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Abstract '°?Eu and **' Am recovery from HNO; by con-
ventional and micelle mediated extraction are studied. It is
stated that radionuclides distribution ratios D (Kp) in
micelle mediated extraction are significantly higher than
those of conventional extraction, with >*' Am is slightly less
extracted than '>?Eu. Distribution ratios dependence on
medium acidity is similar for both processes, with extrac-
tion maximum at C (HNOj3) = 0.2—1 mol L~'. Micro-
scopic research and dynamic light scattering prove micellar
nature of calixarene solutions. Nano-scale of particles,
which accumulate radionuclides, is confirmed by ultrami-
crofiltration. This method is also applied for studies of
radionuclides re-extraction and electrochemical deposition.
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Introduction

Micelle mediated (cloud point) extraction (MME) is a kind
of homogeneous extraction, where pre-organized solutions
of surfactants play role of extractants. It is known that the
solubility of non-ionic and zwitterionic surfactants is
depressed above so-called cloud point temperature. Above
this point homogeneous micellar system separates into
macrophases. This property can also manifest itself with
pH or ionic forth changes. Thus, the MME method is based
on the process of micellization, which proceeds in a certain
for every surfactant temperature range, and its main char-
acteristics are:

e kraft point (lower temperature limit below which the
solubility of the surfactant is no longer sufficient for the
formation of micelles),

e cloud point (upper temperature limit, followed by the
separation of homogeneous micellar system into
macrophases),

e critical micelle concentration (surfactant concentration,
at which micelles are stable in solution and exist in
significant amounts in thermodynamic equilibrium with
non-associated molecules) [1].

MME application for metals separation was first pro-
posed by Watanabe in 1976. Earlier MME was widely used
as a first step of proteins purification [2]. Brief survey of
MME application for metals separation was published in
1982 [3], but comprehensive review of this issue appeared
in publication [4] in 1985.

First data of lanthanides extraction by MME method
with 8-hydroxyquinoline as chelating agent and Triton
X-114 were published in 2001 [5]. Erbium(IIl) extraction
by 2-(3,5-dichloro-2-pyridylazo)-5-dimethylaminophenol
as chelating agent and PONTE-7.5 as surfactant was
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carried out by Silva et al. in 1997 [6]. Later similar pro-
cedure was used for Dy(III) preconcentration in urine [7].

Capability of various macrocyclic compounds bearing
large structural cavities, in particular calixarenes, to form
different colloidal aggregates (associates, micelles, clusters)
in water due to hydrophobic interactions, is well known.
Formation of aggregates (from 3 to 30 nm to 10° nm in
diameter) was observed for some water soluble cationic
calixarenes, and this process resembles micellization in
colloidal surfactants and can be characterized by critical
aggregate concentration, which is similar to critical micelle
concentration for amphiphilic surfactants [8]. Association
mechanisms for these compounds are different. At least two
models of association are considered to be typical for
amphiphilic molecules [9]. Amphiphilic calix[4]arenes,
oxyethylated at the lower rim, were synthesized and exam-
inedin 2010 [10, 11]. Attraction of these compounds is in the
possibility to observe multitypical association due to the
simultaneous presence of hydrophobic fragments, aromatic
rings and cavities in one molecule. It is stated that in systems
“calixarene—Triton X-100" aggregation behavior consists in
formation of small micelle-like aggregates, characteristic for
non-ionic surfactants, and lamellar big aggregates. Use of
similar mixtures, based on p-sulphonate thiacalixarene,
tetra-sulphonatometylated calix[4]resorcinarene and
calix[4]resorcinarene phosphonic acid for Ln(III), Gd(IIT)
and Yb(III) micellar extraction showed moderate efficiency
of such chelating agents [12].

Calix[4]arene phosphine oxides [13], regarded in this
work as alternative ligands for radionuclides recovery from
nitric acid aqueous solutions, possess enhanced solubility
in water. The peculiarity of proposed scheme of MME
consists in the possibility to avoid the introduction of
additional surfactant (for example, Triton X-100) in the
extraction system, because aqueous solutions of studied
calixarenes are micellar themselves.

