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Abstract—A possibility to use acid-type phosphoryl-containing podands with diethylene glycol polyether
chain, which differ in substituent at the phosphoryl group, as extractants for the recovery of U(VI), Th(IV),
and rare earth elements(I1I) from nitric acid solutions has been studied. Features of the effect of HNO; con-
centration on U(VI) and Th(IV) extraction with solutions of the phosphoryl-containing podands in dichlo-
roethane has been revealed. Uranium(VI) is extracted as a normal intracomplex salt of dibasic acid U02L3
with chelate coordination of both POO™ groups to one cation. Thorium(IV) produces a complex as a normal
intracomplex salt of composition Th(L3)2 where two bivalent anions of ligand acid are coordinated via all four
POO™ groups to Th(IV) cation. Sorption of U(VI), Th(IV), and REE(1II) by impregnated sorbent based on
LPS-500 polymer with 1,5-bis[2-(oxyethoxyphosphoryl-4-ethyl)phenoxy]-3-oxapentane from 0.052 and
3.52 mol/L HNOj has been studied. It has been established that the obtained sorbent shows high selectivity
in the separation of U(VI), Th(IV), and REE(III). The separation factor for uranium(VI) and europium(III)
(BU/EU) has been found to be 202 and ~55000 upon sorption from 3.52 and 0.052 mol/L HNOj3, respectively,
at ¥/m = 500 mL/g. At thorium(IV) sorption from 3.52 and 0.052 mol/L HNO;, By, ,y = 66 and ~5050,
respectively.
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INTRODUCTION

Extraction is known to be one of efficient method
for preconcentration and selective isolation of lantha-
nides and actinides [1, 2]. However, in recent time,
there is stable trend to use preferably more industrially
feasible sorption methods for the isolation of f~block
elements. Efficient sorption materials are necessary
for their implementation. Among known sorbents,
synthetically available impregnated-type sorbents are
of special interest, they are prepared by the non-cova-
lent binding of organic extractants on the surface of
macroporous carriers [3—5]. The sorption properties
of impregnated-type sorbents are determined in a con-
siderable extent by the extraction ability of used
extractant toward recovered metal ions [6, 7]. Thus,
the search for new efficient extractants and study of
their properties is an urgent task for designing both

extraction and sorption processes for the recovery and
purification of a number of elements of industrial sig-
nificance.

Diphosphonic acid derivatives are rather efficient
extractants for lanthanides and actinides [8—14].
Increase in the length of the alkylene bridge between
the phosphoryl groups of P,P'-di(2-ethylhexyl)methy-
lenediphosphonic acid (D2EHMDPA) leads to
decrease of extraction ability of reagent but increases
extraction selectivity [15]. It should be noted that
polymeric sorbents impregnated with D2EHMDPA
provide efficient recovery of Th(1V), U(VI), Am(III),
and REE(III) from nitric and hydrochloric acid solu-
tions [16]. Synthetically available acid-type phos-
phoryl-containing podands also belong to the class of
diphosphonic acids. These phosphoryl-containing
podands include two fragments of 2-oxyphenylphos-
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phonic acid (2-C¢H,P(O)(OR)(OH),) connected by
polyether chain of different length [17].

It was found that acid-type phosphoryl-containing
podands under comparable conditions extract U(VI)
and Th(IV) much more efficiently than known
extractant, di-2-ethylhexyl phosphoric acid [I8].
Comparison of uranium(VI), thorium(IV), and lan-
thanum(III) extraction from nitric acid solutions into
1,2-dichloroethane (DCE) with phosphoryl-contain-
ing podands with different length of polyether chain
showed that diethylene glycol derivatives exhibit high
extraction ability and are rather promising compounds
for the recovery of f~block elements [19]. The use of
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these compounds as components of stationary phase
of impregnated-type sorbent for extractive chromato-
graphic separation of U(VI), Th(1V), Np(IV), Pu(IV)
[20, 21], Mo [22], and Pm [23] from solutions
obtained by reprocessing of spent nuclear fuel is
known.

