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Abstract—The kinetics of europium and yttrium extraction with mono- and polyfunctional ligands in organic
diluents was studied by attenuated total reflection IR spectroscopy and a method using a diffusion cell. The
extraction rate is influenced by the kind of the ligand, solvate formation mechanism, and specific features of
diffusion. The extraction rate constants in the systems studied were calculated. In the extraction of europium with
organophosphorus ligands, the extraction rate constants range from 3.3 x 107 to 1.1 x 1073 cm s A stepwise
complexation mechanism with polyfunctional ligands containing P=O and C=O groups was revealed. In the
case of yttrium extraction, the extraction rate constant with a mixed extractant, 2,3-dihydroxynaphthalene +
methyltrioctylammonium carbonate, is 1.5 x 1073 ¢m s~!, which is higher by an order of magnitude than the rate
constant obtained with 8-hydroxyquinoline (k= 4.3 x 10~ ¢cm s7!), owing to a synergistic effect.
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INTRODUCTION

Solvent extraction is the most important technique in
spent nuclear fuel and radioactive waste reprocessing. It
ensures selective recovery of actinides and fission prod-
ucts with organic extractants capable of forming stable
complexes with metal ions. The advantages of the ex-
traction are high purity of the products obtained, possi-
bility of performing the process in the continuous mode,
efficient recovery of even trace amounts of components,
and relatively simple implementation using commercial
contactors [1-4].

PUREX process is the most important radiochemi-
cal process based on solvent extraction. The process in-
volves the extraction of uranium and plutonium from
nitric acid solutions with a solution of tributyl phosphate
(TBP) in kerosene. Additional extraction steps allow re-
moval of cesium and strontium and separation of lan-
thanides and minor actinides, which considerably reduc-
es the radiotoxicity of the final waste forms [5, 6]. When
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developing industrial extraction systems, it is necessary
to take into account not only the thermodynamic charac-
teristics of the process but also its kinetics.

The extraction kinetics describes the rate of the sub-
stance transfer between aqueous and organic phases. It
is determined by both physical (diffusion) and chemi-
cal (complexation, hydration, solvation) processes. One
of key factors affecting the kinetics is the presence of
diffusion boundary layers at the interface. According to
the two-film model suggested by Nernst and Brunner,
the substance transfer rate is limited either by diffusion
through these films or by the rate of the chemical reac-
tion at the interface [7].

The extraction kinetics is influenced by temperature,
pH, reagent concentrations, ionic strength, presence of
salting-out agents, and hydrodynamic conditions. The
temperature elevation, as a rule, accelerates the process
owing to an increase in the diffusion coefficients and
rate constants in accordance with the Arrhenius equa-
tion. Changes in pH can lead to changes in the metal ion
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speciation and to an increase or decrease in the degree
of the extractant dissociation, thus altering the complex
formation rate and, as a consequence, the extraction
rate. An increase in the extractant concentration leads to
an increase in the probability of the reaction at the inter-
face, but the effect is leveled off at the interface satura-
tion. The third phase formation and the formation of a
stable emulsion at vigorous stirring can also decrease
the extraction efficiency, affecting the attainment of the
phase equilibrium [7-10].

The most widely used methods for studying the ex-
traction kinetics are described below.

The simplest method is the test tube method in which
the organic and aqueous phases are stirred manually or
on a shaker and the component distribution is analyzed
at definite time intervals. The method allows approxi-
mate estimation of the equilibration time and is used in
early steps of assessment of extraction systems. It, how-
ever, does not allow quantitative description of phase
transfer mechanisms [11-13].

One of the most widely used methods is that based on
a Lewis diffusion cell. This cell is a glass or plastic ves-
sel with stirring of both phases and strictly controlled in-
terface. The diffusion and kinetic control of the process
can be distinguished by varying the stirring rate, and the
extraction rate constants can be calculated by analyzing
changes in the phase compositions in time. This method
gives well reproducible results but is time-consuming
and requires large volumes of the phases [14-16].

In the single drop method, a drop of one of the phases
passes through a layer of the other phase in a column.
Since the mass transfer occurs on the drop surface, the
effect of hydrodynamic parameters such as the drop
size and velocity and can be estimated accurately. The
method allows the extraction rate data to be obtained
quickly but it is sensitive to the drop formation and
coalescence conditions, which can complicate the result
interpretation [17-19].

