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Abstract. Recycling waste nuclear fuel through the production of mixed oxide (MOx) fuel allows for
sustainable management of natural nuclear resources. With the aim of reducing the number of steps
required for recycling U and Pu, the possibility of precipitating them directly from the organic phase
(also referred to as precipitation stripping) using oxalic acid, is investigated herein. For practical
reasons, proof-of-concept studies were performed using U(VI) and Th(IV), with the latter serving as
a first model for Pu(IV). The results obtained show that, by controlling the concentrations of oxalic
and nitric acids in the precipitation medium, total precipitation of Th and partial precipitation of U
from the organic phase are attained. The actinides are precipitated in the form of oxalates, with the
complete absence of impurities. Furthermore, the precipitates obtained can then be totally separated
through washing with water, as proven by X-ray diffraction (XRD) and energy-dispersive X-ray (EDX)
analyses. This allows control over the U:Th mass ratio in the final product. This work demonstrates the
effectiveness of precipitation stripping using oxalic acid for the stripping of Th and U present in the
organic phase, eliminating the need for reducing agents classically employed in the PUREX process.

Keywords. Solvent extraction, Stripping, Precipitation, Uranium, Thorium, Oxalic acid, Tributylphos-
phate.
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1. Introduction

The operation of the reactors of the French nuclear
power plants is based on a fuel composed of natu-
ral uranium oxide, enriched in isotope 235, and for
some reactors, of a mixture of uranium and pluto-
nium oxides, known as MOx (Mixed Oxide) fuel. The
production of MOx fuel enables recycling both ura-
nium and plutonium present in waste nuclear fuel,

*Corresponding author

ISSN (electronic): 1878-1543

and thus a sustainable management of natural nu-
clear resources [1].

The treatment of spent nuclear fuel is currently
carried out in France following the PUREX (Pluto-
nium, Uranium, Reduction, Extraction) process [2].
This consists in dissolving the spent nuclear fuel
in nitric acid HNO3, followed by the separation of
uranium(VI) and plutonium(IV) from the aqueous
medium through liquid-liquid extraction using trib-
utylphosphate (TBP) as an extracting molecule [2,3].
Afterwards, two back-extraction (stripping) steps to-
ward aqueous phases are performed to separate U
from Pu, with the stripping of Pu relying on the
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reduction of Pu(IV) to Pu(Ill). Pu(IIl) is then pre-
cipitated from the aqueous phase using oxalic acid
(C204H3). U(VI) is precipitated into uranium(VI) ox-
alate using the same technique. The solids obtained
are then calcined so as to form the corresponding ox-
ides, mixed (in controlled proportions) to form MOx
and shaped into pellets to be used as fuel for the nu-
clear reactors. Inspired by the PUREX process, the
COEX™ process was developed by the CEA (Com-
missariat a UEnergie Atomique et aux Energies Al-
ternatives) with the aim of decreasing the number
of steps during uranium and plutonium recycling,
in addition to preventing the generation of pure-
plutonium effluents, which may be used in non-civil
applications [4,5]. Similar to the PUREX process, the
COEX™ process involves in the first two steps the
dissolution of waste nuclear fuel in nitric acid fol-
lowed by extraction of both uranium and plutonium
through liquid-liquid extraction using also TBP. The
back-extraction step towards the aqueous phase has
been optimized in the COEX™ process, so as to gen-
erate, in addition to an aqueous flux containing only
uranium, another one containing both uranium and
plutonium (U:Pu < 20%) [1]. Once uranium and plu-
tonium from the mixed aqueous flux have been pu-
rified from minor impurities by liquid-liquid extrac-
tion, this flux can be directly used for the production
of MOx fuel. This is accomplished through the oxalic
coprecipitation of uranium(IV) and plutonium(III)
from the aqueous phase [6], followed by a calcination
step, which results in the formation of a mixed oxide
(U,Pu)O, powder. Whether in the PUREX or COEX™
processes, oxalic acid (co)precipitation is carried out
in aqueous medium, after a back-extraction step of
Pu involving Pu(Ill). Thus, even though these two
recycling methods are efficient in the production of
MOk, they still involve numerous steps, especially
due to the need to proceed to Pu(IV) reduction into
Pu(III). The latter reduction is usually performed us-
ing U(IV) generated using hydrazine as a reducing
agent, a carcinogenic substance.

