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Abstract. The article discusses the results

of the wuranium(VI) re-extraction(stripping) from the

methyltrioctilammonium organic phase loaded by uranium(VI) peroxo-carbonate species using ammonium carbonate
and ammonium bicarbonate aqueous solutions or gaseous carbon dioxide. Conditions for 97—99% re-extraction of
uranium(VI) to obtain crystalline ammonium uranyl carbonate with structure (NH,),/UO-(CO3);] were determined.
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1. INTRODUCTION

In 2008, the CARBEX (CARBonate EXtraction)
concept was formulated [1]. This hydrochemical
method of the spent nuclear fuel (SNF) reprocessing in
carbonate media using solvent extraction (SE)
technique for separation and purification of uranium
and plutonium from fission products (FPs). The
CARBEX process is based on the development of the
oxidative dissolution of UQO., U30s, and UOQO.-based
SNF in carbonate or carbonate-alkaline media [2]—[5],
as well as on the development of the effective SE
techniques for separation and purification of uranium
and plutonium from carbonate media using quaternary
ammonium compounds (QACs) [6]. In the CARBEX
process, all technological operations, including SE
processing, are carried out using carbonate media. The
most suitable solvents for carbonate media are QACs,
in particular of methyltrioctylammonium (MTOA with
structure - CH3(CsHy)3N+) carbonate or
methyltrialkylammonium (MTAA with structure —
CH3(C;H15-C9H19)3sN+) carbonate, which have high
radiation resistance. Chlorides of QACs, which are the
basis for the preparation of MTOA or MTAA
carbonates, are manufactured on an industrial scale.

An important stage of the SE scheme for the
processing of U/Pu-containing carbonate solutions in
the CARBEX process is the precipitative re-
extraction(stripping) of uranium and plutonium in the
form of crystalline carbonate compounds mixture.
Direct calcination of such mixtures in a reducing
atmosphere makes it possible to obtain UO- and PuO-
with high purity, which can be wused for
fabrication/refabrication of mixed oxide (MOX) fuel.
The possibility of obtaining mixed uranium-plutonium
products and exception production of the pure
plutonium compounds make it possible to fulfill the
requirements for the non-proliferation of fissile
materials.
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The re-extraction of uranium and plutonium in the
CARBEX process may be in conventional option
(liquid/liquid two-phase system) or liquid/liquid/solid
three-phase system with precipitation of crystalline
ammonium uranyl(plutonyl) carbonate
(NH4)4[U(Pu)O2(CO3)3] (AU(Pu)C). The combination
of SE cycle with selective re-extraction of uranium and
plutonium in the form of AU(Pu)C crystals allows to
achieving additional purification from impurities,
including from FPs and, provide a significant
improvement in the quality of the carbonate powders
from which high purity oxides of U(IV) and Pu(IV) can
be obtained.

Since precipitative re-extraction combines the
processes of uranium and plutonium separation from
organic phase with their deposition, this reduces the
number of processing operations and to some extent
reduces the volume of liquid waste.

For re-extraction of U(Pu) from the loaded organic
phases in the CARBEX process, the aqueous solutions
of ammonium carbonate ((NH4)-CO3) and ammonium
bicarbonate (NH,;HCO3) or mixtures thereof can be
used. In the process of U(VI) precipitative re-
extraction, a three-phase system is formed: organic
phase — carbonate solution — AUC crystals. The AUC
crystals are typically readily separated from the
depleted organic phase and carbonate strip liquor. The
carbonate mother liquor after AUC crystals removal
can be recycled to the re-extraction stage.

The degree of uranium deposition in the
precipitative re-extraction process is determined by the
solubility of AUC crystals in carbonate solutions. The
precipitative re-extraction conditions are usually
selected such that the solubility of the carbonate
complex is not greater than 3—5gU/L and crystals
formation takes place over at least 60 min. Only slow
AUC crystals growth provides their required size (not
less than 10 pum). The solubility of AUC in aqueous
solutions of (NH4).CO3; and NH4HCOj3 increases with
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the increase of temperature and decreases with the
increase of salts concentration in carbonate solutions.