The AKUFVE installation (Apparat for Kontinuer-
lig Utvérdering for Vitske—Vitske Extraktion) is in-
tended for continuous measurement of the distribution
ratios under conditions close to those used in industry.
The system includes a temperature-controlled chamber
where the phases are continuously stirred, a centrifuge
for instantaneous separation, and detectors. The method
allows obtaining data in real time and is suitable for
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studying the extraction of short-lived radionuclides.
However, it requires sophisticated equipment and large
amounts of reagents [20-22].

The microfluid approach is based on the interaction
between the organic and aqueous phases in microchan-
nels where the contact time, contact surface area, and
flow velocity can be thoroughly controlled. Such sys-
tems allow studying very fast processes with high time
resolution and minimal substance volumes. However,
the use of microfluid methods requires the special tech-
nique including high-resolution microscopy and fine
tuning of microfluid devices [22, 23].

The horizontal rotating vessel method consists in us-
ing a system of two cylinders in which the inner part ro-
tates, ensuring continuous renewal of the interface. This
allows high-accuracy modeling of various hydrodynam-
ic regimes and determination of the contribution of the
diffusion and chemical reactions to the overall process.
The method is suitable for systems that are highly sensi-
tive to changes in the interfacial surface area but requires
accurate mechanics and design parameters [7, 24].

The approach we suggest is based on attenuated
total reflection (ATR) IR spectroscopy. It is a modern
analytical method for recording complexation processes
directly at the interface. The IR radiation is reflected from
the surface of a crystal with a high refractive index (e.g.,
diamond) and partially penetrates into the medium being
studied. The on-line recording of the ATR IR spectra
allows monitoring of changes in the intensity of absorption
bands of extractant functional groups (e.g., P=0, C=0),
which reflects the course of the mass transfer.

The ATR IR spectroscopy allows in situ monitoring
of an extraction process in real time without sampling
and with the minimal phase volumes. This is extremely
important in operations with radionuclides when it is
important to minimize the interference into the system.
The method showed high efficiency in studying the ex-
traction with both mono- and polyfunctional extractants.
It also allows registration of stepwise complexation
mechanisms and discrimination of the diffusion and
chemical reaction contributions [25-30].

Studying the europium and yttrium extraction kinet-
ics is of particular importance. Europium is a chemical
analog of americium and curium, which makes studying
its extraction very important for the development of mi-
nor actinide separation methods [31]. Yttrium-90, in
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turn, is demanded by nuclear medicine, and studying its
extraction recovery is required primarily for its efficient
separation from the parent strontium-90 and preparation
of radiopharmaceuticals with high radiochemical purity
[32].

Here we apply the procedure that we developed pre-
viously for recording the ATR IR spectra [33, 34] to
studying the metal extraction kinetics with mono- and
polyfunctional ligands. The results are compared to
those obtained using the classical Lewis diffusion cell
method.

EXPERIMENTAL
Reagents and Equipment

The following chemicals were used: triamylphosphine
oxide (TAPO), octyl(phenyl)-N,N-diisobutylcarbamo-
ylmethylphosphine oxide (CMPO), N,N,N',N'-tetraoc-
tyldiglycolamide (TODGA), diphenyl-N,N-dibutylcar-
bamoylmethylphosphine oxide (DPCMPO), 8-hydroxy-
quinoline (8-HQ), 2,3-dihydroxynaphthalene (2,3DHN)),
methyltrioctylammonium carbonate (MTOAC)
(Khlopin Radium Institute, Russia), dichloroethane
(DCE), tetrachloroethylene (TCE) (Ekos, Russia), butyl
acetate (BuAc), 1-[2-bis(4-methylphenyl)phosphoryl-
heptyl-(4-methylphenyl)phosphoryl]-4-methylbenzene
(DiPO), Eu(NO3);-6H,0, CsNO; (Vekton, Russia), and
Y,(CO3);3-5H,0 (Chemcraft, Russia) (Table 1).

The Fourier IR absorption spectra were recorded
with a Simex FT-800 spectrometer using a Simex
ATR-A attachment (Simex, Russia) with a diamond
crystal (operation surface diameter 2.4 mm). The mea-
surements were performed in the range 5004000 cm™!
with 2 cm™! resolution.

