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The extraction of radionuclides *’Cs, ®Sr, ®Y, and UO,*" was studied using solid-phase extractants SPE-TBP,
SPE-C45 and SPE-CIP67 depending on the acidity of the aqueous solution. SPE-C45 and SPE-CIP67 are por-
ous styrene-divinylbenzene copolymer pellets impregnated with calix[4]arene tetraphosphine oxide C45
(5,11,17,23-tetrakis-diethylphosphinoylmethyl-25,26,27,28-tetrapropoxycalix[4]arene) and CIP67 (5,11,17,23-
tetrakis-dipropylphosphinoylmethyl-25,26,27,28-tetrapropoxycalix[4]arene). Commercial solid-phase extractant
SPE-TBP based on tributylphosphate was used for comparison. The influence of the radionuclides contact time
with extractant on the establishment of extraction equilibrium was analyzed. It was shown that the equilibria in
the systems using SPE are established in 3-4 hours.

A significant influence of the acidity of the aqueous solution on the extraction efficiency of the radionuclides
was found: an increase in acidity leads to an increase in the distribution coefficients.

The influence of the nature of cations on the extraction efficiency is shown. The extraction of the radionu-
clides increases in the following series: UO,* > *°Y > %°Sr > ¥'Cs,

It was revealed that the extraction of the radionuclides depends on the length of the alkyl radical at the phos-
phorus atom of the macrocyclic skeleton of calix[4]arene phosphine oxide. Cations are extracted more effi-
ciently with calix[4]arene of shorter alkyl radical length at phosphorus atom. The ability of SPE-calixarenes to-
wards the studied radionuclides exceeds the extraction ability of SPE-TBP and varies in the following order:
SPE-TBP< SPE-CIP67< SPE-C45.

The conducted studies have shown the possibility of using the studied solid-phase-liquid extraction systems in
the organization of radiation control of natural waters. In this case, the method of solid-phase extraction is con-
venient for radionuclide extraction, as it is simple and allows minimizing waste.

Keywords: radionuclides, solid-phase-liquid extraction, calixarene, phosphine oxide, radioactive waste.

Introduction

At this stage of development of civilization, there is a growing demand for energy. At the same
time, the anthropogenic load (greenhouse gases and other harmful substances) increases. This leads to
environmental pollution and negatively affects the integrity of ecosystems. Therefore, interest in nu-
clear energy has increased. Nuclear power plants are an environmentally friendly source of energy
with a minimum amount of harmful substances entering the atmosphere. During the operation of a nu-
clear power plant, a large number of radioactive isotopes are formed in the reactor. In case of possible
accidents at nuclear power plants and radioactive waste processing plants, radioactive isotopes may
enter the environment. Particularly dangerous are the long-lived radionuclides uranium-235, pluto-
nium-239 and their fission products strontium-90 and cesium-137. These radionuclides have long-term
radiotoxicity, harming not only the health of the body, but also the environment as a whole. One of the
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Extraction of radionuclides *’Cs, *Sr, Y and UO,** from aqueous solutions ...

environmental problems is also its pollution by depleted uranium [1, 2], which is used for the produc-
tion of warheads for armor-piercing projectiles. At the same time, depleted uranium is the most poten -
tially dangerous to human health due to the formation of a large number of aerosols.

To assess the impact of radiation on the environment and, above all, on the human body, there is a
need to create radiation monitoring [3]. When organizing radiation environmental monitoring, one of
the methods for assessing the degree of technogenic load on the environment of cities and on the
health of the population living in them is monitoring the pollution of atmospheric precipitation, sur-
face water and soil [4, 5].

In this case, the main interest is those radionuclides that, accumulating in the external environment,
pose a serious threat due to their biological activity and toxic properties [6]. An important component
of radiation monitoring is the assessment of radionuclide content in surface and technogenic waters [7,
8].

Low contents of radionuclides and large amounts of other elements necessitate their preliminary
concentration. One of the most appropriate ways to solve this problem is the use of liquid-liquid ex-
traction [9, 10]. However, the organic solvents used are usually toxic, flammable and expensive.
Therefore, the search for new extraction systems for the isolation and separation of radionuclides is
one of the most important scientific and practical problems of radiochemistry.

New systems must be as efficient as traditional ones, but at the same time more environmentally
friendly. They must not contain toxic extractants or solvents (“green extraction”), and waste solutions
must be easily recycled or destroyed.