Precipitative re-extraction process is proposed for
the separation of uranium [7,8], plutonium, and
neptunium from the organic phase with neutral
organophosphorus compounds (usually tri-n-butyl
phosphate), alkyl phosphoric acids, and tertiary
amines or their mixtures. In the SNF reprocessing
technology, precipitative re-extraction is carried out
after the SE separation and purification stage of fissile
materials from impurities [9]. For precipitative re-
extraction of metals, aqueous solutions of oxalic acid or
(NH,4)2COs3 are usually used [7]-[9]. At the same time,
it is possible to precipitate up to 99.9% of uranium,
plutonium, and neptunium. After separation from the
mother liquor, the crystalline carbonate precipitate is
washed from the organic phase. The washed and dried
carbonate precipitate is used to obtain a solid solution
of uranium and plutonium dioxides. The precipitative
re-extraction of uranium by (NH4).CO3 aqueous
solutions (with a concentration of not more than
200 g/L) with obtaining of crystalline AUC (with
crystals size about 60-80 um) is carried out at the
CO32-: UO22* ratio equal to 3:1 and phase contact
time is not less than 20—25 min [10]. An important
efficiency factor of the precipitative re-extraction
process is not only a high degree of metal recovery
from the organic phase but also a high-value degree of
deposition of the valuable component.

To solve the problems of implementation of SNF
reprocessing technology in carbonate media, it is
necessary to carry out studies, in particular, regarding
the development of a scheme for the extraction and
purification of uranium and plutonium from carbonate
media in the loading/scrubbing/stripping cycle. One
important step in developing such a scheme is to
determine the optimal parameters of the re-extraction
process.

The purpose of this article was to study and
optimization the re-extraction of U(VI) as crystalline
carbonate compounds from the organic phase of
methyltrioctylammonium under conditions of solvent
extraction separation and purification of carbonate
solutions after the oxidative dissolution of SNF in the
CARBEX process.

2. MATERIALS AND METHODS

Solid salts Na2C03, (NH4)2003, NH4HCOg, and 35%
aqueous solution of H-O- of the chemically pure grade
were used. Initial U(VI) compounds such as uranium
peroxide - UO04-4H-0 and sodium
tricarbonatouranylate -  Nay[UO2(COs3)3]  were
synthesized by precipitation from the concentrated
aqueous solution of UO2(NO3); [11]. Aqueous solutions
of UO-(NOj3); were obtained by dissolution of
chemically pure UO:(NO3);-6H-0 in the distilled
water. The composition of the uranyl peroxide and
sodium tricarbonatouranylate powders was confirmed
by x-ray diffraction (XRD), Figure 1.

Carbonate solutions containing U(VI) in the form
of mixed peroxo-carbonate species were prepared by
dissolution of the crystalline Na,[UO2(CO3);] or
U0:02:4H-0 in 1.0 mol/L solutions of H.0. or
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Na.CO3, respectively. The formation of mixed peroxo-
carbonate species of U(VI) can be described by the
following chemical equations:

U0202(5)+ 2Na2C03(aq)—>Na4[U02(02) (C03)2] (aq) (1)

Na4[U02(CO3)3](s)+XH202(aq)‘—’
©Nay[UO2(02)x(CO3)3-x]ap+2xH*(aq+xCO32~(aq)  (2)

where x =1 or 2.

In Na.CO3-H20- aqueous solutions, the formation
of polynuclear species of U(VI): [(UO2)2(02)(COs),4]0~
or [(U02)3(02)2(CO3)4]0 can also occur [12]-[14].

Solvent extraction and re-extraction procedures
were carried out in 10—25 mL glass separation funnels
at 25+2°C. The phase mixing time was 20—120 min.
Methyltrioctylammonium carbonate as the solvent was
used. This compound was synthesized by the original
technique. Toluene of the chemically pure grade was
used as a diluent. Solvent extraction of U(VI) was
carried out using 0.5 mol/L solution of MTOA
carbonate in toluene.
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Figure 1. XRD patterns of UO4-4H-0 and
Nay[UO2(CO3)3] powders

The re-extraction yield of U(VI) (Re(U(VI))) was
determined from the decrease in the U(VI)
concentration in the organic phase: Re(U(VI)) =
(([u(vD]ore.mit) — [U(VD]ore.EQ) / [U(VI)]org.INtT) - 10
0, where [U(VD)]orc.nit and [U(VI)]orc.EQ denote the
U(VI) concentrations in the initial organic and organic
phase after re-extraction (at equilibrium conditions).

