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SOLID PHASE EXTRACTANTS FOR ACTINIDE
AND LANTHANIDE REMOVAL BASED

ON POROUS POLYMERS IMPREGNATED
WITH MULTIDENTATE CHELATING LIGANDS

Introduction. Treatment and disposal of radioactive wastes as well as monitoring of radioactive isotope content
in environmental objects are actual tasks in the developed world. Lanthanide and transuranium element removal
Jfrom spent nuclear fuel of nuclear power plants allows decreasing waste amount to be dumped and diminishing
the risk of environmental pollution by radionuclides.

Problem Statement. Considering extreme radiotoxicity of transuranium elements and tight standards re-
stricting their activity in air and water, there is an urgent need to develop accurate and highly sensitive methods
Jor pollution control.

Purpose. Development of solid phase extractants (SPEs) based on porous polymers impregnated with multi-
dentate chelating ligands for lanthanide, uranium and transuranium element removal from aqueous solutions.

Materials and Methods. The materials used are porous divinylbenzene polymers of POROLAS brand and
styrene-divinylbenzene copolymers from Smoly SE (Kamianske); multidentate chelating ligands of actinides and
lanthanides such as N,N,N',N-tetra-n-octyl-oxapentane-1,5-diamide (TODGA) and carbamoyl phosphine

Citation: Belikov, K. M., Bryleva, E. Yu., Bunina, Z. Yu., Varchenko, V. V., Andryushchenko, A. Yu., Shcher-
bakov, I. B.-H., Kalchenko, V. 1., Drapailo, A. B., Zontov, A. V., and Zontova, L. V. Solid Phase Extractants for
Actinide and Lanthanide Removal Based on Porous Polymers Impregnated with Multidentate Chelating
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oxides (CMPO); sorbent from TrisKem (France) based on TRU Resin (Eichrom Industries, Inc.). The research techni-
ques are inductively coupled plasma atomic emission spectrometry, IR spectroscopy, scanning electron spectros-

copy, spectrofluorimetry.

Results. The solid-phase extractants (SPEs) for actinide and lanthanide removal from aqueous solutions have
been synthesized by impregnation of porous polymeric POROLAS matrices and TODGA, CMPO-(PhOct) and
CMPO-(Ph2). Sorption kinetics has been studied and capacity values for the different sorbents have been esti-
mated. Extractive columns for uranium and europium concentration have been manufactured.

Conclusions. SPEs studied demonstrate a high efficiency in removing uranium and europium from aqueous
solutions. Due to their characteristics obtained materials may be used for preconcentration of target ions in ra-

dioecologycal monitoring procedures.

Keywords: spe, carbamoyl methyl phosphine oxides, tetraoctyl diglycolamide, and radionuclides.

Actinide and lanthanide radioisotopes contained
in spent nuclear fuel of nuclear power plants and
in the accidental emissions of Chornobyl and Fu-
kushima are toxic and dangerous because of a long
half-life and a high mobility in surface soil [1].
Currently, 2! Am and isotopes of U are of particu-
lar importance among these radionuclides. 2! Am
is 100-fold more toxic than 2*'Pu, and its amount
in the environment increases over time as a result
of 2'Pu decay. The mobility of >'Am is signifi-
cantly higher than that of plutonium due to a hig-
her solubility. So, americium easily enters animal
or human bodies, accumulates in bone tissue and
becomes the source of intrinsic radiation [2]. Mo-
nitoring of uranium content is also an important
task since this element has carcinogenic and mu-
tagenic properties and is a general cellular poison
with delayed action on human body.

The most widely used method for ! Am acti-
vity determination is a-spectrometry that requi-
res a time- and labor-consuming preparation of
an emitter [3,4]. Furthermore, in most real cases,
there are complex mixtures that contain other
a-isotopes in addition to americium (uranium, tho-
rium and products of their decay) with activity
of these isotopes being significantly higher than
the americium activity. Therefore, there is an un-
met need for the selective removal of 2! Am from
matrices in order to both prevent signal overlap
with other components and concentrate the ra-
dionuclide. Uranium can also be determined by
an a-spectrometry method with a time-consum-
ing sample preparation; however, an error during
such determination can reach 30—60% [5].

