295

EasT EUROPEAN JOURNAL OF PHYSIcS. 1. 295-300 (2025)
DOI:10.26565/2312-4334-2025-1-35 ISSN 2312-4334

POSSIBILITIES OF USING UKRAINIAN CLINOPTILOLITE (SOKYRNYTSIA DEPOSIT)
IN NUCLEAR ENERGY

Oleksii Yu. Lonin®*, ©Volodymyr V. Levenets®, ©Oleksandr P. Omelnyk®, ® Andriy O. Shchur?
“National Science Center “Kharkiv Institute of Physics & Technology”,
1, Akademichna St., Kharkiv, 61108, Ukraine
*Corresponding Author: a_lonin@kipt.kharkov.ua, a_lonin@ukr.net
Received December 17, 2024; revised February 2, 2025; accepted February 10, 2025

The clinoptilolite from the Sokyrnytsia deposit belongs to the zeolite family and is known for its application as sorbents in nuclear
energy. The sorption of cesium, strontium, cobalt, and europium ions by clinoptilolite has been studied. The research examined how
the composition and structure of clinoptilolite influence sorption. Sorption properties were assessed using the sorption coefficient,
which quantitatively measures clinoptilolite's interaction with radionuclides. The results revealed that clinoptilolite exhibits the highest
sorption efficiency for cesium (87.0%) and strontium (80.5%). Europium showed a sorption efficiency of 73.0%, while cobalt exhibited
a lower sorption efficiency of 60.0%. The study established an ion exchange sequence for these ions in the sorption process and
observed a dependency on the ionic radius of the sorbed ions. The presence and concentration of competing ions significantly affected
the sorption efficiency. For instance, sodium ions in the solution reduced sorption by up to 25%, depending on the radionuclide.
Increased sodium ion concentration caused an additional 26% to 40% sorption reduction. Similarly, tripling the strontium concentration
in the solution reduced the sorption effect. The sorption experiments were conducted under both static and dynamic conditions.
Radionuclide content was determined using the characteristic X-ray emission (XRE) method. This technique analyzes the characteristic
X-ray radiation of radionuclides excited by a proton beam. The experiments were carried out at the analytical nuclear-physical complex
"Sokil." Samples were irradiated in the XRE channel, where targets were placed in a cassette within an irradiation chamber under a
vacuum of 107 Pa. The proton beam, with a current of 200 nA and an energy of 1600 keV, was used to excite the X-ray radiation of
cesium, strontium, and cobalt atoms. The characteristic X-ray radiation of the K-series of strontium atoms was detected using two
detectors: the XR-100CR Si-PIN X-ray detector and the Ge(HP) detector. Considering its established radionuclide selectivity sequence,
the clinoptilolite from the Sokyrnytsia deposit can be utilized in Ukraine's nuclear energy industry.
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INTRODUCTION

Zeolites were first discovered by F. Cronstedt in 1756. He observed that stilbite swelled and released water when
heated. This phenomenon led him to coin the term "zeolite," derived from the Greek words for "boiling stone." To date,
47 minerals have been classified as zeolites. Zeolites belong to the group of framework aluminosilicates [1]. They are
found on every continent, but natural zeolites do not fully meet the demands of industry and energy sectors. Thanks to
advances in modern chemistry, scientists have significantly expanded the range of zeolites, enhancing their properties to
suit industrial and practical applications. Currently, more than 120 synthetic zeolites are known [1].

One of the natural zeolites is clinoptilolite. It is a component of sedimentary rocks of volcanic origin. Its name
originates from the Greek words "klino" (kAivew; inclined), "ptilo" (@tepmv; feather), and "lithos" (AiBog; stone).
Clinoptilolite has an aluminosilicate framework formed by the connection of AlO4 and SiOs tetrahedra at their vertices.
An example of the atomic arrangement in the structure of clinoptilolite, typical for zeolites, is shown in Fig. 1 [2].
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Figure 1. The fundamental structural unit of zeolites [2]

The framework features a system of cavities interconnected by channels, where cations and water molecules are
located [3—6]. The cations in the channels can be exchanged for other cations. Exchangeable cations in clinoptilolite
include Na*, K*, Ca?, Mg?, Fe**, and others (Fig. 2).