Experimental

Following materials and reagents were used:

e phosphorylated calix[4]arenes with diethyl- and
dimethyl-methylenphosphine oxide substituents at the
upper rim (Fig. 1). Synthesis and purity tests by NMR
("H and '3C) were carried out in the Institute of Organic
Chemistry (Kyev) [14-16];

e m-nitrobenzotrifluoride (m-NBTF, “RHODIA”,
France) was used as a diluent in liquid-liquid
extraction;

e '"’Eu and **'Am isotopes were produced by Khlopin
Radium Institute. Salt of stable europium (10™> mol
L") was added in solutions as a carrier.
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Liquid-liquid extraction

In accordance with preliminary kinetics investigation,
experiments were performed in the following manner:
similar volumes of organic and aqueous phases were
placed in plastic tube and stirred at (23 &£ 2) °C during
3 min. Then organic and aqueous phases were separated by
centrifugation.

To determine radionuclides distribution ratios samples
of separated phases (V = 0.4 mL) were measured on a
DeskTop scintillation y-ray spectrometer “DeskTop
InSpector” (“Canberra”) with Nal detector (51 x 51 mm).
For **' Am was used only one energy region—0.059 MeV,
for '>?Eu were used 2 energy regions: 1.41 and 0.344 MeV.

Distribution ratios were calculated by the equation

_ Aog
D = A

organic and aqueous phases respectively. Time of sample
measurement was chosen so that the measurement error did
not exceed 15%.

where Ao and A, are isotope activities in

Micelle mediated extraction (MME)

Recovery of metal cations in MME was performed by two
methods.

Method 1 is suitable for solutions with C (HNOj) >
1 mol L™!. Calixarene (0.1 mL of aqueous solution,
0.1 mol L™") is placed in a plastic tube, containing 0.9 mL
of nitric acid solution, containing radionuclide. White
amorphous phase is formed immediately. Mixture is stirred
10 min, and then phases are separated by centrifugation.

Method 2 is suitable for solutions with C (HNOj) <
1 mol L™". Under these conditions addition of calixarene
into the nitric acid solution, containing radionuclide, leads
to colloid solution formation. Obtained mixture is heated
up to 60 °C with stirring. Coagulation of colloidal particles
takes place. Formed second phase is separated by cen-
trifugation. Activities of aqueous phase before and after
extraction were determined on a DeskTop scintillation y-
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ray spectrometer “DeskTop InSpector” (“Canberra”) as
described above.
Radionuclide distribution ratio is calculated by the
equation:
(A% — A Vv

Kp=—2% x —

D A m ’
where A° and A’—aqueous phase activities before and after
extraction, respectively; m—mass of formed second phase,
V—yvolume of aqueous phase.

Dynamic light scattering (DLS)

Sizes of formed micelles were studied by dynamic light
scattering method with PhotoCor Complex (Milton Roy,
United States) and Malvern Instrument ZetaSizer Nano
(Malvern Instruments, England) instruments. The mea-
sured autocorrelation functions were analyzed by Malvern
DTS Software, the Dynal.S program and the second-order
cumulant expansion methods. The effective hydrodynamic
radius (Ry,) was calculated according to the Einstein—Stocks
relation: Dg = kgT/6mnRy,, where Dsg is the diffusion
coefficient, kg is the Boltzmann constant, T is the absolute
temperature and 7 is the viscosity. The diffusion coefficient
was measured at least three times for each sample. The
average error in these experiments was approximately 4%.
Studied solutions were filtered with Millipore filters, to
remove dust particles from the scattering volume.

Atomic-force microscopy (AFM) and transmission
electron microscopy (TEM) visualization

Sizes and shape of micelles were studied using atomic-
force microscope Multimode V (Veeco, USA) and trans-
mission electron microscope HT 7700 (Hitachi, Japan).
AFM visualization of micelles was carried using discon-
tinuous contact AFM technique and performed at low force
set points. Phosphorus doped silicon probes RTESP
(Veeco, USA) were utilized. TEM images were acquired at
an accelerating voltage of 80 kV.

Aqueous solution of calixarene C67 at concentration
10> mol L™ was ultrasonicated for 10 min and then
10-25 pL of the solution were dispersed on a suitable sub-
strate and dried at 65 °C for 2 h. An atomically flat mica was
used as a substrate for AFM and 200 mesh copper grids with
continuous formvar films were utilized for TEM visualization.