ISSN 2409-9066. Sci. innov. 2021.17(2)

Based on the state of the art, the development
of the accurate and highly sensitive methods for
monitoring the content of above mentioned ra-
dionuclides in natural surface or ground water
and other natural objects has attached critical
importance.

Currently, application of SPEs, which are ma-
terials combining properties of both selective lig-
uid extractants and porous solid sorbents, be-
comes a promising trend for ecological monitor-
ing. Advantages of the SPEs include a high
capacity inherent to liquid extractants and a sim-
ple technological process of metal ion removal
inherent to sorbents [6]. The most widely used
SPE for binding of radionuclides including ura-
nium is a porous styrene and divinylbenzene co-
polymer impregnated with tributyl phosphate
(TBP), a conventional industrial extractant [7].
A disadvantage of the SPE with TBP is the lack
of complexing ability and selectivity for uranium
and other actinides.

An effective method to enhance selectivity of
the SPEs for americium and uranium involves
impregnation of porous matrices with multiden-
tate complexing ligands, such as N,N,N’,N -tetra-
n-octyl-oxapentane-1,5-diamide (TODGA) and
carbamoyl phosphine oxides (CMPO), that form

O 0O C H.-i
H,;Cq \N)J\/O\)J\N/ CH,; H17C8\P N o
| | Ph~ ! C,Hyi
H,;Cy CH,; ©
(@) (b)

Fig. 1. Chemical structures of TODGA (a) and CMPO-
(PhOct) (b)
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Fig. 2. Tllustrative SPE C1103 obtained using the porous sty-
rene-divinylbenzene copolymer from SOE “Smoly”

tight chelates with these radionuclides. Polymer-
ic matrix nature is also essential for SPE quality.
The matrix should have a homogeneous extended
surface to ensure efficient mass exchange at the
organic/water interface and contain spherical
particles of uniform size to provide the most ad-
vantageous hydrodynamic extraction processes.

In this work, divinylbenzene polymers and sty-
rene-divinylbenzene copolymers from SOE “Smo-
ly” (Kamianske) obtained by free radical bead po-
lymerization were used as the porous matrices.
Spherical particle sizes of the porous matrices we-
re in the range of 60—160 mm, an upper limit of
the specific surface area was 1000 m?/g.

Chelating multidentate ligands (Fig. 1), NN,N’,
N'-tetra-n-octyl-oxapentane-1,5-diamide (TOD-
GA) and (N,N-diisobutylcarbamoylmethyl)oc-
tylphenylphosphine oxide (CMPO-(PhOct)) we-
re synthesized according to published procedu-
res [8, 9].

Impregnation of the porous polymers with
TODGA and CMPO ligands was performed ac-
cording to [6].

Sorption materials
for americium concentration

It is to be noted that carrying out sorption expe-
riments with isotope **'!Am is quite complicated
in usual analytical laboratories. Because ameri-
cium is a highly toxic element and special equip-
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ment and licenses are needed to work with open
radiation sources, methods for its removal are of-
ten developed using europium as a model element
with the same chemical properties [10, 11]. In this
respect, Eu was used in this work for testing sorp-
tion properties of the resins modified with TODGA.

Despite the fact that a great variety of TODGA-
based sorption materials has been studied, several
issues remain to be investigated. Among them are
identification of a stable and inexpensive sorbent
matrix, effective americium removal in a column
mode from solutions containing large amounts of
coexisting ions, possibility of column reuse etc.

The list of the SPEs investigated for Eu(IIT)
removal is provided in Table 1 and an illustrative
SPE is shown in Fig. 2.