As an alternative to liquid-liquid extraction, there has recently been increased interest in the devel -
opment and use of the solid-phase extraction method, which combines sorption and extraction meth-
ods. Solid-phase extractants (SPE) are porous materials impregnated with a complexing agent solution
capable of forming complexes with metal ions and extracting them from aqueous solutions [11-13].
The advantage of SPE is their high capacity, characteristic of extractants, and the simplicity of the
technological process for extracting metal salts, characteristic of sorbents.

Solid-phase extraction is characterized by wider possibilities for varying the nature and strength of
interaction of the sample with the sorbent and eluent than liquid extraction. Through specific interac-
tions, it is possible to selectively concentrate and extract each of the specific compounds or separate
them from interfering components [14].

The use of solid extractants for decontamination of liquid radioactive waste allows to significantly
reduce the volume of waste and facilitate its disposal. One of the common solid extractants produced
commercially and used in extraction technologies is a porous copolymer of styrene and
divinylbenzene impregnated with tributyl phosphate (SPE-TBP) [15]. At the same time, SPE-TBP has
insufficient complexing ability and low selectivity towards actinides and lanthanides. The use of ex-
traction methods for the extraction of radionuclides involves the introduction into the system of com-
plexing ligands that have high selectivity [11].

For this purpose, multifunctional supramolecular receptors (synthetic cyclic and macrocyclic lig-
ands, crown ethers and their derivatives, calixarenes, heterocyclic nitrogen- and sulfur-containing
compounds, bifunctional neutral organophosphorus compounds [11, 12, 13, 16] are widely used.

In recent years, research in the development of selective extractants has been focused on cal-
ixarenes [11, 12, 17, 18].

Calix[4]arenes, due to their unique spatial structure, have great potential for modifying the macro-
cycle. This makes it possible to build specific receptors capable of recognizing with high selectivity
various cations, anions or neutral molecules. The ability of calix[4]arenes to form stable supramolecu-
lar complexes determines the widespread use of calix[4]arenes and their derivatives in extraction tech-
nologies [11, 18].

A promising direction in the design of highly selective extractants is the functionalization of the
macrocyclic ring of calix[4]arenes with phosphine oxide groups. The phosphine oxide groups are spa-
tially oriented in such a way that their oxygen atoms form pseudocavities with the size and topology of
complementary metal cations (Figure 1)[ 19].
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Fig. 1 The energetically minimized structure of calixarene phosphine oxide complex with metal cation: a) side
view; b) projection from above [19].

By changing the conformation of the macrocyclic skeleton of calix[4]arene, it is possible to pur-
posefully design molecules that are selective complexing agents with respect to radioactive elements
and other metal cations.

Calixarene phosphine oxides have high complexing properties and can be used as extractants for
the creation of new SPEs. Evaluation of the possibility of their use in the processing of liquid radioac-
tive waste is an important task of applied radiochemistry.

In this work the extraction of *’Cs, *Sr, *°Y, and UO,*" from nitric acid solutions using SPEs based
on phosphorus-containing calix[4]arenes C45 and CIP67 differing in the length of alkyl radicals at the
phosphorus atom was investigated.

Method

Reagents. To study the extraction of radionuclides *’Cs, *Sr, Y, and UO,*" were used model solu-
tions of *’Cs with a specific activity of 8.6:10” Bq/dm®, *°Sr with a specific activity of 1.8-10% Bq/dm’,
Y with a specific activity of 1.8-10* Bq/dm® and uranyl nitrate UO,(NOs), with a metal ion concentra-
tion of 1.52 mg/dm®. The required acidity of the solution was created with nitric acid.

Samples of SPE-C45 and SPE-CIP67 which are porous pellets of styrene-divinylbenzene copoly-
mer (production of enterprise “Smoly”, Kamianske) impregnated with calix[4]arene tetraphosphine
oxides C45 (5,11,17,23-tetrakis-diethylphosphinoylmethyl-25,26,27,28-tetrapropoxycalix[4]arene)
and CIP67 (5,11,17,23-tetrakis-dipropylphosphinoylmethyl-25,26,27,28-tetrapropoxycalix[4]arene),
which differ in the length of the alkyl radical at the phosphorus atom were used.