In this work, we study the possibility to use acid-
type phosphoryl-containing podands H,L!'—H,L°
with diethylene glycol polyether chain that differ in
substituent at the phosphoryl group for the extraction
and sorption separation of U(VI), Th(IV), and
REE(III) from nitric acid solutions.

ool

CH; EtO TOEt EtO” “OEt HsC

L7

H,L!, R =Et, R'=H; H,L.>, R=Bu, R'= H;
H,L3, R = Et, R' = Et; H,L* R =Bu, R' = Et;
H,L’, R = Et, R' = Bu'; H,L%, R = Bu, R' = Bu'

EXPERIMENTAL

Acid-type phosphoryl-containing podands:
bis[2-(oxyethoxyphosphoryl)phenoxy]-3-oxapen-
tane (H,L'), 1,5-bis[2-(oxybutoxyphosphoryl)phe-
noxy|-3-oxapentane (H,L?), 1,5-bis[2-(oxyethoxy-
phosphoryl-4-ethyl)phenoxy]-3-oxapentane (H,L%),
1,5-bis[2-(oxybutoxyphosphoryl-4-ethyl)phenoxy|-3-
oxapentane (H,L?%), 1,5-bis[2-(oxyethoxyphosphoryl-
4-tert-butyl)phenoxy]-3-oxapentane (H,L%), and 1,5-
bis[2-(butoxyoxyphosphoryl-4-fert-butyl)phenoxy] -
3-oxapentane (H,L®) were obtained by the previously
described procedure [24]. The synthesis of 1,5-bis[2-
(diethoxyphosphoryl-4-ethyl)phenoxy]-3-oxapen-
tane (L7), a neutral analog of H,L?, was described pre-
viously [17].

Metal extraction study. Solutions were prepared
using doubly distilled water, 1,2-dichloroethane
(reagent grade), Arsenazo III (analytical grade),
HNO; (high purity grade), uranium oxide (GSO
8363-2003, uranium content 84.784 =+ 0.016%),
Th(NO;), * 4H,0 (reagent grade), La(NO;); - 6H,0
(reagent grade), Nd(NO;); - 6H,O (reagent grade),
Ho(NO;); - 6H,0 (reagent grade), and Yb(NO,); -
6H,0 (reagent grade). Solutions were prepared by vol-

L,5-
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umetric and weight methods. Solutions of metal nitrates
under study were prepared by dissolution of weighed
sample of the corresponding nitrate in 0.01 mol/L
HNO; solution. The concentration of metal nitrate
solutions (0.1 mmol/L) was refined by spectropho-
tometry by procedure [25] using a Thermo Scientific
Gallery spectrophotometer. Concentration of HNO;
solutions was determined by potentiometric titration
with 0.1 mol/L NaOH using a Mettler Toledo S470
SevenExcellence™ conductivity meter with accuracy
* 0.01 pH units. Electrode pair was calibrated using
standard buffer solutions with pH 1.68, 4.01, and 9.21
(Mettler Toledo) (at 20°C). Concentration of NaOH
solution was refined by potentiometric titration with
0.1 mol/L HCI (standard solution).

Extraction studies were performed by the following
procedure. A test tube with ground stopper was filled
with 1.5 mL of 5.15 mol/L nitric acid solution, 0.5 mL
of 0.1 mmol/L metal nitrate solution, and 2 ml of
0.001 mol/L ligand solution in DCE. Phases were
stirred for 20 min in a BioSan Multi RS-60 multi rota-
tor (80 rpm). Extraction equilibration time was veri-
fied by increasing phase contact time up to 120 min,
distribution ratios in this case remain constant. Phases
were separated by centrifugation. After phase separa-
tion, metal cation concentration in aqueous phase
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was determined by spectrophotometry [25]. At least
three independent experiments were conducted for
each concentration. Relative value of confidence
limit of total error was 6 = 0.33 for n = 3 and confi-
dence coefficient P = 0.95. Confidence interval of
metal concentration determined by spectrophotome-
try is 3.3 X 10~° mol/L [26].

All experiments were conducted at 20 = 1°C. Dis-
tribution ratios (D = [M],,,/[M],,) were determined at
constant extractant concentration in DCE of 1 mmol/L
and initial metal concentration in aqueous phase of
0.025 mmol/L.