The composition and content of exchangeable ions in clinoptilolite vary depending on the deposit. For instance, the
clinoptilolite content in the rock from the Neombarian region of Armenia is 85-87% [7], while in the Sokyrnytsia deposit
in the Zakarpattia region of Ukraine, it ranges from 75% to 96% [8]. Such significant compositional variations highlight
the need for additional quality control when using clinoptilolite as a sorbent in energy and industrial applications.
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Clinoptilolite has been utilized as a sorbent in nuclear energy. It was first employed during the cleanup of the Three
Mile Island Nuclear Power Plant accident (USA) in March 1979, where it was used to absorb cesium [9]. The positive results
of this application laid the groundwork for recommendations by the International Atomic Energy Agency (IAEA) [10].
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Figure 2. Crystalline structure of clinoptilolite [4]

During the cleanup of the Chornobyl Nuclear Power Plant accident (Ukraine) in April 1986, clinoptilolite was used
as a radionuclide sorbent based on IAEA recommendations. Approximately 150,000 tons of zeolite sand were employed.
However, clinoptilolite did not yield the expected results, unlike the Three Mile Island accident. The main reason for its
limited effectiveness was the complex and diverse radionuclide contamination caused by the Chornobyl accident, which
included high activity levels and a broader range of radionuclides.

This study aimed to summarize the research on the sorption of radionuclides by clinoptilolite from the Sokyrnytsia
deposit, which may be present in liquid waste generated by nuclear energy facilities. Based on the results, an ion exchange
series for clinoptilolite was developed to facilitate its use in mitigating radionuclide contamination.

METHODS AND OBJECTS OF THE STUDY
Objects of the Study
The object of the study was clinoptilolite from the Sokyrnytsia deposit in the Zakarpattia region of Ukraine. Two
fractions of clinoptilolite were examined: 0.1 mm and 3-5 mm. The fractions were selected depending on the sorption
method (static or dynamic).
Nitrates of cesium, strontium, and cobalt were used as radionuclide sources. Europium was also studied, with its
source being an oxide dissolved in acid.

Methods For Studying Sorption Properties
Sorption Under Static Conditions
A 100 ml solution of nitrates was prepared using distilled water as the solvent. A 0.1 g sample of clinoptilolite (0.1
mm fraction) was used as the sorbent. Ten milliliters of the prepared solution were added to the sorbent. The mixture was
periodically stirred, and the sorption process was monitored for 24 hours. Samples of 0.5 ml were taken at intervals of 1,
6, and 24 hours. For europium, a separate solution was prepared with the addition of 0.1 N hydrochloric acid.

Sorption Under Dynamic Conditions
A 500 ml solution of nitrates was prepared

| 3 using distilled water as the solvent. A 2.0 g sample
/ of clinoptilolite (3-5 mm fraction) was used as the
sorbent. Dynamic sorption conditions were modeled

using a setup (Fig. 3) [11]. The setup included a
pump, a sorption column with a cartridge, a
reservoir, and a measuring unit. The cartridge had a
4 diameter of 8 mm and a height of 25 mm.

To evaluate the completeness of the sorption
processes, 40-80 sorption cycles were performed,
with periodic sampling. Dynamic sorption of
europium was not conducted due to the use of acid
as the solvent.
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. ' Preparation of Targets
~ Figure 3. Diagram of the sorption setup: . Targets were prepared using carbon substrates
1 - Sorption column; 2 — Pump; 3 - Measuring device; 4 - Collection made from carbon rods. The carbon substrates were
reservoir; 5, 6 - Inflow and outflow valves respectively rectangular, measuring 10 mm in length, 5 mm in
width, and 2 mm in thickness. A solution (0.05 ml)
containing a mixture of cesium, strontium, and cobalt isotopes was applied to the substrate and dried at 35°C. The solution
was applied using an automatic pipette with adjustable volume.
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Determination of Radionuclide Content Using the XRF Method

The radionuclide content was determined using the X-ray fluorescence (XRF) method. This method analyzes a
proton beam's characteristic X-ray emission of radionuclides excited. This part of the work used the "Sokil" analytical
nuclear physics complex [12].