Calix[4]arenes C45 and CIP67, as well as SPEs based on them SPE-C45 and SPE-CIP67 were syn-
thesized and characterized at the Institute of Organic Chemistry of the National Academy of Sciences
of Ukraine [19]. The solid extractant was obtained in the form of granules of size (63-100 pm). The
mass fraction of calixarene in the sorbent is 40 wt. %. Commercial SPE-TBP based on tributyl phos-
phate was used for comparison [20, 21]. Figure 2 show the chemical structures of calixarenes C45 and
CIP67 [19].

R\P/R

Fig. 2 Structures of calixarene phosphine oxide C45 (R= C,Hs) and C67 (R= C;H»).

Study of extraction prop erties. The extraction properties of SPEs were determined with solutions
of ¥7Cs, *Sr, Y, and UO,*" at a mass ratio of solid and liquid phases 1:100. SPEs suspension was
mixed with the solution containing the investigated radionuclide with the given acidity of the solution
(0; 0.1; 0.5 and 1 mol/dm®) at 293 K. The experiment was carried out in static mode. The time of equi-
librium establishment was determined experimentally. The equilibrium phases were separated by cen-
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trifugation, after which a sample of the aqueous phase was taken for analysis. Sampling was carried
out using micropipette dispensers Eppendorf Pipette 4700 (Germany).

Radiometric measurements of the dry residue of radionuclide samples were carried out using an
o-B-automatic device NRR-610 “Tesla” (Czech Republic). The relative errors in radioactivity mea-
surements did not exceed 2%.

The activities of *°Sr, Y and "*’Cs in the solid phase were calculated from the change in the activ-
ity of the radionuclide in the aqueous phase before and after contacting the aqueous solution with the
solid extractant.

The UO,** content in the solid phase was calculated from the change in uranium concentration in
the aqueous phase before and after contacting the aqueous solution with the solid extractant. The ini-
tial and equilibrium concentrations of uranium were determined by the luminescent method using a
Hitachi spectrofluorimeter (Japan).

The extraction capacity of the investigated SPEs for radionuclides *°Sr, Y, *’Cs and UO,** was
characterized by extraction coefficients (R), which were calculated according to the formula

Ay—A,;
R=——-100, % (1)
Ay

where 4, and A; are the initial and equilibrium activities of *Sr, *°Y and '*’Cs in the aqueous
phase, imp/sec (or UO,** concentration, mol/dm’).

At intervals, aliquots of the solution over the sorbent were taken and the radioactivity of the dry
residue was determined. The constant radioactivity value of two consecutive samples indicated that
sorption equilibrium was reached. The time corresponding to the establishment of thermodynamic
equilibrium in the system was determined graphically from the dependence of the extraction coeffi-
cients (R) on the contact time of the solution with SPE.

Results and discussions

Based on the data on the dependence of the extraction factors (R) on the time of contact with
SPE for the radionuclides *°Sr, *°Y and *’Cs, kinetic curves were constructed (Figures 3-5).
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Fig. 3 Extraction kinetics '*’Cs: 1) SPE-TBP, 2) SPE-CIP67, 3) SPE-C45
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Fig. 4 Extraction kinetics *Sr: 1) SPE-TBP, 2) SPE-CIP67, 3) SPE-C45
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Fig. 5 Extraction kinetics *Y: 1) SPE-TBP, 2) SPE-CIP67, 3) SPE-C45

Analysis of kinetic curves showed that sorption equilibrium in the studied systems occurs after
3-4 hours. The process of radionuclide extraction occurs in 2 stages - fast and slow. The first stage is
responsible for the process of saturation of the SPE surface with radionuclides, which occurs in a
fairly short period of time. The second stage, corresponding to some "straightening" on the kinetic
curve, indicates complete saturation of the sorbent surface with radionuclides and subsequent slow dif-
fusion into the sorbent. This suggests that the rate of extraction by the solid extractant is controlled by
a slower intradiffusion mechanism. For systems with uranium, the sorption kinetics at different pH
values were investigated.

A significant contribution to the kinetics is made by the chemical interaction during the extraction
process. The extraction kinetics for such systems is most accurately described by a pseudo-second-or-
der model [22]. This indicates a significant influence of chemical interaction between extractants and
radionuclides on the process rate.

Based on the data obtained, the empirical parameters of the pseudo-second-order kinetic model
were calculated using equation:

2
R= k,R.t )
1+k,R,t

where k,— rate constant, R.— equilibrium extraction coefficient.

The initial extraction rate was calculated using the equation

h=k,R?

The results are shown in Tables 1 and 2.

3)

Table 1. Parameters of equations 2 (k2, hours™) and 3 (%, hours™) dependence of extraction coefficients R(%) on
time #(hours) for SPE systems with radionuclides.