Solution Preparation

A 0.6 M aqueous solution of europium nitrate
was prepared by dissolving a 6.69 g portion of
Eu(NO;);-6H,0 in a 25 mL volumetric flask. To study
the kinetics of the extraction from carbonate-containing
alkaline media, we prepared a 0.01 M yttrium solution
containing 3 M potassium carbonate. For this purpose,
we dissolved 10.37 g of K,CO5 in water in a 25 mL
volumetric flask and added 0.089 g of Y,(COs;);. After
the complete dissolution of the reagents, the solutions
were saturated with an organic diluent (DCE or TCE)

by adding 0.5 mL of the organic diluent and stirring on a
shaker for 10 min. Then, the solutions were centrifuged,
and the aqueous phases were used for the experiments.
A 0.001 M yttrium + 1 M Na,COj; solution was prepared
in a volumetric flask from accurately weighed portions
of Y,(CO;); and Na,CO;. The solution was saturated
with BuAc at 1 : 1 ratio of the aqueous and organic phas-
es with stirring for 10 min. The system was centrifuged,
and the BuAc-saturated aqueous phase was separated
and used for further experiments. A 0.01 M H,SO, solu-
tion was prepared in a volumetric flask by dilution of a
0.05 M H,SO, solution prepared from Fixanal (standard
sample).

Solutions of organic extractants (TAPO, CMPO,
DPCMPO, DiPO, 8-HQ) were prepared by dissolving
a weighed portion of the extractant in DCE. A 0.01 M
2,3DHN + 0.015 M MTOAC solution in BuAc was pre-
pared from the accurately weighed portions of the ex-
tractants and was stirred for 12 h until it became dark
violet. A 0.6 M TODGA solution was prepared by dis-
solving the weighed portion in TCE because the density
of the solution of TODGA in DCE was lower than that
of the Eu(NOs); solution, which would make it impos-
sible to study the extraction kinetics by ATR IR spec-
troscopy. All the organic solutions after their separation
were saturated with water by adding 0.5 mL of distilled
water and stirring on a shaker for 10 min. Then, the so-
lutions were centrifuged, and the organic phases were
used in the experiments.

ATR IR Study of Extraction Kinetics

The spectra were measured in the range 500-
3500 cm™! with 2 cm™ resolution. The interval between
recording the spectra was 3 s. The kinetic experiments
were performed in a microcell in the form of a polypro-
pylene tube (d =4, 6, or 8 mm) with a hole in the upper
lateral part for introducing liquid samples (Fig. 1a). The
samples were introduced with 25- and 50-pL chromato-
graphic syringes or a 100-uL dosing syringe. First, the
organic phase (extractant solution) was added, and the
initial spectrum was recorded. Then, the aqueous phase
was added, and the spectra were recorded at 3- or 10-s
intervals. The spectra were recorded until no changes
were observed at characteristic wavelengths in four or
five successive scans. When performing the experi-
ments, the microcell was arranged so that the cell mate-
rial did not contact the ATR crystal and was pressed to
the ATR attachment to reduce the liquid evaporation.

RADIOCHEMISTRY Vol. 67 No. 5 2025
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Table 1. Extraction systems and fission products extracted with them
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No. Cation Extraction system Structural formula of extractant
1 Eu** | Triamylphosphine oxide (TAPO) in dichloroethane 0
I
_/—;_HP ‘\\\\
2 1-[2-Bis(4-methylphenyl)phosphorylheptyl-(4-methylphe-
nyl)phosphoryl]-4-methylbenzene (DiPO) in dichloroeth-
ane
Oy
S P
\(B/\/
Y
f P
3 Octylphenyl(N,N-diisobutylcarbamoylmethyl)phosphine O O
oxide (CMPO) in dichloroethane n
Noge
4 Diphenyl(N,N-dibutylcarbamoylmethyl)phosphine oxide
(DPCMPO) in dichloroethane @
O
\¢©
SN~
5 N,N,N’,N’-Tetraoctyldiglycolamide (TODGA) in tetra-
CsHy5 CgHy7
chloroethylene II\I I{I
CgH,,” \[]/\O/\Ir “CsHy
0) (@)
6 Y 8-Hydroxyquinoline (8-HQ) in dichloroethane OH
N
~N
=
7 2,3-Dihydroxynaphthalene (2,3DHN) in butyl acetate OH
OH

The membrane extraction was studied using a modi-
fied Lewis cell (Fig. 1b). All the three phases were
stirred with a magnetic stirrer, and the membrane phase
was stirred using a floating magnetic anchor. The phase
stirring was tuned in the same fashion as for the classi-

RADIOCHEMISTRY Vol. 67 No. 5 2025

cal Lewis cell. The volume of each phase in studying the
membrane extraction was 12 mL, and the interfacial sur-
face area was 3.14 cm?. Aqueous phase samples (50 pL
each) were taken with a 100 pL dosing syringe. The
samples were diluted by a factor of 2500 with a 0.1 M
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Fig. 1. (a) Scheme of the microcell for studying the extraction kinetics by ATR IR [33]; (b) modified Lewis cell for studying the mem-

brane extraction kinetics.