The concentration of U(VI) in the organic phases
after re-extraction was determined from the difference
in the U(VI) concentration in the aqueous phases after
re-extraction (at equilibrium conditions) and stock
solution taking into account the organic-to-aqueous
(0/A) phase volume ratio:
[U(VD]Iorc.eq = ([U(VD]ag.eq — [U(VD)]aqstrip) / (O/A)
, where [U(VI)]agstrir and [U(VI)]agErq denote the
U(VI) concentrations in the strip solution and aqueous
phase after re-extraction (at equilibrium conditions).

Extraction of [U02(02)x(CO3)3-x]4-,
[(U02)2(02)(CO3)416~ or [(U02)3(02)2(CO3)4]%- with
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MTOA carbonate from carbonate solutions can be
described by following chemical equations [12]-[14]:

2(R4N)2CO3(0rg)+Nas[UO2(02)(CO3)3-x](aqy >

—(R4N)4[U02(02)x(CO3)3-x](org)+2Na2CO3(aq) 3
3(R4N)2CO3(0rg)+Nas[(UO2)2(02)(CO3)4](agy>
< (R4N)6[(UO2)2(02)(CO3)4]core)+3Na2COs(aq) @
3(R4N)2CO3(0rg)+Nas[(UO2)5(02)2(CO3)4]
<~ (R4N)6[(UO2)3(02)2(CO3)4](org)+3Na2CO3(aq) (5)

where RyN is a quaternary ammonium cation (MTOA).

To study the U(VI) re-extraction processes,
individual organic phases with concentrations from
20 gU(VI)/L to 140 gU(VD)/L not containing other
metals were obtained.

The content of U(VI) in the aqueous solutions with
concentration over 1.0 g/L was established by titration,
using 8.4 mmol/L solution of ammonium vanadate as
the titrant and diphenylamine-4-sulfonic acid sodium
salt as the indicator [15]. The content of U(VI) in the
solutions with concentration lower than 1.0 g/L was
established by the spectrophotometry method with
Arsenazo I11, per the absorbance spectra of the green-
blue complex compound arsenazo-uranyl
(Amax = 651 nm, detection limit ~0.025-0.05 ug U/L)
[16]. The relative error for the determination of the
U(VI) concentration in the stock solutions and aqueous
phases after re-extraction was not more than 0.5%.

The phase content of the powders was established
from the XRD data of the samples. The XRD spectra
were obtained with a D2 PHASER Bruker. The spectra

were analyzed, and the phase content was established
using the PDF 2010 database and TOPAS structural
refinement software.

3. RESULTS AND DISCUSSION

3.1. Re-extraction of uranium(VI) from the MTOA
organic phase loaded by peroxo-carbonate species
using aqueous solutions of (NH4)-CO3

Re-extraction of U(VI) from the MTOA organic
phase loaded by carbonate and mixed peroxo-
carbonate species without crystallization of AUC is
possible when using the diluted (<15% wt) solutions of
(NH,4)2COs. The process of U(VI) re-extraction under
such conditions proceeds according to the anion
exchange mechanism with distribution in the aqueous
phase of mixed  peroxo-carbonate  species
(NH4)4[UO2(02)x(CO3)3-x], (NH4)6[(UO2)2(02)(CO3)4l,
and (NH4)es[(UO2)3(02)2(CO3)4] (composition was
established by UV-Vis spectroscopy) and MTOA
carbonate in the organic phase. The formation and
crystallization of AUC in the aqueous phase, in this
case, did not occur. To obtain concentrated U(VI)-
containing carbonate solutions after re-extraction and
crystallization of AUC, it is necessary to use
concentrated solutions (NH4).CO3; and to carry out a
multistage countercurrent process at high O/A ratios.