Sorption properties were studied in a wide pH
range: in nitric acid solutions with concentrations

Table 1. SPEs for Eu(IIT) Ion Removal

SPE ID Composition

C1099 POROLAS-T(1), 0.063—0.1 mm, 60%
TODGA 40 %

C1101 POROLAS-T(2), 0.063—0.1 mm, 60%
TODGA 40 %

C1103 Styrene-divinylbenzene copolymer,
0.063—0.1 mm, 60%
TODGA 40 %

C1115 POROLAS-T(1) 0.063—0.1 mm, 56.5 %
TODGA 32 %
CMPO-(PhOct) 11.5 %

C1117 TRU Resin (TRISCEM), 0.1—0.16 mm,
60 %
TODGA, 40 %

C1141 Styrene-divinylbenzene copolymer,
0.1—0.16 mm, 60%
TODGA, 40 %

Matrices

POROLAS-T(1) |anonionic porous sorbent obtained by

POROLAS-T(2) |bead copolymerization of divinylben-
zene and styrene in the presence of a
porogene followed by conditioning to
make its surface more hydrophilic.
T(1) and T(2) differ by porogenes used

Styrene-divinyl- |a product obtained by bead copoly-

benzene copolymer | merization of divinylbenzene and sty-
rene using a porogene
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of 0.5 to 6 mol/1 and with pH of 1 to 7 (Fig. 3).
Considering europium hydrolysis, pH values abo-
ve 7 were not investigated. The highest removal
rate appeared for nitric acid solutions with con-
centrations above 0.5 mol/l [12]. However, it
should be noted that the removal rate also in-
creased with increase in pH from 2 to 7 allowing
for the effective use of the sorbents at pH values
of about 6—7.

The effect of pH on the removal rate was stu-
died as following. 20 ml of the europium test so-
lution was added to the weighted amount of sor-
bents (0.05 g). The concentration of europium
in the test solution was 20 mg/ml. Then pH was
measured by a STARTER 3100 pH-meter (OHAUS,
USA) and adjusted to a desired value with HNO,
or NaOH. The concentrations of europium in the
solutions before and after sorption were measured
by inductively coupled plasma atomic emission
spectrometry using an iCAP 6300 Duo spectrom-
eter (Thermo Scientific, USA).

Sorption isotherms were obtained using 1 mol/1
nitric acid solutions containing europium at con-
centrations ranging from 20 to 300 mg/1. Aliquots
(20 ml) of these solutions were transferred to
50 ml conical flasks with pre-weighed sorbents
(0.05 g). Next stages of the experiment were as de-
fined for the pH effect determination.

Sorption kinetics was investigated by exami-
ning the effect of contact time on europium sorp-
tion. Aliquots (20 ml) of the europium ion solu-
tion with concentration of 20 mg/1 (prepared in
1 mol/1 HNO, solution) were added to pre-weig-
hed sorbents (0.05 g) in 50 ml conical flasks. The
flasks were then shaken at 300 rpm for different
amounts of time. After that the sorbents were fil-
tered and europium concentrations before and af-
ter sorption were measured using inductively coup-
led plasma atomic emission spectrometry.

Table 2. Sorption Capacity of the SPEs Studied

Sorption capacity, mg/g

C1101 C1103 C1115
11.28 25.07 9.04

C1099
10.25

C1117
22.03

120

_
=
T
N2
]?
¥
/

[0e]
(e}
T
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Removal rate, %
N
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Cl1117
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— C1115
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808080

Fig. 3. Removal rate of Eu(III) ions vs. pH in the solution
for the different SPEs

Sorption capacity was calculated by an equation:

(c,—c)V
T m

where ¢, is an initial concentration of Eu(III)
ions, mg/1; ¢, is a concentration of Eu(I1I) ions in
the solution after sorption; V is a volume of the
solution, |; m is a sorbent mass, g.

Table 2 shows that the SPE C1103 has the hig-
hest sorption capacity, which is even superior
to the sorption capacity of the SPE C1117 from
TRISKEM. Sorption characteristics of the SPE
C1115 containing both TODGA and CMPO are
substantially similar to that demonstrated for the

Table 3. SPEs for UO,** Removal

SPEID

C1119

Composition

POROLAS-T(1)

0.063—0.1 mm

28% TBP

12% CMPO-(PhOct)

Styrene-divinylbenzene copolymer, 0.1—0.16 mm
28% TBP

12% CMPO-(PhOct)

C1140

Table 4. Sorption Capacities of the SPEs
for UO,* in a 1M HNO3 Solution

Sorption capacity, mg/g

C1119 C1140
39 35
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Fig. 4. Removal rate of uranyl ions by the SPEs C1119 and
C1140 vs. pH of the solution

SPE C1099 made up of the same matrix but con-
taining only TODGA.