Back-extraction of metallic elements from an or-
ganic phase through precipitation, also known as
precipitation stripping, has been reported in the lit-
erature [7-11]. This process combines both the con-
centration of metal ions in the aqueous phase (strip-
ping) and precipitation stages when bringing the
metal-containing organic solution into contact with
the aqueous solution containing the precipitating

agent. Most of these examples rely on oxalic acid use,
and have been applied to the separation and purifi-
cation of heavy metals and lanthanides. The process
results in the formation of metal oxalate precipitates
in the aqueous (C,04H>) phase, from which they can
be collected by filtration. The extraction of pluto-
nium (IV) from a plutonium-containing calcium flu-
oride slag issued from the production of plutonium
metal was realized through direct oxalic precipita-
tion from the organic phase [12]. Plutonium was first
extracted in an organic solution containing TBP at
20% (v/v) in kerosene. The plutonium-charged or-
ganic phase was then put in contact with an aque-
ous solution of 0.25 mol/L C,04H, in HNOs3 (1.5 to
3.0 mol/L). After 30 min of stirring, plutonium was
precipitated in the aqueous phase in the form of a
wet cake of plutonium oxalate [12]. Later on a pro-
cess for recovering/separating plutonium(V) from a
mixture of plutonium(IV) and uranium(VI) or ameri-
cium(III) was reported in the literature, through ox-
alic precipitation from an organic phase of TBP at
15-30% (v/v) in n-dodecane [13]. This resulted in the
precipitation of plutonium in the form of plutonium
oxalate in the aqueous phase, whereas uranium(VI)
and americium(III) remained mainly concentrated in
the organic solution.

To our knowledge, the oxalic coprecipitation of
uranium and plutonium from the organic phase has
not yet been reported in the literature. Therefore,
with the aim of reprocessing uranium and pluto-
nium issued from spent nuclear fuel through the
production of MOx, we have studied the possibil-
ity of coprecipitating both actinides directly from
the organic phase using oxalic acid as a precipitat-
ing agent through precipitation stripping. This ap-
proach aims to reduce the number of steps required
for recycling U and Pu compared to the PUREX and
COEX™ processes, by avoiding the back-extraction
into the aqueous phase through reduction of Pu(IV)
into Pu(IIl). The key points presented in this study
are (1) the efficiency of the precipitation of both ac-
tinide(IV) and actinide(VI), and (2) the possibility of
controlling the ratio of both metals in the precipi-
tate obtained. The latter objective was motivated by
the need to develop non-proliferating spent fuel re-
processing sequences, which avoid isolation of pure
plutonium, as detailed in one of our previous stud-
ies [14]. This proof-of-concept study was carried out
using thorium(IV) as a substitute for plutonium(IV).
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The solids obtained were characterized to assess the
mechanism of precipitation and their suitability for
use in the further reprocessing sequence. The pres-
ence of an unwanted by-product was evidenced in
the case of uranium(VI) precipitation stripping, and
the experimental conditions were optimized to in-
hibit its occurrence.