HNO; solution and were then analyzed by inductively
coupled plasma atomic emission spectrometry.

Kinetics Determination by Classical
and Membrane Extraction with a Lewis Cell

A Lewis cell was fabricated for studying the
extraction kinetics by the classical method. To this end,
a 50-mL volumetric vial was truncated to a volume of
25 mL. The organic (heavy) phase was stirred with a
magnetic stirrer, and the aqueous (light) phase, with an
overhead stirrer. The phase stirring was tuned so as to be
maximally vigorous but without disturbing the interface
surface integrity. The volume of each phase in studying
the extraction in a Lewis cell was 10 mL. The samples
were taken from the aqueous phase with a 100-uL dosing
syringe. The volume of each sample was 50 pL. The
samples were diluted by a factor of 2500 with a 0.1 M
HNO; solution and were then analyzed by inductively
coupled plasma atomic emission spectroscopy. To
obtain the kinetic curves of the yttrium extraction with a
mixture of 2,3DHN and MTOAC in the classical Lewis
cell, we brought in contact 8-mL portions of the aqueous
and organic phases, took their samples of equal volume
at definite intervals, and determined their yttrium
content. The interfacial surface area was 10.2 cm?.

The metal concentrations in the aqueous phase in the
kinetic experiments with the Lewis cell were measured

by an ICPE-9000 inductively coupled plasma optical
emission spectrometer (Shimadzu, Japan).

Calorimetric Study of the Extraction

Calorimetric studies of mixing were performed with
a Setaram C80 Calvet calorimeter (Setaram, France).
To study the CMPO-Eu system, 1 mL of a 0.1 M
solution of CMPO in DCE and 2 mL of'a 0.1 M aqueous
Eu(NOs); solution were added into the calorimeter cell.
The solutions were separated from each other with an
aluminum foil. Immediately after placing the cell with
the solutions into the calorimeter, the recording of the
thermal effects in the system was switched on. After
the attainment of the thermal equilibrium in the system,
the aluminum foil was broken with a striker, and the
stirring was switched on. When thermal equilibrium
was attained, a blank sample (without extractant) was
pierced with a buoy after the test sample and the thermal
effect was also determined in it to take into account the
effect of solution mixing.

RESULTS AND DISCUSSION

Extraction System 0.6 M TAPO
in Dichloroethane—0.6 M Eu(NO;);

The IR spectra of the organic phase in the extraction
of Eu*" with a solution of TAPO in DCE at phase

RADIOCHEMISTRY Vol. 67 No. 5 2025
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Fig. 2. Evolution of the IR spectra (range of vp_, stretching vibration bands) of the organic phase in the course of Eu* extraction with

a solution of TAPO in DCE.

volumes of 10 pL. were recorded for 150 s. The most
pronounced changes occur in the range 1200-1080 cm ™.
This range includes the stretching vibration band vp_q
of free TAPO molecules at 1152 ¢m™'. Its intensity
decreases with an increase in the phase contact time. In
addition, with the start of the extraction, the stretching
vibration band vp_q of TAPO solvates with the Eu*" ion
appears in this range at 1124 cm™! (Fig. 2).

Based on the IR spectra of the Eu3*~TAPO system,
the kinetic curves were plotted in the reduced coordi-
nates (4 — Ay)/ (A — Ao) Vs. t (Fig. 3).

The extraction kinetics can be described similarly
to the description of a reversible first-order reaction
when the distribution ratios are not very high. However,
as seen from the plot, the kinetic curves for the Eu’'—
TAPO system correspond rather to curves for successive
reactions. Up to the 65th second, the extraction rate in-
creases, which can be attributed to the TAPO accumula-
tion at the interphase boundary due to its surface activity
or to the diffusion of TAPO solvates with the Eu** ion
from the interface to the surface of the ATR crystal. Af-
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ter the 65th second, the extraction rate can be described
similarly to the rate of a reversible first-order reaction.

To reveal causes of the “abnormal” shape of the ex-
traction kinetic curve, we performed experiments on
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Fig. 3. Kinetic curves of the Eu*" extraction with a solution of
TAPO in DCE, based on a series of IR spectra.
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Fig. 4. Kinetic curves of the diffusion of TAPO solvates with

Eu’" ions in a solution of TAPO in DCE, based on a series of
IR spectra.

the diffusion of Eu>*~TAPO solvates in the bulk of the
organic phase depending on the organic phase volume
(layer height). The results are presented in Table 2 and
Fig. 4.