Table 1. Re-extraction of uranium(VI) from the MTOA organic phase loaded by peroxo-carbonate species, containing 136.0 gU(VI)/L
using 6% aqueous (NH,4).COs solution. O/A = 1/1, phase mixing time (7) — 60 min. [U(VI)]aqQ.strip — concentration of U(VI) in the
strip solution, [U(VI)Jora.EQ — equilibrium concentration of U(VI) in the organic phase, [U(VI)]aq.EQ — equilibrium concentration of

U(VI) in the aqueous phase

No step | [U(VD]agstrip, g/L | [U(VD]orc.EQ, g/L [U(VD]aq.EQ, g/L Re(U(V])), %
1 0.0 30.0£0.27 106.0+0.37 77.9£0.62
2 106.0+0.37 106.0+£0.95 136.0£0.54 26.5+0.21
3 136.01£0.54 125.0£0.88 147.0+£0.44 8.1+£0.06
4 147.0+0.44 131.7£0.92 151.3+0.45 3.2+0.02

When used of 6% aqueous (NH,4).CO3 solution for
re-extraction of U(VI) from the organic phase
containing 136 gU(VI)/L in the form of peroxo-
carbonate species, the Re(U(VI)) value for one step was
made 77.9+£0.62%, Table 1. Uranium(VI) concentration
in the aqueous phase after re-extraction was 106 g/L.
The aqueous phase was colored orange, which is
characteristic of peroxo-carbonate species of U(VI).
During successive stages of re-extraction with the same
portion of 6% aqueous (NH4).CO;3; solution for re-
extraction of fresh portions of U(VI)-loaded organic
phase, accumulation of U(VI) takes place in the
aqueous phase. The concentration of U(VI) after the
four-step re-extraction mode was 151.3 g/L and the
crystallization of the carbonate complexes of U(VI) did
not occur. However, the increase in the number of re-
extraction steps results in a decrease in the Re(U(VI))
value at each subsequent step, which is associated with
a decrease of the (NH4)=COj3 concentration in the strip
solution as a result of chemical interaction with the
U(VI)-loaded organic phase, Table 1.

The results obtained confirm the assumption that
the re-extraction under these conditions proceeds
according to the anion exchange mechanism, as a
result of which mixed peroxo-carbonate species of
U(VI) are distributed into the aqueous phase. The
solubility of this species is significantly higher than the
solubility of AUC in carbonate solutions. The formation
and crystallization of AUC, in this case, do not occur.
High solubility of U(VI) peroxo-carbonate species in
carbonate solutions leads to the obtaining of U(VI)-
containing solutions with high concentrations.

The re-extraction of U(VI) in the form of peroxo-
carbonate species according to the anion exchange
mechanism can be expressed in the form of the
following equations:

(R4N)4[UO2(02)x(CO3)3-x](org)+2(NH4)2CO3(aq) <~
—2(R4N)2CO5(0r)+(NH4)4[UO2(02)CO3)3-x]agy  (6)

(R4N)6[(U02)2(02)(CO3)4)(org)+3(NH4)2CO3(aq) >
—3(R4N)2CO3(0rg)+(NH4)6[(UO2)2(02)(CO3) 4] (aq) )
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(R4N)6[(U02)3(02)2(CO3)4](0r)+3(NH4)2CO3(aq) >
3(R4N)2CO3(0rg)+(NH4)6[(UO2)3(02)2(CO3)4]ay  (8)

Increasing O/A ratios from 1 to 5-3 leads to
decrease in the Re(U(VI)) value for one step from
77.9£0.62% to 5.7—-16.7%.

In the CARBEX process at the stage of uranium and
plutonium re-extraction, it is necessary to obtain
crystalline (NH,)4[(U02)(CO5)5] and
(NH4)4[(PuO2)(CO3)3], which after drying are used to
obtain powders UO- and PuO- suitable for the MOX
fuel fabrication. Therefore, in the re-extraction
process, it is necessary to create conditions for the high
depth of uranium and plutonium crystallization in the
form of AUC/APuC mixture. To do this, it is necessary
to provide conditions for decomposition of U(VI)
peroxo-carbonate species in the carbonate solutions
that have high solubility and make it difficult for
AUC/APuC crystallization to the re-extraction step.