2. Experimental section

All the reagents were used as received and without
any further modification. Uranyl nitrate hexahydrate
UO02(NO3)2-6H0 and Th(NOs3)4-5H2 0 were supplied
by the CEA. Tri-n-butylphosphate (TBP, 97% pure),
n-dodecane (<99% pure) and oxalic acid dihydrate
were purchased from Sigma aldrich/Merck. Powder
XRD (PXRD) patterns were obtained on a Bruker D8
Advance diffractometer, using CuK« radiation (A =
1.5418 A). Scanning electron microscopy (SEM) im-
ages were acquired using a FEI Quanta 200 environ-
mental scanning electron microscope, the morphol-
ogy of the samples was recorded with a secondary
electron (SE) detector, whereas a backscattered elec-
tron detector (BSED) was used to detect the pres-
ence of the different elements constituting the pre-
cipitates through energy dispersive X-ray (EDX) anal-
yses. Fourier transform infrared (FT-IR) spectroscopy
analyses were performed on a IR-FT100 spectrome-
ter from Perkin Elmer, equipped with an MIR source,
a DTGS detector and an attenuated total reflectance
(ATR) measurement mode. Analyses were carried out
by placing a drop of the liquid or a pinch of the solid
on the surface of the diamond analyzer. Thermo-
gravimetric and thermodifferential analyses coupled
with mass spectrometry (TGA-TDA-MS) were carried
out on a SETSYS EVO 16 machine supplied by Se-
taram and coupled with a Hiden QGA300 mass spec-
trometer for gas analysis.

2.1. Liquid-liquid extraction: obtaining an
organic phase highly charged in actinides

The general liquid-liquid extraction protocol in-
volved an aqueous solution of UO2(NOs3)2-6H,0
(0.326 M) or a mixture of UO,(NO3),-6H>0 (0.326 M)
and Th(NO3)4-5H20 (0.18 M) in HNO3 6 M. An or-
ganic solution of TBP (1 M) in n-dodecane was pre-
pared and pre-equilibrated with 6 M HNO3 by mixing
the two solutions in an ampoule, shaken manually

for 10 min. Afterward, both phases were separated
(A:O volume ratio equal to 5:1), and the aqueous
phase was discarded. The organic solution of TBP
and the aqueous solution containing U(VI) and
Th(IV) were introduced into an Eppendorf tube and
shaken in an Eppendorf Thermomixer at 20 °C and
100 rpm during 10 min. At the end of the extraction
step, the organic solution, loaded in actinides, was
separated from the aqueous phase. The former was
stored for use in organic-phase oxalic precipitation.

2.2. Precipitation stripping of uranium and
thorium

An aqueous C,04H> solution in HNO3 (see details in
the Results and discussion section for the concentra-
tions of C,04H, and HNOs, volume 500 pulL) was in-
troduced into a 5 mL glass vial equipped with a mag-
netic stirrer. This was followed by the addition of the
organic solution recovered from liquid-liquid extrac-
tion in a dropwise manner (500 pL) while stirring at
500 rpm at 20+2 °C. Stirring was maintained for 1-2h
(see the Results and discussion section for the pre-
cise stirring time for the different experiments), after
which the mixture was centrifuged, and the aqueous
and organic phases, in addition to the solid precipi-
tate, were collected. The liquid phases were stored in
Eppendorf tubes for further ICP analyses (see below).
The solid precipitate was washed with n-dodecane,
then with n-heptane, and then dried at 40 °C for a few
hours. The precipitation yield was determined from
the mass balance after analysis of both remainingliq-
uid aqueous and organic phases.

2.3. Quantification of uranium and thorium in
solutions

Quantification of metals in solution was performed
using inductively coupled plasma atomic-emission
spectrometry (ICP-AES) with a Spectro Acros appara-
tus from Ametek. Aqueous phases were directly ana-
lyzed, using an aliquot directly diluted in a matrix so-
lution consisting of 1% aqueous HNO3 and 1% aque-
ous HCI, with a minimum HNO3:HCI volume ratio of
9:1. In order to determine the concentration of the
actinides remaining in the organic phase after pre-
cipitation, these were back-extracted by a solution
of HNO3 0.01 M (A:O volume ratio equal to 100:1).
The organic and aqueous solutions were introduced
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into an Eppendorf tube and shaken at 20 °C and
1000 rpm for 10 min. The aqueous phase was then
recovered and diluted in a matrix solution consist-
ing of 1% aqueous HNO3; and 1% aqueous HCI with
a HNOs3:HCI volume ratio of 9:1.