SPE-TBP SPE-C45 SPE-CIP67
Radionuclides R. ko 107 h R. ko 107 h R. ko107 h
137Cs 7.7 4.8 29 18.1 6.9 22.6 11.2 14.1 17.6
Sr 12.2 10.9 16.3 17.8 23.6 74.7 13.4 11.9 21.1
0y 17.5 6.7 204 22.6 10.9 55.4 204 6.9 28.7

Table 2. Parameters of equations 2 (k», hours™) and 3 (%, hours™) dependence of extraction coefficients R(%) on
time #(hours) for SPE systems with UO,*"at different pH.

SPE-C45 SPE-CIP67
pH R. k10P h R. k107 h
2 82.5 1.2 79.6 75.1 1.1 59.4
4 79.0 1.4 87.1 74.6 0.9 48.8
6 71.7 1.7 89.2 67.6 1.1 50.7

In all studied systems extraction coefficients and initial extraction rate increase in the series
SPE-TBP< SPE-CIP67< SPE-C45. The extraction coefficient for systems with UO,*" decreases with
increasing pH. At the same time, the initial extraction rate does not show such a trend.
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The effect of addition of nitric acid on the equilibrium extraction coefficients is shown in Ta-
ble 3. For all systems, an increase in extraction coefficients with increasing acid concentration is ob-
served. Even small additions of acid significantly increase the extraction coefficient. Further increases
in acid concentration have only a minor effect on the extraction.

Table 3. Effect of nitric acid concentration on extraction coefficients.

SPE-TBP | SPE-C45 | SPE-CIP67

Ion c¢(HNO3), mol/dm’

0 0.1 0.5 1.0 0 0.1 0.5 1.0 0 0.1 0.5 1.0
B¥Cs 5.6 22.8 25.6 | 275 16.2 292 | 335 349 10.6 256 | 29.5 314
Sr 11.2 | 349 37.5 38.8 17.5 449 | 49.9 52.8 12.5 37.1 42.7 44.9
0y 155 | 38.2 43.7 48.2 21.8 | 48.5 57.7 62.9 18.7 | 434 | 489 53.4

U0 | 43 51 68 73 62 84 90 96 58 75 88 91

For the analyzed systems, depending on the nature of extracted particles, the extraction
coefficients change in the following series UO,* > *°Y > *Sr > 'Cs. This behavior of the systems is
due to the specificity of complexation of the extracted particles with TBP and calixarenes.

Conclusions

Experimental studies of solid-phase extraction of radionuclides "’Cs, *Sr, *°Y, and UO,*" from
aqueous solutions using SPEs were carried out. Calix[4]arene phosphine oxides C45 and CIP67,
which differ in the length of the alkyl radical at the phosphorus atom, were used as complexing
reagents of SPEs. A significant influence of the acidity of the aqueous solution on the efficiency of the
radionuclide extraction has been shown. Analysis of the extraction coefficients of radionuclides in
two-phase systems SPEs-water allowed us to construct the series: UO,*" > Y > *Sr > *'Cs. A com-
parative analysis of the radionuclides extraction coefficients shows that the extraction ability of solid
extractant SPE-calixarenes significantly exceeds the extraction ability of SPE-TBP one and varies in
the series: SPE-C45 > SPE-CIP67 > SPE-TBP. The reasons for the identified patterns are of interest
for further research. The obtained results open the prospect of using of the calixarene based SPEs for
the extraction of radionuclides from aqueous solutions.
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A.N. KpacHonboposa', ".[. FOxHo', H.B. Edimosa’, M.B. Edimos’, O.I. Bopo6iios’, A.5. Opanainno®, B.l. Kanbue-
HKO'. BunyueHHs pagioHyknigis '*'Cs, *°Sr, Y 1a UO,*" 3 BOAHMX PO34MHIB 3@ AOMOMOro TBepOodasHnX eKcTp-
areHTiB iMnperHoBaHux kKanikc[4]JapeHdocdiHokengamm.

"XapkiBCbkUI HaLioHanbHUI yHiBepcnTeT iMeHi B.H.KapasiHa, ximiynuin chakynbteT, magaH CeoGoau, 4, Xapkis,
61002, YkpaiHa.
"XapkiBCbKkMIN HayKOBO-AOCHIAHWIA eKcnepTHO-KpUMiHanicTuuHuin ueHTp MBC Ykpainu, Byn. KoeTyHa, 34, Xapkis,
61191, YkpaiHa.
"IHCTUTYT opraHiyHol xiMii HauioHanbHOT akagemii Hayk Ykpainu, Byn. Akagemika Kyxaps, 5, Kuis, 02094, YkpaiHa.