The presence of aggregated particles in organic
phase was determined using a Nano-ZS Malvern
Zetasizer Nano particle size analyzer.

Metal sorption study. The content of H,L3 in the
studied sorbents was 33 wt %. Carrier used was a LPS-
500 styrene—divinylbenzene copolymer manufactured
by Tekhnosorbent Ltd. (Moscow), which according to
manufacturer’s certificate had the following charac-
teristics: fraction size 40—70 um, surface area 700—
800 m? per 1 g of carrier, pore volume 2.0 mL per 1 g
of carrier, pore diameter 5—50 nm.

Procedure of styrene—divinylbenzene copolymer
impregnation with phosphoryl-containing podands
H,L'-H,L®. A solution of 3.3 g of phosphoryl-con-
taining podand in 100 cm? of chloroform (analytical
grade) was placed in a 250-cm? beaker, 6.7 g of granu-
lated LPS-500 polymer was added. The resultant mix-
ture was carefully stirred for 2 h on a magnetic stirrer
and the solvent was removed on a rotary evaporator.
The residue was dried at ambient temperature in a
fume hood until dry state (8—10 h). Sorbent yield 10.0 g
(100%). Ligand H,L3 distribution in sorbent pores was
not studied.

Sorption of the elements was studied in a static
mode from solutions containing 0.1 mmol/L of ura-
nium(VI), thorium(IV), and rare earth elements(I1I)
nitrates in 0.052 and 3.52 mol/L HNO;. Sorbent
weight was 200 mg, solution volume was 100 mL (V/m =
500 mL/g). The phases were stirred using a WAB Glen
Mills Turbula T2F Mixer shaker, 50 rpm. Concentration
of U(VI), Th(IV), and REE(II]) in initial and equilib-
rium aqueous solutions was determined by inductively
coupled plasma mass spectrometry (ICP-MS) using a
VG Elemental PlasmaQuad mass spectrometer (GB).

Distribution ratios were determined on the basis of
analyses by the formula [27]:

D — K[Cinit] - [Cequil]

m [Cequil]
where C,;; and C,,; are ion concentrations in initial
solution and filtrate, respectively, mol/L; V is liquid
phase volume, mL; m is sorbent weight, g. In all exper-

iments, sorbent weight was 200 mg, solution volume
was 100 mL.

bl
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Fig. 1. Logarithmic dependence of distribution ratios for
U(VI) and Th(IV) on HNOj; concentration in aqueous phase
upon extraction with 0.001 mol/L H,L; solutions in DCE.

RESULTS AND DISCUSSION

All extractants of H,L'-H,L°® series are rather
strong dibasic diphosphonic acids. The ability of com-
plexation to metal and therefore extraction ability of
organic acids is known to be dependent on the value of
dissociation constant. The logarithm of stepwise dis-
sociation constants for phosphoryl-containing
podand H,L? in 5% aqueous dimethylformamide are
pK, =2.77, pK, = 4.21, which is higher than the simi-
lar values for the known acid-type extractants [28].
The presence of dissociated POO~ functional groups
provides a possibility of metal cation extraction via
cation-exchange mechanism [28]. Consequently, ura-
nium(VI) and thorium(IV) extraction with H,L'—
H,L® solutions can proceed preferably via cation-
exchange mechanism [28]. Fig. 1 shows the depen-
dence of distribution ratios for uranium(VI) and tho-
rium(IV) upon extraction with H,L3 solution in DCE
on nitric acid concentration in aqueous phase.

The dependence of distribution ratios for U(VI)
and Th(IV) on HNO; concentration displays that
metal recovery proceeds preferably by cation-
exchange mechanism. Starting from 0.04 mol/L, there
is a monotonic decrease of distribution ratios (D)
when acid concentration rises. Increase in nitric acid
concentration suppresses H,L? dissociation, chelating
effect of —POO~ groups is blocked, and therefore
extraction ability of the compounds toward thorium
and uranium decreases [28]. Upon further increase in
HNO; content, uranium and thorium recovery into
organic phase proceeds only due to neutral PO groups
whose coordination ability is considerably decreased
owing to solvation in acid medium. The values of Dy,
decrease when HNO; content in aqueous phase is
enhanced in the range 0.75—3.86 mol/L. At HNO;,
concentration of 0.04—0.75 mol/L, the values of Dy,
do not change (Fig. 1) because of high aggregation of
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Fig. 2. Logarithmic dependence of distribution ratios for
uranium(VI) and thorium(IV) on ligand H2L3 concentra-
tion.