3. Results and discussion

The experimental studies were conducted on an or-
ganic phase designed in order to mimic the extrac-
tion phase obtained during the first stage of the
PUREX process [1]. In the PUREX process, after
spent fuel dissolution in nitric acid, uranium(VI)
and plutonium(IV) are extracted during a multistage
counter-current extraction process, leading to a ca.
100 g/L load in U(VI). In the present study, we em-
ployed as organic phase a 1 M TBP solution in n-
dodecane, which was loaded with uranium(VI) and
thorium(IV) (as a substitute for plutonium(IV)) af-
ter a one-stage liquid-liquid extraction of a synthetic
6 M HNOj3 aqueous phase, prepared from U(VI) and
Th(IV) nitrate salts. The load in U(VI) in the synthetic
aqueous phase was close to saturation (0.326 M
U0, (NO3)2-6H,0), in order to approach the targeted
100 g/L U(VI) concentration in the organic phase.
The Th(IV) concentration in the synthetic aqueous
phase (0.18 M Th(NO3)4-5H,20) was chosen in order
toreach a U:Thratio of about 9:1 in the organic phase
after liquid-liquid extraction, a value close to what
is expected to occur (for Pu(IV)) when waste MOx
fuel is recycled). Concentrations of U(VI) and Th(IV)
in the organic phase were therefore 0.28 mol/L and
33 mmol/Lrespectively, i.e., 66 and 7.6 g respectively.

From a general point of view, actinides(IV) and
actinides(VI) are well extracted into TBP-based or-
ganic solvents, contrary to actinides(IIl) (and ac-
tinides(V)) [1]. As a consequence, during the PUREX
process, efficient stripping of plutonium is per-
formed after reduction of Pu(IV) into Pu(Ill), which
is considered inextractible, with distribution coeffi-
cients of about 102, This step is required to get com-
plete decontamination of organic phase from pluto-
nium. Use of a low concentration HNO3 aqueous so-
lution leads to complete stripping only when a high
aqueous-to—organic phase volume ratio is employed.
This leads to complete stripping of U(VI) also, as ex-
ploited for the quantification of both U and Th in
organic phases employing an aqueous-to—organic
phase volume ratio equal to 100. Using a phase

volume ratio equal to 1, with a 0.1 M HNO3 aqueous
solution, stripping of Th(IV) is incomplete (ca. 90%)
and 35% U(VI) is stripped as well. Complete ac-
tinide(IV) stripping was therefore approached using
oxalic acid. As oxalic acid is not soluble in the organic
phase, the stripping of U and Th from the organic
phase via precipitation was performed by putting in
contact the organic phase with an aqueous C,04H;
solution. The latter was prepared by dissolving oxalic
acid dihydrate in a dilute HNO3 solution or in water.

The coprecipitation of U and Th was carried out
through dropwise addition of the actinide solution
into the aqueous C,04H; solution, using a volume
ratio of the precursor solutions equal to one. All ex-
periments were conducted at room temperature in a
controlled environment (20 + 2 °C), and temperature
effect was not studied. In a first set of experiments,
the concentration of C;04H; in the initial aqueous
solution was varied between 0 and 0.214 M, while fix-
ing that of HNOj3 at 0.1 M (in anticipation of work
with Pu(IV) which readily forms hydroxides unless in
very acidic media). In these experiments, the quan-
tity of C,04H, was maintained lower than the quan-
tity required for the total precipitation of both ac-
tinides present in the organic solvent (i.e., the sum
of the molar amount of U(VI) and twice the molar
amount of Th(IV)), in order to observe selectivity be-
tween U and Th precipitation. It was rapidly estab-
lished that Th precipitates preferentially, even in the
presence of U. Based on analysis of both aqueous and
organic phases, at [C204H>] < 0.114 M, thorium was
totally precipitated (Table 1), whereas no traces of
uranium were detected in the precipitate. When the
amount of C,04Hj required for complete Th(IV) pre-
cipitation (0.07 M expressed in concentration, twice
the amount of Th(IV)) was reached, U(VI) precipita-
tion was not observed, and U (VI) was simply stripped
into the aqueous phase. At 0.085 M C,04H; concen-
tration, about 37% of U(VI) were stripped from the
organic phase, with no U(VI) detected in the precip-
itate. Only at [C204H>] = 0.114 M did uranium start
precipitating, with the precipitation yieldincreasing
as expected with the increase in C,O4H; concentra-
tion until it reached 46% at 0.214 M. Th was always
found in the precipitate (as long as sufficient C,O4H>
was added), but even at high C,04H, concentration,
U(VI) was distributed between the 3 phases, with
non-negligible amount in the aqueous phase. The
change in order of addition (i.e., addition of aqueous
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Table 1. Variation of the mass percentage of uranium and thorium in the solid precipitate and organic
phase as a function of the concentration of C;04H; after organic-phase precipitation