To decomposition of stable peroxo-carbonate
species of U(VI) in carbonate solutions and increase
the degree of deposition of U(VI) in the form of AUC
crystals, a carbonation method using gaseous carbon
dioxide (CO2(g)) can be used. During bubbling of
CO2(g) through the layer of the aqueous solution,
carbonic acid (H.COj3) is formed. This can lead to the
hydrolysis of U(VI) peroxo-carbonate species and
formation of slightly soluble species — uranyl carbonate
(U02€03) and polynuclear hydrolyzed species of U(VI)
that can be also used to obtain uranium oxides.
Another option for decomposition of the U(VI) peroxo-

carbonate species may be to increase the concentration
of (NH4)2COs; in the strip solution. In this case, the
chemical equilibrium in the carbonate solutions should
shift towards the formation of carbonate species,
mainly the most stable AUC. With an excess of CO32~
/HCO;~ ions in carbonate solutions, there is a reaction
of exchange of peroxide ligands (0O:2>") in the mixed
peroxo-carbonate species of U(VI) into carbonate
ligands. The products of these reactions are carbonate
species of U(VI) whose composition corresponds to the
general formulae [UO2(CO3)x]2~2%, where x = 2 or 3. It
should be noted that the formation of wuranyl
tricarbonate complex [UO2(CO3)3]4- is most suitable
because the solubility of uranyl dicarbonate complex
[U02(CO3)2(H20)2]2~ is significantly higher and this
leads to a decrease in the degree of deposition of U(VI)
at precipitative re-extraction [17].

2.2. Precipitative re-extraction of uranium(VI)
from the MTOA organic phase loaded by peroxo-
carbonate species using (NH,)-CO3s and NH,HCO3
in the presence of gaseous CO:

The study of U(VI) re-extraction in the CO-(g)
media was carried out in two modes. According to the
first mode, CO2(g) (with flow rate 0.5 L/min) was
bubbled through the layer of aqueous-organic
emulsion. According to the second mode, re-extraction
was carried out in a steel autoclave with overpressure
of CO2(g) (p(CO2)) equal to 5 atm.

Table 2. Re-extraction of uranium(VI) from the MTOA organic phase loaded by peroxo-carbonate species, using (NH,4).CO; and
NH,HCO; aqueous solutions in the presence of gaseous CO.. [U(VI)]orac.INIT — concentration of U(VI) in the initial organic solution.

Neo Conditions Reagent 0/A [U(Vl?g]/olrjc. INIT, [U(W;}iRG. EQ, [U(VgI}]II‘xQ.EQ, Re(l{/‘()VI)),
1 Bubbling of 20% (NH,4)CO3 11 22.5+0.09 0.4+0.001 22.1+0.08 98.2+0.69
2 CO2(g) 10% NH4HCO; 25.6+0.07 2.6+0.008 23.0+0.08 | 89.8+0.63

(flow rate 8
3 0.5 L/min) 10% (NH,)2CO; 3/1 19.5+0.04 10.0£0.04 27.3+0.11 48.7+0.39
4 p(CO2) =5 atm 11 21.840.07 0.5+0.003 21.3+0.12 97.7+0.69
5 (in autoclave) 1% (NH,)-COg3 21.84+0.07 21.340.06 0.5+0.01 2.3+0.02

Table 3. Re-extraction of uranium(VI) from the MTOA organic phase loaded by peroxo-carbonate species, containing
136.0 gU(VI)/L using 6% aqueous (NH,).CO; solution in the presence of gaseous CO: (flow rate 0.5 L/min). O/A = 1/1, T — 120 min