The data obtained show that the diffusion of TAPO
solvates with Eu®" ions occurs, on the average, within
approximately 30 s at the organic phase volume larger
than 50 pL, after which the peak intensity starts to de-
crease owing to the dichloroethane evaporation (because
there is no upper aqueous layer decelerating the evapo-
ration). Therefore, we interpreted the kinetic curve in
Fig. 3 as corresponding to two successive reactions A —
B — C, where the reaction A — B is the formation of
TAPO solvates with Eu*" ions and the reaction B — C
is the diffusion of the solvates from the surface layer
to the ATR crystal surface. To reduce the effect of dif-
fusion in studying the extraction kinetics, we decided
to use minimum possible volumes of the organic and
aqueous phases. We performed an additional kinetic ex-
periment at TAPO and Eu’" solution volumes of 10 uL
and calculated the extraction rate constant: £ = 3.3 x
10*cms .

To check the results obtained, we fabricated a Lewis

Table 2. Results of experiments on the diffusion of TAPO sol-
vates with the Eu®* ion in the organic phase

Volume, pl. | Liquid layer height Diffusion time, s
50 2 33
200 8 39
300 12 42

diffusion cell used to the extraction kinetics. For this
purpose, we prepared 0.3 M solutions of Eu(NO;); and
TAPO by dilution of the 0.6 M solutions. 10 mL of the
extractant solution was added into the Lewis cell with
a dosing syringe, than 10 mL of the Eu(NO;); solution
was carefully added so as to avoid mixing of the phases
and emulsion formation. The stirring rate was chosen
in such a way not to change the phase boundary in the
course of the experiment. From the data obtained, we
plotted the kinetic curve and calculated the extraction
rate constant. It agreed with the previously obtained data
(k=3.3 x 10 cm s7!) and published data for the analo-
gous Nd**~TOPO system (k= 4.8 x 10* cm s71) [35].

Thus, we have demonstrated by the example of study-
ing the extraction kinetics in the system with TAPO that
ATR IR spectroscopy [33, 34] and the method based on
the Lewis cell give close rate constants, but the ATR IR
advantages are much shorter experiment time (150 in-
stead of 1800 s) and much smaller volumes of phases
(10 instead of 10000 pL).

Extraction System 0.6 M DiPO
in Dichloroethane—0.6 M Eu(NO;);

DiPO as an extractant with two PO groups was cho-
sen for checking the suitability of ATR IR spectroscopy
for studying the kinetics of the metal extraction with
polyfunctional ligands forming chelate complexes. The
experiments were performed in the middle-size cell (d =
6 mm) with 50-uL portions of 0.6 M solutions of DiPO
in DCE and of Eu(NOj3);. Figure 5 shows the spectra in
the range 1210-1110 cm ™.

This range includes the stretching vibration band
Vp_g of free DiPO molecules at 1178 cm™!, whose inten-
sity decreases with an increase in the phase contact time,
and the stretching vibration band vp_g of DiPO solvates
with the Eu?" ion at 1143 cm™!. The kinetic curve based
on the data obtained was constructed, and the rate con-
stant was calculated.

The shape of the kinetic curve suggests that, as in the
system with TAPO, the diffusion also strongly influenc-
es the process, which is manifested in the presence of an
inflection point. The ascent of the kinetic curve for the
wavenumber of 1178 cm™ is due to the superposition
of the peaks originating from the free extractant mol-
ecules and from the solvates at equilibrium. A study of
the extraction kinetics in this system shows that ATR IR
spectroscopy is an efficient tool for systems with both

RADIOCHEMISTRY Vol. 67 No. 5 2025
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Fig. 5. Evolution of the IR spectra (range of vp_, stretching vibrations) of the organic phase in the course of Eu* extraction with a

solution of DiPO in DCE.

polyfunctional ligands and ligands containing several
identical functional groups.

Extraction System 0.6 M CMPO
in Dichloroethane—0.6 M Eu(NO;);

CMPO as an extractant with PO and CO groups, ex-
hibiting high performance in the recovery of rare earth
metals [36, 37], was chosen to check the ability of ATR
IR spectroscopy to register evolution with time of ab-
sorption bands belonging to different functional groups

A 4 a
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of the extractant. We chose the ranges 1220-1080 cm™!
for the PO group and 1660—1570 cm™! for the CO group.
The experiments were performed in the middle-size cell
(d = 6 mm) with 50-uL portions of 0.6 M solutions of
CMPO and Eu(NOs;),. Figure 6a shows the evolution of
the IR spectra (region of vp_(, stretching vibrations) of
the organic phase in the course of Eu?* extraction with a
solution of CMPO in DCE.