Samples were irradiated with a proton beam in the XRF channel. Targets were placed in a cassette located in the
irradiation chamber. A vacuum with a 107* Pa pressure was created in the chamber before measurements.
For the excitation of X-rays from cesium, strontium, and cobalt atoms, a proton beam with a current of 200 nA and an
energy of 1600 keV was used. At this energy, the L-series X-ray emission of cesium atoms and K-series X-ray emission
of strontium and cobalt atoms were effectively excited. The X-ray emission was measured using the XR-100CR Si-PIN
X-ray detector with an energy resolution of 155 eV for the 5.89 keV line and the Ge(HP) detector. The Ge(HP) detector,
made of ultrapure germanium with a crystal thickness of 8.5 mm and a sensitive surface area of 25 mm?, provided higher
detection efficiency for K-series X-rays of strontium (14.164 keV) compared to the Si-PIN detector. To optimize the
spectral measurement conditions, collimators with diameters of 1.5 mm and 2.0 mm, as well as polyethylene filters with
thicknesses of 56 um, 100 um, and 150 pm, and aluminum foil with a thickness of 10 pm, were tested. Based on the
experimental data, a collimator with a 1.5 mm opening and a 56 um thick polyethylene filter was selected for optimal
detection of the analytical peaks while reducing background radiation interference.

The X-ray emission from strontium atoms was detected by both XR-100CR Si-PIN and Ge(HP) detectors. The
external detector was placed 7 cm from the target at an angle of 135° to the proton beam direction. The X-ray emission
exited the chamber through a 25 pm thick beryllium foil window.

RESULTS AND DISCUSSION
Typical spectra of cesium, strontium, cobalt, and europium confirm the feasibility of detecting these radionuclides
using the X-ray fluorescence (XRF) method and the suitability of the results for assessing sorption properties. The typical
spectra are presented in Figures 4-7.
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The sorption coefficient was used to evaluate the sorption properties quantitatively, providing insights into the
interaction between clinoptilolite and radionuclides. The sorption coefficient was calculated using the formula:
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« =(C0—Cp)~100%
s CO

where C, and C, are the initial and equilibrium concentrations of the solution (mg/mL).

The sorption processes were studied under static and dynamic conditions, with adjustments made to the amount of
sorbent and solution volume based on the method.

The data obtained are presented in Table 1. It was found that clinoptilolite exhibited the highest sorption efficiency
for cesium (87.0%) and strontium (80.5%), followed by europium (73.0%). Cobalt displayed the lowest sorption
efficiency at 60.0%.

Table 1. Sorption of radionuclides by clinoptilolite

No Radionuclide Sorption coefficient, %
1. Cesium 87.0 %
2. Strontium 80.5 %
3. Cobalt 60.0 %
4 Europe 73.0 %

Experiments were conducted to assess the impact of competing ions and increased radionuclide concentration on
sorption. These conditions were designed to simulate real-world scenarios, such as the presence of competing ions in
liquid radioactive waste. Increased radionuclide concentration allowed for analyzing the performance of the sorbent under
higher activity levels. The presence of competing ions, particularly sodium, significantly reduced the sorption efficiency
of clinoptilolite (Table 2). For example, when sodium was present in the solution at a concentration of 0.0002 g/mL (equal
to the cesium concentration in the solution), cesium sorption decreased to 46.0%. Similarly, sodium concentrations of
0.0004 g/mL reduced the sorption efficiency for cobalt and europium to 33.6% and 34.6%, respectively.

The effect of increased radionuclide concentration on sorption was analyzed using strontium as an example.
A threefold increase in strontium concentration resulted in a 25% reduction in sorption efficiency (Table 2).

Table 2. Effect of competing ions and increased radionuclide concentrations on sorption

no.  Radionuclide Radionuclide Competing ion Sorption
concentration, g/ml Ion name  Concentration, g/ml coefficient, %
1 Cesium 0.0002 sodium - /- 87.0 %
2 Cesium 0.0002 sodium 0.0001 63.0 %
3 Cesium 0.0002 sodium 0.0002 46.0 %
4 Strontium 0.0002 - /- - /- 80.5 %
5 Strontium 0.0006 - /- - /- 60.6 %
6 Cobalt 0.0004 sodium - /- 60.0 %
7 Cobalt 0.0004 sodium 0.0002 38.8 %
8 Cobalt 0.0004 sodium 0.0004 33.6%
9 Europe 0.0005 sodium - /- 73.0 %
10 Europe 0.0005 sodium 0.0002 47.5%
11 Europe 0.0005 sodium 0.0004 34.6 %

The results indicate that the presence of competing ions substantially affects sorption efficiency. Sodium ions, as
competitors, caused up to a 25% reduction in sorption depending on the radionuclide. Increasing the sodium concentration
led to an additional 26%-40% decrease in sorption efficiency. The more pronounced effect of sodium on cesium sorption
is attributed to their shared group in the periodic table (alkali metals), similar oxidation states, and competition for the
same sorption sites in the clinoptilolite structure.