BunyueHHsi pagioHyknigis '*Cs, *°Sr, *Y ta UO,** gocnimkyBanu 3 BUKOPUCTaHHAM TBepAodasHNX ekcTpareH-
TiB SPE-TBb®, SPE-C45 ta SPE-CIP67 3anexHo Big KMCNOTHOCTI BogHOro po3umHy. SPE-C45 ta SPE-CIP67 €
NMOPUCTMMU FpaHynamMm CTUpPOn-AuBiHINGEH30NbHOro cononimepy, iMnperHoBaHMMM kanikc[4lapeHteTpadocdiHok-
cupamn C45 (5,11,17, 23-teTtpakic-gieTnndocdiHoinmeTnn-25,26,27,28-tetpanponokcukanikc[4]lapeH) i CIP67
(5,11,17,23-TeTpakic-gunponindgocgiHoinmeTnn-25,26,27,28-teTpanponokcukanikc[4]apeH). Ak copbeHT Aans
NOPIBHAHHSA BUKOPVCTOBYBanu KoMepuiiHui TBepgodasHuii ekctpareHT SPE-TE® Ha ocHoBi TpubyTnndocdary.
[MpoaHanizoBaHO BNNMB Yacy KOHTAKTY pafioHyKMigiB 3 eKCTpareHTOM Ha BCTAHOBMEHHS eKCTPaKLUiHOT piBHOBAru.
Moka3aHo, Wo piBHOBaru B cuctemax 3 BUKOPUCTaHHAM TBepAoda3HNX ekCTpareHTiB BCTaHOBMNOWTLCA 3a 3-4 ro-
OVHWN.

BusiBneHO 3HayHWI BMMMB KUCNOTHOCTI BOAHOIMO PO34MHY Ha eMEKTUMBHICTb BUITYYEHHS pagioHyKNigis:
36iNbLUEHHS KNCNOTHOCTI NPM3BOANTL A0 3POCTaHHs KoedilieHTiB po3noginy.

[MokasaHo BNnMB NpUpoaN KaTioHIB Ha ePeKTUBHICTb BUINYYEHHS, Sika 3pOoCTae B HAaCTyNHOMY psay:

U022+ > QOY > QOSr > 137CS.

BusBneHo, Wwo BUny4YeHHS padioHyKMigiB 3anexuTb Big OOBXMHU ankinbHOro pagukana npy atomi gocdopy
MaKpOLMKNIYHOro KicTsika kanikc[4]apeHdocdiHokenay. KatioHn edpekTuBHile BunydvaroTbCs Kanikc[4lapeHoMm 3
MEHLLIOI AOBXWHOK ankinbHoro pagukany. 34aTHiCTb TBepAodasHUX eKCTpareHTiB iMnperHoBaHuX KamnikcapeH
docdiHokeuaamMm A0 BUNYYEHHS OOCHiAKYBaHWUX PagdioHYKNigiB NepeBuLLlye eKCTpakuinHy 3aatHicTe SPE-TB® i
3MiHIOETBCA B HacTynHomy nopsaaky: SPE-TB® < SPE-CIP67 < SPE-C45.

lMpoBepneHi gocnigXeHHs nNokasanu NepcneKkTUBHICTb BUKOPUCTAHHSA KanikcapeHOBMICHMX TBepaodasHuX
eKcTpareHTiB B pajiauiiHOMy KOHTPOMi NPUPOAHUX BOJ, OCKIfMIbKW BOHW € CENEKTUBHUMWU, 3PYYHUMMU Y BU-
KOpPUCTaHHI i He NoTpebyTb BUKOPUCTAHHSA OPraHiyHUX PO3YMHHUKIB.

Knroyoei cnoea: padioHyknidu, meepdohasHa eKcmpakuyis, KajikcapeHu, ¢ocgiHokculdu,
padioakmuegHi 8idxodu.

KoHdniKT iHTepeciB: aBTOpY MOBIAOMMAIOTL NPO BiACYTHICTb KOHANIKTY iHTEpeCiB.

HadicnaHo do pedakuyii 15.02.2025 lMputiHamo do dpyky 05.04.2025
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