Sorption kinetics was studied for the SPE with
the highest sorption capacity i.e. C1103. In order
to investigate the mechanism of the sorption pro-
cess, several common kinetic models of sorption we-
re tested: the pseudo-first order model, the pseu-
do-second order model, the Elovich equation, and
the Dumwald-Wagner model.

Experimental data were fitted by the nonlinear
method of least squares using Origin software ac-
cording to the models applied. The Dumwald-Wag-
ner model was in the best agreement with the ex-
perimental sorption kinetics of Eu(IIT) ions on the
SPE C1103.

Thus, it indicates a chemisorption process,
which takes place in three stages:

68

Fig. 5. Extractive columns for europium, americium, and
uranium concentration

¢ the rapid diffusion of the metal ions to the SPE
surface and adsorption on it;

¢ the transfer of the metal ions from the SPE sur-
face in a liquid organic phase of the impregnat-
ed ligand and formation of a chelate complex;

¢ adsorption-desorption at the equilibrium.

Sorption materials
for uranium concentration

Due to high sensitivity (about 10~ g of U), a lu-
minescent method for trace uranium determina-
tion is known to be widely used for ore, natural wa-
ter, and industrial product or waste analyses [13].
Uranyl complexes with inorganic anions are the
most promising luminescent agents.

The removal rate of uranium by the SPEs de-
signed was evaluated through determination of
residual uranyl ions UO,?* in the solutions after
sorption.

A fluorimetric method for determination of re-
sidual uranyl ions UO,* in solutions was develo-
ped, the method being based on the fluorescence
of the uranyl ion complex in a phosphate media
supplemented with sodium metaphosphate.

The list of the SPEs investigated for UO,*" re-
moval is provided in Table 3.

Sorption properties of the SPEs C1119, C1140
were studied in a batch mode. Luminescence was

ISSN 2409-9066. Sci. innov. 2021.17(2)
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measured in the range of 400—600 nm using a
Shimadzu RF1501 spectrofluorimeter in 1 cm
quartz cells at a 285 nm excitation wavelength
(slit width, 10 nm).

Fig. 4 shows the pH effect on the removal rate
of uranyl ions by the SPEs C1119 and C1140.

The SPEs designed have high removal rates of
uranyl ions from aqueous solutions in the wide
pH range. Table 4 lists calculated sorption capaci-
ties of the SPEs C1119 and C1140 for uranyl ions.

Sorption kinetics of UO,*" ions on the mate-
rials studied, just as for the SPEs containing
TODGA, is in the best agreement with a Dum-
wald-Wagner model.

Extractive columns
for europium (americium)
and uranium concentration

Extractive columns for americium concentration
were manufactured based on the material C1141
(an analogue of C1103 with larger particle size per-
mitting free liquid flow) and extractive columns
for uranium concentration were manufactured ba-
sed on the material C1140. Further radionuclide
quantification is contemplated to perform by a ra-
diometric assay. 1 cm?® bodies for column manufac-
ture (Fig. 5) were purchased from Chromabond®.
Sorbent volume in the column is 0.5 cm?, sor-
bent mass is 0.2 g. The columns designed are be-
ing studied on real samples of spent nuclear fuel
and drain waters from nuclear power stations.
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TBEPAI EKCTPATEHTH JJIA BUJIYYEHHSA
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ITOJIIMEPIB, IMITPETHOBAHUX ITOJIIIEHTATHUMN
XEJIATYIOUNMMU JIITAHAAMI
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KOJIMIITHBOTO CepeIOBUIIA € AKTYaJILHOIO 3a/1a4€I0 /IS PO3BUHEHUX KpaiH cBiTY. BuiryuyeHHs JlaHTaHiiB Ta TPaHCypaHo-
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BUX €JIEMEHTIB 3 BiITPAIlbOBAHOTO SIEPHOTO TTAJTMBA aTOMHUX €JIeKTPOCTAHIIIN T03BOJUTH 3MEHIITUTH KiIbKiCTh BiJIXOJIiB,
110 HiISITAI0Th 3aXOPOHEHHIO, Ta 3HU3UTU PU3UK 3a0PY/IHEHHS PAJiOHYKJIIIaAMU HABKOJIUIITHBOTO CEPEOBUIIIA.