Studies of radionuclides accumulating micelles: size
of particles and ultrasound influence on their
integrity

Colloidal and aqueous phases separation was prepared by
centrifugal ultrafiltration in tubes with Amicon membranes

(pore diameter 0.45-3 kDa). To study ultrasound influence
on dispersion degree of micelles ultrasonic bath Elmasonic
S40 (ultrasound frequency is 37 kHz, total energy con-
sumption 320 W, effective ultrasound power is 120 W,
maximum peak ultrasound power is 480 W, temperature
range 0-80 °C, duration of sample treatment period—from
1 min to unlimited time) was used. In the audio range of
frequencies acoustic system MS691 was used.

Re-extraction experiments: electrochemical
deposition

For electrochemical deposition of >*' Am on the steel target
pseudo calixarene precipitate was dissolving in ethanol
(50 mL) for 2 min. Then 0.1 mol L™" phosphonium hex-
afluorophosphate [PH,]tPFs~ was added. Electrolysis
duration was 120 min. Experiment was carried out as
described in [17].

Results and discussion

Earlier we showed, that the most efficient extractants for
rare earth (REE) and transplutonium elements (TPE)
micelle mediated extraction are calix[4]arene dialkyl-
methylenphosphine oxides C45 and C67 [18]. Present
paper is devoted to study influence of various factors on
Am and Eu micelle mediated extraction by mentioned
calixarenes from nitric acid solutions.

As for dependence of europium distribution ratios Kp on
the mode of calixarene addition and stirring intensity,
neither mode of calixarene addition, nor stirring intensity
do not affect europium distribution ratios. Formation of
isolated phase occurs immediately, and further stirring has
no influence on Eu distribution between phases.

To study the influence of added calixarene amount on
Eu distribution between micellar and aqueous phases three
experiments with various C45 weights were carried out.
Experiments, where Method 1 was applied, demonstrated
that with calixarene volume increasing (decrease of initial
solutions acidity) Eu distribution ratios also increase.
However, when the same volumes of calixarene solution
with different concentrations are added, acidity of aqueous
phase does not change, but with increasing of calixarene
initial concentration (at constant acidity) Eu distribution
ratios decrease. On the other hand, experiments, carried out
by Method 2, showed that Eu distribution ratios stay
practically constant with addition of different weights of
calixarene at constant acid concentration in the aqueous
phase. Thus, increase of calixarene concentration in the
process of europium extraction at constant acidity by
Methods 1 and 2 leads to different results.
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Influence of medium acidity on MME process

Liquid-liquid extraction of europium from acid solutions
by calixarenes C45 and C67 into m-NBTF was studied in
paper [19]. Experiments on europium recovery by aqueous
solutions of calixarenes C45 and C67 from nitric acid in
the same intervals of HNOj concentration were performed
to compare processes of liquid-liquid and micelle mediated
extraction. Obtained data are presented on Fig. 2.

As one can see, maximum of efficiency both in micelle-
mediated and liquid-liquid extraction by C45 is observed
at 1 mol L™" of nitric acid. With increasing of nitric acid
concentration efficiency of MME decreases, as well, as that
of liquid-liquid extraction. It is related with conditions of
isolated phase formation. At the acidity less than
0.3 mol L™ ! after C45 addition colloidal solutions form,
and only after solution heating up to 7 = 60 °C they
coagulate and fall down as the isolated phase. At the
acidity higher than 0.3 mol L' isolated phase forms
immediately after addition of calixarene solution. C67 is
insoluble already in 0.1 mol L~! of nitric acid [19], and
isolated phase falls down immediately after addition of
calixarene solution. Thus, MME efficiency is due to the
mechanism of isolated phase formation.

However, trends of distribution ratios dependence on
medium acidity are similar in liquid-liquid and micelle
mediated extraction: there is gradual increase of Kp values
with increase of aqueous phase acidity up to the maximum
value (corresponding to such medium acidity, when
extractant stops to wash out into the aqueous phase, and the
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mechanism of isolated phase formation changes) and
gradual decrease of Kp values, which is caused by com-
petitive nitric acid extraction in liquid-liquid extraction
process.