This range of the spectrum includes the stretching vi-
bration band vp_g, of free CMPO molecules at 1194 cm™,
whose intensity decreases with an increase in the phase

4 P (b)
0.16- 0.4 —0s
15s
1 0.2 —30s
i Al ; ——60s
0.12+ Ao et L0s s
1800 1400 1000 600 225

v, cm
1632 cm-! I

1625 1600 1575

v, cm™!

1650

Fig. 6. Evolution of the IR spectra (ranges of (a) vp_ and (b) v, stretching vibrations) of the organic phase in the course of Eu?"

extraction with a solution of CMPO and DCE.
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Fig. 7. Kinetic curves of the Eu*" extraction with a solution of
CMPO in DCE, based on a series of IR spectra.

contact time, and the band at 1150 cm™, belonging to
stretching vibrations of coordinated P=O groups in sol-
vates of the extractant with the Eu®* ion. We also con-
sidered the range 16601570 cm™" (Fig. 6b) containing
the stretching vibration band v-_q of C=0O groups that
are not coordinated to the metal ion (1632 cm™'), whose
intensity decreases as a result of formation of solvates
with Eu?" ions, and the band at 1590 cm™!, belonging to
the stretching vibrations of CMPO C=0 groups coordi-
nated to Eu®" ions.

The kinetic curves based on our experimental data
are shown in Fig. 7.

The band corresponding to the coordination of
CMPO molecules to europium via P=0O bond increases
in the initial period of the extraction more rapidly than
does the band corresponding to the CMPO coordination
via C=0 bond. After that, the equilibrium is attained.
The presence of two steps in the kinetic curves can be
attributed to successive coordination of Eu’" ions via
P=0 and C=0 bonds to form a chelate (Fig. 8). As the
intensity of the band at 1150 cm™! increases faster than

CgHy7 N — CsHi7+ N
PN N
0O O 0, O
‘I Eu3+

Eu’t

Fig. 8. Coordination and chelation of Eu** with CMPO.

does that of the band at 1590 cm™" in the initial period
of extraction, it can be assumed that the major fraction
of Eu’" ions are primarily coordinated via P=O bond in
CMPO.

The concept of stepwise chelate formation in the
course of extraction is confirmed by published data [30,
38, 39]. To prove experimentally the stepwise complex-
ation, the system with CMPO was studied by calorimetry.
The exothermic effect caused by the Eu’" complexation
with CMPO also consists of two steps, supporting the
stepwise chelation concept. The enthalpy of complex-
ation, determined after subtracting the enthalpy of mix-
ing determined in the blank experiment, is —24.6 kJ/mol,
which well agrees with the published data [40].

Extraction System 0.6 M DPCMPO
in Dichloroethane—0.6 M Eu(NO;);

To study the possible stepwise complexation
mechanism in more detail, we performed an experiment
with another extractant containing two different
functional groups, DPCMPO. The experiments were
carried out in the middle-size cell (d = 6 mm) with
50-uL portions of 0.6 M solutions of DPCMPO and
Eu(NO;);. As in the system with CMPO, we chose two
ranges of the spectrum. The range 1220-1110 c¢cm™!
includes the stretching vibration band vp_y of free
DPCMPO molecules at 1198 ¢m™' and the band at
1163 cm™!, belonging to stretching vibrations of P=0
groups coordinated to europium. The range 1670—
1560 cm™! includes the stretching vibration band vq_
of free extractant molecules at 1637 cm™' and the band
at 1597 cm™!, belonging to stretching vibrations of C=0
groups coordinated to Eu®" ions.

As in the case with CMPO, there are two steps in
the kinetic curves. However, with DPCMPO there is no
difference in the rate of the growth of the peaks cor-
responding to the Eu** coordination via P=O and C=0O
bonds. This may be due to the fact that the equilibrium
in the system with DPCMPO is attained two times faster
than in the system with CMPO. Hence, the chelation of
DPCMPO with Eu*" ions also proceeds faster than in
the system with CMPO, and the difference between the
P=0 and C=0 coordination rates cannot be revealed by
IR spectroscopy. This is confirmed by the calculated ex-
traction rate constants: 3.69 x 10~* cm s~! for the system
with CMPO and 11.1 x 10% cm s~! for the system with
DPCMPO.

RADIOCHEMISTRY Vol. 67 No. 5 2025
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Fig. 9. Evolution of the IR spectra in the region of v_g stretch-
ing vibrations in the course of Eu" extraction with a solution
of TODGA in TCE.