IIpo6aemaTuka. 3 orJisi/ly Ha eKCTPEMAJIbHY PajlioTOKCHYHICTh TPAHCYPAHOBHX €JIEMEHTIB Ta )KOPCTKI HOPMHU, 1[0 PerJia-
MEHTYIOTh IXHIO aKTUBHICTb y TOBITpPI Ta BOJII, iCHY€ HarajbHa noTpebda y PO3BUTKY TOUHKMX Ta BUCOKOYYTIUBUX METO/IB
KOHTPOJIIO CTaHy 3a0pyiHeHHS 00’ €KTiB HABKOJIUIITHBOTO CEPEIOBUIIA.

Merta. CtBopenns tBepanx ekcrparenTis (TBEKCiB) Ha ocHOBI mopyBaTux 1mosrimMepis, iMITPerHOBAHNX MOJTiIEHTATHUMU
XeJIaTYIOUMHU KOMIIZIEKCOYTBOPIOBAUYaMH, JIJIsT BUJTYUeHHS JIAaHTAHIIB, YPaHy 1 TPAHCYPAHOBHUX €JIEMEHTIB 3 BOJTHUX PO3UNHIB.

Marepiamm i meromu. [TopysaTti nosimepu ausininGenseny mapku IIOPOJIAC ta konosiMepu cTUpeHy Ta AWBiHiIOeH-
seny Bupo6nunTsa 11 « CMOJIN» (M. Kam’siHcbKe); 1I0JII€HTATHI Xe1aTyioui KOMILJIEKCOYTBOPIOBaYl ak THHIAIB Ta JlaHTa-
mizis N,N,N’,N’-rerpa-u-okrui-okcanentan-1,5-muamin (TO/TA) ta kapbamoindochinokenan (KMDO); copbent kom-
nanii TRISKEM (@pannis) na ocuosi marepiaay TRU Resin (Eichrom Industries, Inc.). MeToau 1ocmiiKeHHsT — aTOM-
HO-eMiCiliHa CTIeKTPOMETPis 3 iHIYKTHBHO-3B’s13aH0I0 TIIazMoro, [Y-crekTpockorris, ckanyfoya eJIeKTPOHHA CIIEKTPOCKOTIIS,
crexTpodryopumMeTpisi.

Pesyabratu. IMrpernyBaHHsaM opyBaTux nosiMepanx matpuiib jgirangamu TOITA ta KM®O orpumano TBEKCu st
BUJTYYEHHS yPaHy Ta €BPOIII0 3 BOAHUX PO34YMHIB. BusHaueHo copOLiiiHi XapakTepuCTUKI OTPUMAHNX MaTepiasiiB Ta Ha IX oc-
HOBIi BUTOTOBJICHO €KCTPAKITIHI KOJIOHKH.

Bucuosku. /locnimzkeni TBEKCu nemonctpyiors BUCOKY epeKTUBHICTD TIPU BUJIYYEHH] ypaHy Ta EBPOIIIIO 3 BOAHOTO Ce-
penoBuiia. XapakTepuCTUKN OTPUMAHUX MaTepiasiiB 03BOJISIOTh BUKOPUCTOBYBATH iX JIJIS TOTIEPEAHBOTO KOHIIEHTPYBAHHS
1IJILOBUX 10HIB B METOIMKAX Pa[i0€KOJIOTIYHOTO MOHITOPUHTY
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