The effect of increased radionuclide concentration was studied using strontium sorption as an example. A threefold
increase in strontium concentration reduced sorption efficiency by 20%.

Clinoptilolite demonstrates a complex sorption mechanism, involving both ion exchange and adsorption. Ion
exchange occurs as a result of the need to compensate for the negative charge generated by aluminum ions interacting
with the fourth oxygen ion. This charge is usually compensated by alkali metal ions, which then act as exchangeable ions.
Adsorption, on the other hand, is associated with interactions between ions and the structural cavities of clinoptilolite,
which are characteristic of its crystalline structure.

Based on the obtained results and the characteristics of the radionuclide ions (Table 3), it is possible to conclude the
relative selectivity of clinoptilolite for these radionuclides.

Table 3. Oxidation states and ionic radii of sorbed elements

Element Oxidation degree lon radius, pm
Cesium +1 167

Strontium +2 112
Cobalt +2 72

Europium +3 109
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Regardless of the oxidation state of the radionuclides, the primary factor influencing sorption is the ionic radius,
which allows for additional sorption, taking into account the crystalline structure of clinoptilolite. The selectivity series
of radionuclides for clinoptilolite is as follows:

Cs™'> Sr*2 > Eu™ > Co™

This order corresponds to the observed sorption efficiency values and correlates with the ionic radius of the
radionuclides.

The obtained data can be utilized by nuclear energy enterprises in Ukraine to optimize the use of clinoptilolite as a
sorbent, both independently and as part of composite sorbents.

CONCLUSIONS

Clinoptilolite is a mineral of the zeolite group. It has been established that clinoptilolite has high sorption properties
for cesium (87.0 %), strontium (80.5 %), and europium (73.0 %). The sorption properties of clinoptilolite for cobalt
(60.0 %) require additional purification agents or the use of composite sorbents. Such sorption values are related to the
radius of the ions to be sorbed. The large radius of the ion (cesium - 167 pm) makes it possible to perform additional
sorption, taking into account the crystal structure of clinoptilolite. It was determined that the presence of competing ions
(sodium) reduces sorption by 25 %. In the example of strontium sorption, it was found that an increase in the concentration
of radionuclides in solution leads to a decrease in sorption by 20 %. Based on the sorption results, a range of radionuclide
selectivity for Ukrainian clinoptilolite was determined. The clinoptilolite can be used in nuclear power enterprises of
Ukraine, taking into account the determined range of radionuclide selectivity.
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MOKJIMBOCTI BAKOPUCTAHHSI YKPATHCBKOI'O KJITHONTHJIONITY (COKMPHUIIBKOI'O POJIOBHUIIIA)
B SIAEPHIN EHEPTETHILII
0.10. Jlonin, B.B. JleBenens, O.I1. Omenbnuk, A.O. Iyp
Hayionanvhuti nayrkosutl yenmp «XapKiscoKuil QisuKo-mexnivHutl iHCmuniymy,
1, eyn. Axaoemiuna, 61108, Xapxis, Yxpaina