Influence of salting-out agents on europium MME
process

The salting-out effect consists in the addition of nitric acid
or its salts (e.g. alkali nitrates) in the solution. This
increases the concentration of nitrate ions, which bind
water. This results in a decrease of the hydration of the
recovered cation.

MME tests were performed with C45, using different
concentrations of salting-out agents, at 1 mol L™' HNO;
and at 0.3 mol L~' HNO;. Liquid-liquid extraction
experiments with C45 solution in m-NBTF were performed
in the same conditions. Lithium and sodium nitrates were
used as salting-out agents. Trends in distribution ratios
dependence on salting-out agent concentration were prac-
tically the same: in the case of 1 mol L™' HNOj; extraction
proceeded at room temperature, the isolated phase was
falling down immediately after addition of the calixarene
solution (Method 1). For 0.3 mol L~' HNO; extraction
proceeded at 60 °C, because of colloidal solution forma-
tion, which required heating to coagulate (Method 2).
Liquid-liquid extraction tests were performed in analogous
conditions. Results are illustrated on Fig. 3.

Obtained data show that the salting-out agent concen-
tration has greater influence on europium distribution ratios
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Liquid-liquid extraction: Cr = 0.01 mol L™ in m-NBTF. A:O = 1:1.
MME: Cr = 0.01 mol L', T=60°C, ¢ = 10 min. (Method 2)

Fig. 2 Comparison of Eu distribution ratios dependences on medium acidity in processes of MME (Kp) and liquid-liquid extraction (D)
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Fig. 3 Influence of the salting-out agent concentration (LiNO3) on europium distribution ratios in MME and liquid-liquid extraction

in MME, especially at 0.3 mol L™' HNO;. In liquid-liquid
extraction this influence is less. Thus the effect of salts
influence in MME is due to conditions and the mechanism
of isolated phase formation. At smaller HNO; concentra-
tion Eu distribution ratios increase dramatically, because
stability and micellization completeness increase with the
salt concentration in the aqueous phase.

However, with the further increase of the salting-out
agent concentration aggregate state of micelles stays con-
stant and Eu distribution ratios decrease, as at liquid-liquid
extraction. The last one occurs, evidently, because of
increasing co-extraction of nitric acid.

Composition of europium: C45 solvates, obtained
by MME process

To determine composition of extracted solvates one can
use method of equilibrium shift or method of saturation.
The method of equilibrium shift consists in changing of
component concentration in extract by changing of com-
ponent concentration in organic phase. Change of dis-
tributed component initial concentration up to complete
extractant saturation is characteristic for this method.

In the case of europium liquid-liquid extraction by C2
(C67 analogue with butyl radicals at phosphorus atom)
solutions disolvates formation was demonstrated by
method of equilibrium shift and monosolvates formation
was demonstrated by method of saturation [20]. Results of
experiments on determination of europium solvate com-
position are presented in Table 1.

Table 1 Eu recovery from 3 mol L™' HNO; by C45 aqueous solu-
tion (0.01 mol L_l) at various europium concentrations (7' = 60 °C,
t = 10 min)

Eu concentration Eu distribution Concentrations

in aqueous phase, ratio Kp ratio in isolated
C(Eu) (mol L™h (mL g1 phase [Eu]/[C45]
1 x107° 155 + 23 6 x 107

1 x 107 73 + 11 44 x 1073

1 x 1073 31+5 0.025

1 x 1072 1943 0.17

1 x 107! 1743 1.7

5% 107! 741 1.7

As it is shown in Table 1, saturation of extractant is
observed at C (Eu) = 0.1 mol L=, and [Eu)/[C45]
becomes constant: about 2 mol of Eu on 1 mol of C45, that
corresponds to half-solvate formation.