No step [U(VD]ore. i1, g/L | [U(VDIorc.EQ, g/L [U(VD)]ag.Eq, g/L Re(U(VD), %
1 136.0+0.55 36.0+0.15 60.0£0.26 73.5£0.58
2 36.0+0.14 15.0+£0.06 6.0+0.03 58.3£0.52
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Figure 2. XRD pattern of carbonate precipitate after
re-extraction of U(VI) from organic phase containing
22.5 gU(VI)/L with 20% (NH,)-CO; solution
in the presence of CO-(g)
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The formation of AUC crystals during the re-
extraction process was observed only if 20% solution
(NH,4)=CO5; was used. The formation of a bright yellow
precipitate occurred after 10 min of CO2(g) bubbling.
The crystallization of AUC shifts the equilibrium of the
system towards the extraction of U(VI) from the
organic phase into the carbonate solution. The
Re(U(VI)) value, in this case, was more than 98%,
Table 2. The obtained carbonate precipitate was
monophasic crystalline (NH4)4[(U0O2)(CO3)3] powder,
Figure 2.

Decrease of (NH4)-CO3 concentration from 20% to
10% and increase of O/A ratio from 1/1 to 3/1 resulted
in decrease of Re(U(VI)) value from 98.2+0.69% to
48.7£0.39%, Table 2. The only product (by XRD data)
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of AUC thermal decomposition in an oxygen
atmosphere at 750°C for 4hrs was triuranium
octaoxide (U30s).

An increase of Re(U(VI)) value in the presence of
CO2(g) is associated with the formation of H.COs3:

CO.(g)+H20 — H2CO5aq) (9)

Carbonic acid catalyzes the decomposition
processes of U(VI) mixed peroxo-carbonate species:

(NH4)4[UO2(02)x(CO3)3-x](aq)+xH2CO3(aq) —
— (NH4)4[UO2(CO3)3](aqy+xH202(aq) (10)

where x =1o0r 2.

In the presence of CO2(g) also the formation of
NH4HC033

(NH4)2C03(aq)+C02(g) — 2NH4HCO3(aq) (11)

The main decomposition product of the U(VI)
peroxo-carbonate species is AUC, whose degree of
deposition is increased in the presence of CO(g).
Hydrogen peroxide released into the carbonate
solution according to equationi0o is completely
decomposed within 10—15 min to form H.O and O..
Products of [UO2(CO3)3]4~ and [UO2(COs3)-]2~
hydrolysis in the presence of H.CO; may be

The total Re(U(VI)) value equal to 89% was
achieved in two successive re-extraction steps under
bubbling of CO2(g), Table 3.
polynuclear hydrolyzed species of U(VI) and UO-CO3
[18]. The hydrolysis reaction equation of the carbonate
species of U(VI) in the presence of H.CO3 can be
written as follows:

(NH4)2x-2[UO2(CO3)x]aq)+(x-1)H2CO3(aq) —
— U02C03(5)+(X-l)NH4HC03(aq) (12)

where x =2 or 3.

Uranyl carbonate and other hydrolyzed species may
also serve as suitable initial materials for the
production of UO. and U30s. However, the hydrolysis
of AUCs in the systems under investigation does not
appear to proceed. In the crystalline carbonate
precipitates composition formed during re-extraction
for all systems studied in the work, no phases other
than AUC were found (according to the XRD analysis
data).

Increasing the (NH4).COs concentration from 6%
to 20% does not significantly increase the Re(U(VI))
value. For two steps, the total value of Re(U(VI)) was
90.8%, Table 4.

Table 4. Re-extraction of uranium(VI) from the MTOA organic phase loaded by peroxo-carbonate species, containing 87.3 gU(VI)/L
using 20% aqueous (NH,4).COj3 solution in the presence of gaseous CO- (flow rate 0.5 L/min). O/A = 1/1, T — 60 min

Ne step [U(VD]ore.ani, g/L [U(VD)]orc.EQ, g/L [U(VD)]aq.EQ, g/L Re(U(VD)), %
1 87.3+£0.35 39.6+0.16 43.8+0.16 54.6+£0.44
2 39.6+0.19 8.0+0.03 6.4+0.02 79.8+0.72

When used 20% (NH4)CO;3; solution, a well-
crystallized AUC is formed. An increase of the
(NH,4)2CO;3 concentration leads to an increase of the
concentration of NH;HCO; in the systems with CO2(g)
(equation 11). The solid carbonate products of re-
extraction in such cases were a mixture of AUC and
NH4HCOs.