Kninontunonit COKHPHUIIBKOTO POIOBHIIA BITHOCHTBCS IO LEOMiTiB. LleomiTiH MaroTh 3aCTOCYBaHHS B SACPHIH €HEPTETHIII B IKOCTI
copOeHTiB. JlocikKeHO COPOI0 KIITHONTHIIONITOM 10HIB I€3if0, CTPOHIII0, KOOAIBTY Ta €BpOIil0. BU3HAUYEHO, SK 0COOIHMBOCTI
CKJIaoy Ta CTPYKTypH KITIHONTHIIONITY BIUIMBAIOTh Ha COpOIiifHi mporecu. J[nsg BU3HAYEHHS COPOMIMHHX BIACTHBOCTEH
BHUKOPUCTOBYBABCsl Koe(illieHT copOrii, sAKUil JaBaB MOXJIMBICTh OTPUMATH KINBKICHY OLIHKY B3a€MOJIl KIIHONTHJIONITY 3
panionykiizamu. BeranosieHo, mo HaiBHINI 3HaYeHHS copOmii KINIHONTWIONIT mposBisie 1o nesito 87.0 % Tta crpormio 80.5 %.
Cop6is epomito ckiagae 73.0 %. Copbuis ko0anbTy 3HMKYeThes Ta ckiaamae 60.0 %. JocmipkeHHS BCTAHOBHUIIO TOCIIIOBHICTh
i0OHHOTO OOMiHY JUIsl KX 1OHIB y Tpolieci copOIii Ta BUSBHIO 3aJIe)KHICTh Bifl iOHHOTO pajiycy copOoBaHMX ioHiB. BcTaHoBieHO
3aJIeKHICTh COpOIIT BiJl MPUCYTHOCTI Ta KIIBKOCTI KOHKYPYIOUHX 10HIB. [IprCyTHICTD 10HY HaTpiro (KOHKYPYIOYOTO i0HY) B PO3YHHI
Belle 10 3HIKEHHs copOrii Ha 25% B 3aJeXHOCTI BiA pagioHyKmigy. 30UThIIEHHS KOHIIEHTpALil iOHIB HATPII0 MIPHU3BENO IO
JIOIaTKOBOTO 3HIKEHHs1 copOuii Ha 26-40%. BcranoBieHo, 110 30UIbIIEHHS KOHIIEHTPALIl CTPOHIIIO B 3 pa3u Bele J0 3MEHIICHHS
copouii Ha 20 %. [ocnimxeHHs copOuii MpoBogMINCA B CTAaTUYHUX Ta AMHAMIYHMX YMOBaX. BH3HaueHHs BMICTy paliOHYKIiiB
MIPOBOJMIIOCH 3a JoroMoroto Metona XPB (xapakTepucTHdyHEe pEHTTEHIBCHKE BUIPOMIHIOBAaHHS). MeToa 3aCHOBAaHO Ha aHawi3i
XapaKTePUCTHIHOTO PEHTT€HIBCEKOT0 BUIIPOMIHIOBAHHS paliOHYKIIIB, MiCIIs 30y HKEHHS ITyYKOM IIPOTOHIB. JJaHHY YacTHHY poOOTH
BUKOHYBaJIM Ha aHATITHYHOMY siiepHO-(isnuHOMy Komiuiekci «Cokim». OnpoMiHIOBaHHS 3pa3KiB MyYKOM MPOTOHIB IIPOBOIMIH Y
kanani XPB. MimeHi BcTaHOBITIOBAIN y KaceTy, sika Oya po3TamoBaHa y KaMmepi onpoMineHHsL. /1o mpoBeaeHHs BUMIPIOBaHb Y KaMepi
CTBOpIOBaM BakyyM 3 TUCKOM 10 ITa. J{yst 30yIKEHHS XapaKTEPUCTUYHOTO PEHTTEHIBCHKOIO BHUIIPOMIHIOBAHHS aTOMIB L3I0,
CTPOHIIiIO T2 KOOAIBTY BUKOPHUCTOBYBAJIH IIy4OK ITPOTOHIB 3i cTpyMoM 200 HA Ta eHeprieto 1600 xeB. Peectpariist xapakTepucTH4HOTO
peHTreHiBchbKkoro BunpomintoBanHs K-cepii atomiB ctpoHiiito npoBoaunacs asoma aerekropamu: XR-100CR Si-PIN X-Ray i Ge(HP).
3 ormsAoy Ha BCTaHOBIJIEHY IOCTIIOBHICTh PATiOHYKITITHOI CENEKTUBHOCTI KINIHONTHIOMT COKHPHHUIIBKOTO POAOBHINA MOXe OyTH
BUKOPHCTAHHH B aTOMHIH eHepreTuIll Ykpainu.

KunouoBi cjioBa: yeonim; ye3siii, cmponyiitl;, Kooanbm, €8ponii