Study of micelle sizes and properties in calixarenes
solutions

Preliminary tests demonstrated that C45 is readily soluble
in water giving opalescent solution. It is regarded as indi-
rect evidence of micellization. Strong binding of P=0
groups of C45 with water molecules, not typical for
aqueous solutions of other phosphine oxides, was observed
in paper [13]. Moreover, it is stated that all four P=0O
groups of calixarene C45 molecule are bound with nitric
acid protons, forming two (P=)O-H'-O(=P) fragments.
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Table 2 Distribution of particle sizes by number for calixarene C67
in dichloroethane and water

Diluent Concentration of Sizes of observed
C67 (mol LY particles (nm)
Dichloroethane 0.01 3352 + 134
Water 0.1 4.1 +02
Water 1073 208.6 + 8.3

Calixarene C45 in 3 mol L™' HNO; forms water insoluble
compound [C45-2H1][0,NO-H-ONO,]5 .

Experiments on the determination of sizes of C67
aggregates by dynamic light scattering were carried out to
ensure micellar nature of studied calixarenes aqueous
solutions. It was stated that in methylene chloride C67
exists as a homogeneous phase only for a short time,
converting into the flaky precipitate, impossible to examine
by DLS method and, probably, unable to capture cations in
such state. This correlates with data, obtained earlier for
Am and Eu liquid-liquid extraction by C67 into methylene
chloride (%Ean, = 6.9 £+ 0.4, %Eg, = 13 £ 3) [21]. On
contrary, in dichloroethane this calixarene forms aggre-
gates of about 335 nm (Table 2).

In aqueous solutions were recorded particles of 4 nm
size at 0.1 mol L™" of calixarene and larger particles—up
to 200 nm—at lower concentrations of calixarene
(1075 mol L.

Results for C67 aggregation in aqueous solution corre-
late with data of atomic-force and transmission electron

500nm
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Fra=T ]l

5 2 £
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= i
) i
‘D 1 [
lan 4 jany 5+
0.5+ ]
0- 0-
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100 200 300 400
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] [ i B S
50 100 150

Lateral sizes, nm
Fig. 4 AFM visualization of calix[4]arene C67 aqueous solutions

applied on mica and dried: a AFM image with z scale—3 nm and
profile of the particle; b, ¢ AFM images both with z scale—20 nm and
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microscopy (Figs. 4, 5). On the AFM images several types
of particles were found. The first type are round particles
which have height of 2.1-2.5 and 50-75 nm in lateral sizes.
The second type are also round particles with characteristic
diameter of 200-350 nm and height of 10-15 nm. The
third type are crystallite like particles with lateral sizes of
1-2 pm and 10-15 nm in height. And the last one are
particles with characteristic sizes of 0.7-2 pm.

TEM also showed the formation of the same type of
particles and their aggregates. Most of particles have
diameter of about 120 nm. And the most of larger particles
are aggregates of the first ones. But also there are particles
larger than 0.8 pm which inner structure cannot be seen.
Crystallite like particles with characteristic sizes of
1.5-2 um were also found.

Ultramicrofiltration experiments

Solubility of studied calixarenes decreases with increasing
of aqueous phase acidity. On achieving the critical micelle
concentration in solution colloidal particles form. They
usually consist of an insoluble core of very small size,
surrounded by a stabilizing shell of adsorbed ions and
solvent molecules. The average size of micelles is of
1-100 nm. Metal ions react with calixarene forming
hydrophobic complex. Obtained micelles capture metal
complex in the hydrophobic core, than the phase, enriched
by surfactant, can be separated from the bulk of the
aqueous phase by centrifugation [11, 12]. However, taking

c d
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corresponding profiles of the particles; d AFM image with z scale
30 nm and corresponding roughness histogram (area of 10 x 10 pm)
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Fig. 5 TEM visualization of calix[4]arene C67 aqueous solutions applied on formvar film and dried: a—d different surface areas of the sample

into account micelles of nanoscale, their isolation requires
special conditions.

C67 was chosen to solve the task of **' Am recovery in
the MME, as it has already proved to be an efficient reagent
to recover europium [19].

It appeared that with initial C67 concentration increas-
ing (at constant aqueous phase acidity) Am and Eu
recovery extent decreases (Fig. 6). Moreover, americium
recovery extent is higher, than that of europium, although
its concentration is three orders lower. This indicates that
the metal in such case can’t be regarded as micellizing
complexing agent, and micelles consist of calixarene
molecules associates (lyophilic sol). Thus, one can con-
clude that the efficiency of micelle mediated extraction by
C67 is affected by the mechanism of formation and dis-
persion state of pseudo precipitate.