At the same time, in the case of re-extraction with
10 mol/L (NH,4)2COj3 solution at O/A =1/1 and phase
mixing time of 15 min, the Re(U(VI)) value is reached
99.1-99.5%. The degree deposition of U(VI) was 99.4—
99.7%. Losses of U(VI) at the re-extraction stage
(mainly with carbonate solution) amounted to ~0.5%.
The concentration of U(VI) in the organic phase after
re-extraction was 0.028-0.03 g/L.

Similar behavior with uranium under re-extraction
conditions is also shown by plutonium, which goes into
the organic phase together with uranium depending on
the valence state in the form of carbonate species
(R4N)4[PU(VI)02(C03)3] and (R4N)4[PU(IV)(003)4]. In the
conditions of precipitative re-extraction with use of
(NH4)-CO3 aqueous solutions, plutonium together with
uranium distribution from an organic phase into
carbonate solution in the form of carbonate species
((NH4)4[PuD0,(CO3)3], ((NH4)4[Pu(CO3)4]-4H20)
which crystallize together with AUC and formation of a
homogenous mixture. The degree of plutonium re-
extraction under the optimal conditions established
earlier for uranium is more than 99%, and the degree
of deposition is at least 98%. A mixture of carbonate
compounds of uranium and plutonium is filtered,
washed, dried, and further calcined to UO- and PuO- in

a reducing atmosphere. A mixture of uranium and
plutonium dioxide is can be used for the fabrication of
MOX fuel.

5. CONCLUSION

Based on the research of various options for U(VI)
re-extraction from organic solutions of
methyltrioctilammonium uranyl peroxo-carbonate
complexes, the following conclusions may be
formulated:

1) Re-extraction of U(VI) from MTOA extracts loaded
with peroxo-carbonate complexes of U(VI) can be
carried out in the form of two options: liquid-liquid
phase or liquid-solid phase. Both of these options
follow an anionic exchange mechanism. However, in
the case of liquid-solid phase (precipitative mode) re-
extraction, the processes of the decomposition of U(VI)
peroxo-carbonate compounds and crystallization of
(NH4)4[(UO2)(CO3)3] in the aqueous phase after
recovery of U(VI) from the organic phase occur.

2) In case of use of diluted (<15% wt) solutions of
(NH4)2COs3, only the anion exchange of the mixed
peroxo-carbonate complexes in the organic phase and
CO32- anions are observed. In such systems, there is no
decomposition of the U(VI) peroxo-carbonate
complexes and crystallization of (NH4)4[(UO2)(CO3)s]
in the carbonate solution.
3) In the concentrated solutions of (NH,4).COj5 there is
the replacement of peroxide ligand (0:2-) by CO32-
ligand in the internal coordination sphere of the mixed
82
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peroxo-carbonate complexes of Ul
([UO2(02)x(CO3)3-x]4", [(U02)2(02)(COs)41°-,
[(U02)3(02)2(CO3)416~) which were removed from an
organic phase. As a result, carbonate complex
[UO2(CO3)3]4~ is formed. The solubility of
(NH4)4[(UO2)(CO3)5] is significantly lower than the
solubility of the mixed peroxo-carbonate compounds of
U(VI) and depends on the concentration of (NH4)-COj3
in the carbonate solution. Therefore, in concentrated
solutions of (NH,4)-COj the value of the degree of U(VI)
deposition was 99.4—99.7% and re-extraction yield was
99.1-99.5%.

4) Use of gas carbonation process in the presence of
carbon dioxide gas allows catalyzing the decomposition
of mixed peroxo-carbonate complexes of U(VI) in
aqueous phase and increasing of U(VI) re-extraction
yield. However, in the CO2(gas)-containing carbonate
systems, crystals of (NH4)4[(UO2)(CO3)3] may be
contaminated with NH4HCOs.

The results obtained in the work make it possible to
develop a process of precipitative re-extraction of
U(VI) in the form of AUC crystals for the new
alternative hydrochemical approach of spent nuclear
fuel reprocessing (CARBEX).
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