lipophilic H,L? anions to form macromolecular asso-
ciates, which were observed upon laser light scattering
in organic phase [24]. The composition of associates
[Th(L),(H,L),1°  [Th(HL?),(L’)(H,L°),]°, and
[Th(HL?),(H,L%,]° was suggested on the basis of
molar weight determination by measuring diffusion
coefficients [29].

The distribution ratios of uranium(VI) upon
extraction with H,L? solution in DCE decrease in all
studied range of HNO; concentration because of sup-
pression of H,L3 dissociation. The logarithmic plot of
Dy on nitric acid concentration shows a break at
0.42 mol/L HNOs;. Like thorium, uranium(VI) is
extracted in H,L? solution in dichloroethane as salts
[UOy(HL),(H,L),]° and [UO,(L)(H,L),]° in the
region of low HN O, concentrations when H,L? shows
maximum aggregate formation. When nitric acid con-
centration rises, general trend to decrease distribution
ratios for thorium and uranium is observed; it is
explained by the degradation of associates and sup-
pression of H,L? diphosphonic acid dissociation. The
corresponding logarithmic plots of Dy, and Dy vs
HNO; concentration show two regions (Fig. 1). Dif-
ferent positions of breaks on diagram for thorium and
uranium can result from the formation of complexes of
different composition. After extraction experiment at
0.04 mol/L HNO;, we found associates in organic
phase by laser light scattering, their size is dependent
on metal nature. In thorium(IV) extraction, larger
associates formed (the main size is 60 nm, more than
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60%) as compared with associates produced upon ura-
nium(VI) recovery (the main size is 30 nm, > 60%).

It should be noted that neutral phosphoryl-con-
taining podand L7, isodentate analog of H,L?, does
not extract U(VI) and Th(IV) under these conditions
(logh < —2). We also revealed that neutral phos-
phoryl-containing podands in organic phase produce
no associates in organic phase. The extraction ability
of these compounds toward uranium and thorium is
caused only by PO group coordination.

We studied the dependence of distribution ratio on
ligand H,L? concentration (Fig. 2) by equilibrium shift
method at low extractant concentrations. Solvation
number determined by equilibrium shift method at
low H,L? concentration in dichloroethane was found
to be close to 1 for uranium and 2 for thorium. Conse-
quently, under these conditions, uranium is extracted
as monosolvates, while thorium as disolvates.

UO5Gg + HyLige = UO,Ligy + 2Hf, (D)

Thiz + 2HyLio) = Th(L ) + 4Hig.  (2)

org

It should be noted that stable complex UQO,L?,
whose composition and structure agree well with data of
elemental analysis and IR spectroscopy, was isolated
from extract obtained under similar conditions [24].

Thus one can suppose that extracted uranyl com-
pound is a normal intracomplex salt of dibasic acid
UO,L? with chelate coordination of both POO~
groups to one cation. One can suppose that, by the
analogy to uranyl, extracted thorium complex is also a
normal intracomplex salt of composition Th(L?%),
where two divalent anions of ligand acid are coordi-
nated via all four POO~ groups to Th(IV) cation.

Compounds containing lipophilic alkyl substitu-
ents completely recover uranium(VI) and thorium(I'V)
from nitric acid solutions up to 1 mol/L [24]. Trivalent
REE under these conditions are not extracted, the
extraction ability of compounds H,L!-H,L° toward
REE(III) increases with nitric acid concentration [24].

The data for U(VI), Th(IV), La(Ill), Nd(III),
Ho(I1I), and Yb(III) extraction with 1 mol/L solu-
tions of compounds H,L'-H,L® from 3.86 mol/L
HNO; are presented in Table 1.