Americium distribution in colloidal particles in
0.1 mol L™" nitric acid solution with addition of C67

120 ~
® Am
100 - *
* ®Eu
N L
< 80 -
5
= [ |
60 -
5 ]
2
g 40 . .
20 - m ¢
]
0 T T T 1
0 0.005 0.01 0.015 0.02
C,, mol/L

Fig. 6 Dependence of Am and Eu recovery extent from HNOj3
(0.1 mol L™") by C67 aqueous solution on its concentration
(t = 10 min, T = 20 °C)

solution of various concentrations was examined to study
micelles formation mechanism (Fig. 7).

It was stated that experimentally determined Am
recovery extent depends on types of membranes, used for
micellar phase separation. With decrease of calixarene
concentration from 0.005 to 0.0025 mol L™" extent of Am
recovery by ultrafiltration membranes increases. At the
same time, at C67 concentration 0.02 mol L' Am
recovery extent does not depend on the size of forming
colloidal particles, remaining constant in the whole range
of applied filters. As diagrams of Fig. 7 show, at C67
concentration 0.02 mol L' americium is captured only by
large particles (>0.45 pm). Recovery extent is low (20%).
When reducing the calixarene concentration to
0.005 mol L_l, recovery extent is 100%. The main accu-
mulating particles range in size from 10 to 100 kDa. By
reducing  the concentration of calixarene to
0.0025 mol L™ recovery extent decreases slightly by 1%,
but 50% of americium contains generally in monodisperse
particles of 30-100 kDa.

Thus, micelles, which efficiently capture radionuclides,
are of very small size, which makes difficult their isolation
from the solution. At the same time, aggregated particles
larger than 0.45 pm bind americium weaker, possibly due
to the decrease of the specific surface. Therefore, it is better
to employ methods that promote micelles coagulation only
after capture of americium.

Attempts to stimulate the coagulation of colloidal par-
ticles in the system under study by treatment of sound
waves (similar to the flotation process) were not successful.
With the electrolyte introduction in the aqueous phase Kp
(Am) values increase dramatically with electrolyte con-
centration but then gradually decrease (Fig. 8). The growth
of americium recovery extent with the electrolyte intro-
duction can be explained by the increase of micelles sta-
bility, subsequent reduction of recovery extent—by
reduction of water activity and of metal activity coeffi-
cients. For example, in the liquid-liquid extraction by
calixarenes europium recovery extent also decreases
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Fig. 8 Dependence of K (Am) on added electrolyte concentration in
MME from HNO; (0.1 mol Lfl) by C67 aqueous solution
(0.005 mol L™") (r = 10 min, T = 20 °C)

slowly with sodium nitrate or lithium nitrate concentrations
decrease [19].

One can explain this regularity, considering the diagram
of americium distribution in colloidal particles of various
sizes (Fig. 9).

As can be seen from obtained data, colloidal particles
coarsen with lithium nitrate addition into the aqueous
phase. Americium is practically absent in particles smaller
than 30 kDa. Concentration of americium, accumulated
by particles larger than 0.1 pum, increases slightly,
americium content increases significantly only in the
particles fraction of 0.1 kDa—30 um. In the whole range
of electrolyte concentration americium recovery extent is
close to 100%, and a 30 kDa membrane with sufficient
intensity of filtration rate can be applied for the isolation
of particles.

Similar experiments were conducted with europium. In
this case, the calixarene concentration was 0.001 mol L™},
and nitric acid concentration was 3 mol L™ in order to

@ Springer

30-100 10-30kDa 3-10kDa <3kDa

obtain Eu distribution ratio values close to 1. Thus, the bulk
of Eu accumulating colloidal particles belongs to
nanoparticles of 3-30 nm. Such particles are difficult to be
separated from the solution. It is therefore advisable to
employ methods that improve particles aggregation,
including introduction of the optimal salt amount into the
aqueous solution.