Extraction System 0.6 M TODGA
in Tetrachloroethylene—0.6 M Eu(NO;);

The extraction kinetics was also studied for the sys-
tem with a chelating extractant containing two C=0
groups (TODGA). The experiments were performed
in the middle-size cell (d = 6 mm) with 50-uL portions
of 0.6 M solutions of TODGA in TCE (TCE was taken
because the density of the 0.6 M solution of TODGA
in DCE was lower than that of the Eu(NO;); solution)
and Eu(NO;);. We chose the range 1710-1530 cm™!
(Fig. 9). It includes the stretching vibration band v_q
of C=0 groups not involved in the coordination to Eu**
(1659 cm™!), whose intensity decreases in the course of
the experiment, and the v band at 1612 ¢cm™!, corre-
sponding to C=O stretching vibrations in TODGA sol-
vates with Eu*" ions. No changes in the course of the Eu**
extraction were observed in the region of 1120 cm™!,
corresponding to C—O—C stretching vibrations. This fact

C8H17 C8H17

confirms that the ether oxygen atom is not involved in
the complexation.

There are two well-defined steps in the kinetic
curves, attributable to the chelate formation (Fig. 10).
That is, the chelate can be formed stepwise also in sys-
tems with symmetrical extractants containing identical
functional groups.

Analysis ofthe kinetic curves and rate constants shows
that the extraction rate with the monofunctional extract-
ant (TAPO) (k=3.3 x 10* cm s7") is lower than with the
polyfunctional extractants. This may be associated with
the presence of several coordination sites in polyfunc-
tional extractants and with the formation of more stable
chelates. The extraction rate is also influenced by the
structure of the polyfunctional extractant: DPCMPO ex-
tracts europium three times faster (k=1.1 x 103 cms™")
than CMPO does (k = 3.7 x 1074). This can be attrib-
uted to smaller number of possible conformations of the
P(Ph), fragment compared to P(CgH,;)(Ph) and hence
to faster conformational adaptation of the extractant
molecule for the chelation.

Extraction System 0.1 M 8-HQ
in Dichloroethane—0.01 M Y,(CO;);

Carbonate media were chosen owing to their abil-
ity to efficiently retain strontium with the simultane-
ous conversion of yttrium to a soluble form suitable
for the subsequent extraction. Because the solubility
of Y,(COs5); in water is extremely low, for the yttrium
carbonate dissolution we preliminarily prepared a 3 M
K,COj5 solution and then dissolved yttrium carbonate in
it [41, 42]. We prepared a 0.01 M aqueous solution of
Y,(CO;5); and a 0.1 M solution of 8-HQ in DCE. We
recorded the spectra of a 0.1 M solution of 8-HQ in DCE
and of the 8-HQ solution after the extraction. The ex-
traction was performed by stirring 0.5-mL portions of a
0.01 M yttrium solution and a 0.1 M 8-HQ solution for
4 hat25°C. Since no apparent changes were observed in

?8H17 C|8H17

———

N N N N
CsHy, 7 \"/\0/\”’ CgHyy CeH,,” \“/\O/\lr T CeHy;
0., 0 —— 0., O

A Eu?*

-
il

Eu3+

Fig. 10. Coordination and chelation of Eu** with TODGA.
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120 160

the spectra before and after the extraction, we assumed
that the yttrium concentration was insufficient for study-
ing the extraction kinetics in this system by ATR IR
spectroscopy. The kinetics was studied using the Lewis
cell (Fig. 11).

Extraction System 0.01 M 2,3DHN + 0.015 M MTOAC
in Butyl Acetate—0.001 M Y,(CO;);

As shown previously, 2,3-dihydroxynaphthalene
(2,3DHN) in combination with methyltrioctylammo-

1.2+ .
= Extraction

(=]

50 100 150 200

¢, min

(=]
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nium carbonate (MTOAC) efficiently extracts yttrium
from carbonate solutions [43]. However, no kinetic data
are available for this system. We have studied the kinet-
ics of the yttrium extraction from a 1 M sodium carbon-
ate solution with a synergistic mixture of 2,3DHN and
MTOAC in butyl acetate and of the yttrium stripping
from the equilibrium organic phase with 0.01 M H,SO,
in the classical two-phase Lewis cell and the kinetics
of the yttrium mass transfer in the modified three-phase
cell to evaluate the characteristics of the membrane ex-
traction. The kinetic curves are shown in Fig. 12.