Extraction of U(VI) and Th(IV) with compounds
H,L'-H,L® from 3.86 mol/L HNO; is slightly lower
than from 1 mol/L HNO; [24]. However, it should be
noted that 1 mol/L solutions of ligands H,L'—H,L°
extract more than 90% of Th(IV) from 3.86 mol/L
HNO; in one stage. Distribution ratios for Th(IV)
(Dqy) vary from 2.5 to 3.3 (Table 1). Extraction effi-
ciency for U(VI) from 3.86 mol/L HNO; is lower than
for thorium, distribution ratios for U(VI) are 0.7 for
H,L!, 0.8—0.85 for H,L?, H,L* and H,L>, while D, =
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Table 1. Distribution ratios of elements upon extraction with 1 mmol/L solutions of compounds H,L'—H,L% in 1,2-dichlo-

roethane from 3.86 mol/L HNO;

Compound 0

La(IIT) Nd(I1T) Ho(I11) Yb(III) Th(IV) U(VI)
H,L! 0.1 0.68 0.75 0.68 2.5 0.7
H,L? 0.05 0.42 0.61 0.63 2.5 0.9
H,L} 0.05 0.42 0.85 0.79 3.0 0.8
H,L* 0.05 0.34 0.51 0.53 1.93 0.83
H,L> 0.10 0.64 0.63 0.68 33 0.8
H,L® 0.025 0.6 0.71 0.83 0.02 0.28

0.9 for H,1.2, i.e., 45% of U(VI) on average is extracted
in one stage.

REE(II) are extracted from 3.86 mol/L. HNO;
much better (Table 1) than from 1 mol/L HNO; [24].
The change in the lipophilicity of phosphoryl-con-
taining podands has no effect on their extraction abil-
ity toward REE(III) (Table 1). When nitric acid con-
centration rises, the share of anionic triple complexes
of lanthanides with organic ligand increases (equation
(3)) and distribution ratio is smoothly enhanced [28],
which is observed in experiment.

3+ - 3
Nd{r) + 3NO3 (g + HyLigr) 3
— Nd(L’)NO; oy + 2H(yg) + 2NO3g).

The composition and structure of complex
Nd(L*)NO; were confirmed by IR spectroscopy and
elemental analysis [24]. A general trend is observed:
La(III) is not extracted into organic phase. The values
of Dyq4 vary in the range from 0.4 to 0.7. Ho(I1I) is bet-
ter extracted than Nd(IIT) with distribution ratios
0.65—0.85, while distribution ratios for Yb(III) are
comparable with Dy,.

Thus, synthetically available phosphoryl-contain-
ing podands H,L'—H,L® are promising extractants for
the recovery and separation of U(VI), Th(IV), and
REE(III). Differences in D values for the studied ele-
ments can be explained by change in the lipophilic
properties of these extractants and different associa-
tion degree of compounds H,L'-H,L® in organic
phase [29].

Impregnated sorbent with 33 wt % of phosphoryl-
containing podand H,L? was obtained for the further
study of acid-type phosphoryl-containing podands,
matrix used was LPS-500 styrene—divinylbenzene
copolymer. The use of H,L3 as extractant is caused by
its synthetic availability and revealed extraction prop-
erties.

The sorption characteristics of the obtained sorbent
were studied in static mode from both solutions of indi-
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vidual U(VI), Th(IV), and Nd(III) salts and from solu-
tions of mixtures of U(VI), Th(IV), and REE(III) salts in
nitric acid at concentration 0.052 and 3.52 mol/L.

The study of time dependence of distribution ratio
for Th(IV), U(VI), and Nd(III) between phases upon
sorption showed that 30 min contact is sufficient for
system equilibration (Fig. 3). According to the data of
Fig. 3, we calculated static exchange capacity (SEC, mg/g)
of the sorbents and recovery extent (E, %) for tho-
rium(IV), uranium(VI), and neodymium sorption.
The calculation of SEC for sorbents and recovery
extent was carried out by standard procedure [30].