Ultrasonic waves influence on micellar state
of radionuclides complexes with calixarenes and re-
extraction of target elements

Although in the framework of this paper micelle medi-
ated extraction is regarded only as alternative method for
actinides analysis, and there is no need of extractant
recycling, some experiments with re-extraction were
carried out. To extract the desired component from pre-
cipitates obtained by MME one can use their chemical
decomposition by strong acids or sodium carbonate.
However, experiments have shown that pseudo-precipi-
tates of calixarene compounds with REE and TPE dis-
solve very slowly in 4-8 mol L™' of HNO;, and re-
extraction of radionuclides proceeds only on 80-90%.
Furthermore, the use of concentrated solutions of strong
mineral acids and the formation of destruction products
of cellulose organic residues of ultrafiltration membrane
prevent re-extraction. Therefore, following techniques
were proposed to recover radionuclides (**'Am in par-
ticular) from the colloidal fraction: destruction of
micelles by ultrasound or dissolution of pseudo-precipi-
tate, followed by electrochemical deposition of target
element.

Influence of ultrasonic treatment on colloidal particles
state was examined in the solution (Fig. 10) and on the



J Radioanal Nucl Chem (2017) 311:599-609

607

Fig. 9 Americium distribution 50 -
in colloidal particles depending

on LiNOjs concentration. 45 A
C (HNO3) = 0.1 mol L™},

C (C67) = 0.005 mol L™ 40 1

35 A
30 -
25 A
20 A
15 A
10 A

Am content, %

 MIIIIIIHHHmmwmmMMMMM-M

>0.45pm 0.22-0.45 0.1-0.22

pm

filter (Fig. 11). Calixarene solution of 0.005 mol/L) and
0.1 mol L™ HNO; were used.

As demonstrates Fig. 10, ultrasound rapidly destroys
large particles in the solution: even 1 min is enough to
destroy micron particles. However, nanoscale particles
are destroyed in less extent. Therefore, to extract
americium from the filter hydrochloric acid solution
(1 mol L™") and sonication were applied. Data are pre-
sented on Fig. 11.

The composition of the aqueous phase was chosen in
accordance with technical conditions of applied mem-
branes, in order to reduce entering of cellulose into solu-
tion. The reason is that filter membranes are resistant to

Fig. 10 Dependence of Am
distribution in colloidal
fractions on duration of 100

]
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1 N HCI, and this acid was used as the only mineral acid,
where membranes are stable.

As it is seen on Fig. 11, proposed method appeared very
efficient: after a 10 min treatment americium recovery
extent on the filter was 99%.

Experimental results for electrochemical deposition of
2! Am on the steel target demonstrated that over 60% of
the americium are already deposited on the target after
30 min of electrolysis. About 120 min is enough to achieve
over 99% of element recovery.

Both methods—ultrasonic micelles destruction and
electrochemical deposition of the target element are
efficient enough to transfer radionuclides in solution and

10 kDa 3 kDa

B without ultrasonic treatment

0.lpm 100kDa 30kDa
Filter pore size
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Fig. 11 Dependence of Am recovery extent on duration of calixarene
C67 colloidal particles ultrasonic treatment at 1 mol L~! HCl
washing. Size of filter pore is 3 kDa

to separate them on a target for further analytical
purposes.

Conclusions

Experiment showed the possibility of using water-soluble
calix[4]arenes with phosphine oxide substituents at the
upper rim as micellizing extractants to recover from
nitric acid solutions such radionuclide as '**Eu and
2'Am. Compared with the known method of micelle
mediated extraction, phosphorylated calixarenes C45 and
C67 are at the same time chelating agents and
surfactants.

The DLS method showed formation of calixarene
aggregates of various sizes in dichloroethane (335 nm) and
in water (~4 nm for 0.1 mol L' of C67 and ~200 nm
for 107> mol L™ of C67). This correlates with data of
atomic-force and transmission electron microscopy, which
prove existence of at least 4 types of calixarene aggregates
(round particles of different sizes, crystallite like particles,
small particles of 0.7-2 pm).

The efficiency of '*?Eu and **'Am MME process of
micellar extraction provide mainly micelles of minimum
size.

New methods of re-extraction of radionuclides from the
micellar phase are proposed: the ultrasonic treatment and
the electrochemical deposition, which allows to quantita-
tively recover americium on a target.

Study of the influence of acoustic waves not only for the
destruction of the micellar state extracts, but also on the
possible coagulation of the micelles in the extract for their
easier microfiltration separation can be considered as
promising directions for further research.

@ Springer
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