueHux 6i0xooie.

Knrouosi cnosa: aocopbenm, onpominenns, cunikam mumawy, Pamaniecoka cnekmpockonis
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