SEC — (Clmt Ceqml ) V , (4)
g

C' Cequil

E = init —

init

%100, 4)

where g is the weight of dry sorbent, g; V' is solution
volume, L; C,, is metal concentration in initial solu-
tion, mg/L; C,,; is equilibrium metal concentration
in solution, mg/L. The static exchange capacity of sor-

logD

6
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4
L 4
>

L L 3
L //./.-’—. —Th(IV)

- “==U(VI)
1 1 1 1 Nd(”ll)

0 20 40 60 80 100 120

T, min

Fig. 3. Dependence of distribution ratios for uranium(VI),
thorium(IV), and neodymium(III) on stirring time upon
sorption from 3.52 mol/L HNOj5. Sorbent weight is 200 mg,
initial solution volume is 100 mL, sample volume for assay
is 0.5 mL.
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Table 2. Logarithms of metal distribution ratios upon sorp-
tion from 0.052 and 3.52 mol/L HNOj; solutions in static
mode. Sorbent weight is 200 mg solution volume is 100 mL

logD

M

3.25 mol/L 0.052 mol/L
8] 3.18 5.0
Th 5.0 8.7
La 0.91 0
Ce 0.58 —0.12
Pr 2.25 1.01
Nd 2.43 1.68
Sm 2.8 1.66
Eu 0.87 0.26
Gd 0.96 0.35
Tb 2.48 1.56
Dy 2.66 1.67
Ho 2.12 1.18
Er 1.55 0.93
Tm 1.84 1.2
Yb 1.78 1.14
Lu 1.13 0.52

bent with H,L? based on LPS-500 polymer is 11.36 mg/g
for thorium(IV), 8.75 mg/g for uranium(VI), and
2.48 mg/g for neodymium(IIIl). Under experimental
conditions (sorbent weight 200 mg, initial solution
volume 100 mL), recovery extent was 99.5% for tho-
rium(IV) sorption, 75% for uranium(VI), and 35% for
neodymium(III). A possibility of selective recovery of
U(VI), Th(lV), and REE(II) in static mode from
solutions containing a mixture of these elements at
HNO; concentration of 0.052 and 3.52 mol/L was
studied (Table 2).

Decrease of distribution ratios for Th(IV) and
U(VI) upon sorption when nitric acid concentration
in aqueous solution rises has a general character with
liquid extraction (Table 2). Distribution ratios for ura-
nium(VI) and thorium(IV) sorption decrease when
acid concentration in initial solution rises. Thus,
log Dy; = 5 and log Dy, = 8.7 for sorption from 0.052 mol/L
HNO;, while log Dy = 3.18 and log Dy, = 5 for sorp-
tion from 3.52 mol/L HNO;. It should be noted that,
upon increase in HNO; concentration, trivalent REE
recovers into sorbent phase better, like in the case of
extraction process. This fact can be used for the selec-
tive isolation of rare earth elements upon sorption
from solutions with HNO; concentration higher
4 mol/L and for selective desorption of uranium(VI)
and thorium(IV).

The studied sorbent shows high selectivity in sepa-
ration of U(VI), Th(IV), and REE(III). For sorption
from 3.52 mol/L HNO;, separation factor for ura-
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nium(VI) and europium(IIl) (By sew) Teaches 202,
while By, = 55000 at ¥/m = 500 mL/g for 0.052 mol/L
HNO;. Separation factor for uranium(VI) and tho-
rium(IV) (Br,) is 66 for sorption from 3.52 mol/L
HNO; while By, ; = 5050 for 0.052 mol/L HNO;. It
should be noted that selectivity decreases when nitric
acid concentration in initial solution increases.

We used 0.05 mol/L (NH,),C,0, (ammonium
oxalate) solution in 0.05 mol/L HNO; as a reagent for
uranium(VI), thorium(IV), and REE(III) desorption.
The use of ammonium oxalate is caused by the high
values of stability constants of actinide and lanthanide
oxalate complexes and their stability in acid media.
The desorption of uranium(VI), thorium(IV), and
REE(II) with 0.05 mol/L ammonium oxalate solu-
tion in 0.05 mol/L HNO; is quantitative.

CONCLUSIONS

The obtained data show that the acid-type phos-
phoryl-containing podands comprising diethylene
glycol chain and two fragments of 2-oxyphenylphos-
phonic acid display high extraction ability toward
U(VI) and Th(IV). Sorbents non-covalently modified
with these reagents can be used for selective recovery

and preconcentration of U(VI), Th(IV), and
REE(III) from nitric acid solutions.
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