The extraction kinetics corresponds to a reversible
first-order reaction. The rate constant of the yttrium ex-
traction with a mixture of 2,3DHN and MTOAC, calcu-
lated from the kinetic curve (k= 1.5 x 107 cm s7!), is
higher by an order of magnitude than that obtained pre-
viously for 8-hydroxyquinoline (k= 4.3 x 10* cm s71).
Such an increase in the rate constant can be primarily
caused by the synergistic effect of the 2,3DHN-MTOAC
mixture, consisting in the preliminary deprotonation of
2,3DHN hydroxy groups with MTOAC carbonate ion in
butyl acetate.

The kinetics of the yttrium mass transfer was studied
in the cell with a free liquid membrane. Simultaneously,
we monitored the yttrium content in the donating and
accepting phases and the proton concentration in the
accepting phase. The theoretical kinetic curve was cal-
culated taking into account the extraction rate constant
determined using the Lewis cell, taking into account the

1.2+ = Stripping 1

10 15 20 25 30
¢, min

Fig. 12. Kinetic curves of the yttrium extraction in the 2,3DHN + MTOAC in BuAc—Y,(COs3); system and of the yttrium stripping with
0.01 M H,SO,, obtained using the Lewis cell. C(Y);,;; =0.001 M, C(2,3DHN) = 0.01 M, and C(MTOAC) = 0.015 M.
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Fig. 13. Stripping kinetic curves for the system consisting of 2,3DHN + MTOAC in BuAc, Y,(COs3);, and H,SOy; C(Y) i, = 0.001 M,
C(2,3DHN) =0.01 M, C((MTOAC) = 0.015 M, and C(H,SO,) =0.01 M.

interface surface area in the cell with a free liquid mem-
brane (Fig. 13).

In the system chosen for the study, the yttrium strip-
ping is accompanied by the proton transfer from the ac-
cepting phase to the donating phase. Complete neutral-
ization of H,SO, is observed, after which the yttrium
stripping ceases and yttrium starts to be concentrated in
the membrane phase. Up to the neutralization of the ac-
cepting aqueous phase, the yttrium mass transfer pro-
ceeds faster than it follows from the calculations. Then,
the difference between the theoretical and experimental
kinetic curves becomes constant. High rate of the mem-
brane process compared to the classical extraction is due
to the irreversibility of the metal transfer from the mem-
brane to the accepting phase.

CONCLUSIONS

A study of the kinetics of the europium and yttrium
extraction with mono- and polyfunctional ligands by
ATR IR spectroscopy and with a Lewis diffusion cell
revealed some features of the extraction in the sys-
tems Eu3*-TAPO, Eu’*-DiPO, Eu3*-CMPO, Eu¥*—
DPCMPO, Eu**-TODGA, Y3**-8-HQ, and Y3'—
2,3DHN. The extraction rate can be influenced by the
diffusion of metal-extractant solvates in the extract-
ant solution to the ATR surface, the solvate formation
mechanism, and the kind of the extractant.

RADIOCHEMISTRY Vol. 67 No. 5 2025

For the systems with Eu®*, the extraction rate with
monofunctional TAPO is lower (3.3 x 10% c¢cm s')
than with chelating extractants (DPCMPO, 1.1 X
1073 ecm s71), which is caused by the presence of a large
number of active sites in the latter case. In the series of
chelating ligands, the structure of the molecule becomes
significant: DPCMPO extracts europium 3 times faster
(k=1.1 x1073 cms™!) than CMPO does (k=3.7 x 107%).
This can be attributed to the smaller number of confor-
mations of the P(Ph), fragment compared to P(CgH,,)
(Ph) and to the high rate of the conformational adapta-
tion of the molecule for the chelation. A stepwise chela-
tion mechanism was revealed for the polyfunctional ex-
tractants. It was indirectly confirmed by the calorimetric
titration (double-peak shape of the exothermic effect of
the reaction).

For the systems with Y3*, the extraction rate con-
stants were calculated for 8-hydroxyquinoline and for
the mixed extractant (2,3DHN and MTOAC). Higher
rate constants in the case of the mixed extractant (k =
1.5 x 107 cm s7!), compared to 8-hydroxyquinoline (k =
4.3 x 10* cm s!), can be attributed to the synergistic
effect consisting in the deprotonation of the 2,3DHN
hydroxy groups with MTOAC carbonate ion in butyl
acetate.

A study of the yttrium mass transfer kinetics in the
cell with a free liquid membrane shows that the yttrium
mass transfer proceeds faster than follows from the cal-
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culation until neutralization of the accepting aqueous
phase. After that, the difference between the experimen-
tal data and calculation results becomes constant.
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