[C204H>] oM 0.057 M 0.085 M 0.114 M 0.142M 0.214 M
U Th U Th U Th U Th U Th U Th
Organic 65% 9% 68% N.D. 63% N.D. 56% N.D. 51% N.D. 37% N.D.
Solid 0% 84% 0% 99% 13% 99% 23% 99% 46% 99%
(U:Th)s 0 0 1.1 1.9 3.9

Notes: [HNOs] is fixed at 0.1 M, and the complement to 100% represents the fraction of

the considered element in the aqueous phase.

phase into organic solution) did not change the out-
come of the reaction. The U(VI) precipitation was
also found to have no kinetic limitation since rapid
precipitation was observed, with no evolution after
30 min. The latter observation also revealed that it is
difficult to decipher the detailed mechanism of pre-
cipitation stripping, i.e., to make the difference be-
tween direct precipitation in the organic phase af-
ter extraction of C,04H> into the organic phase, or
stripping of metal cations into the aqueous phase fol-
lowed by precipitation with oxalic acid in the aque-
ous phase. As oxalic acid is poorly soluble in organic
media, it can be suspected however that the precipi-
tation occurs in the aqueous phase, or at least at the
interface between both phases.

PXRD analysis of the solids obtained (Figure 1)
revealed the precipitation of thorium in the form
of thorium oxalate hexahydrate (Th(C204)2:6H20)
in all cases. At the concentration at which ura-
nium starts precipitating (i.e., when [C,0O4H] =
0.114 M), in addition to the peaks corresponding to
Th(C,04)2-6H20, peaks between 8 and 9° (26) started
to appear, which surprisingly do not correspond to
uranyl oxalate trihydrate (UO,(C204)-3H,0). It is
also important to note that the intensities of these
peaks increased with increasing concentrations of
C204H;,. Furthermore, these peaks could not be
identified based on the ICDD (International Center
for Crystal Data) and, thus correspond to an un-
known phase. The expected peaks for uranyl oxalate
were not detected in the diffractogram (Figure 1).

With the aim of determining the nature of the el-
ements constituting the precipitates resulting from
the organic-phase precipitation at different C,O4H>
concentrations, EDX analyses were carried out. In
addition to Th, U, C, and O, the spectra obtained
revealed the presence of phosphorus in the powder

obtained for [C;04H>] = 0.114 M, whereas no phos-
phoros was detected at lower concentrations for
which only Th was precipitated. These results may
indicate that uranium, phosphorus and oxalate pre-
cipitate simultaneously. Furthermore, as TBP is
the only source of phosphorus in the precipita-
tion medium, it can be assumed that the uranium
solid obtained probably contains TBP. Solids com-
posed of uranium(VI) and analogs of TBP includ-
ing trimethylphosphate (TMP) and triisobutylphos-
phate, have already been reported in the litera-
ture [15,16]. Furthermore, Rahman et al. reported
the formation of a TBP-containing solid during the
precipitation stripping of U(VI) from TBP/kerosene
by NH4OH [10]. The presence of TBP in the solid
was confirmed through complementary experiments
that involved carrying out the precipitation of only
uranium under the same precipitation stripping con-
ditions (in terms of C,0O4H, and HNO3 concentra-
tions). The results obtained are presented in the
supporting information along with further charac-
terization of the uranium precipitate. These analy-
ses proved the presence of oxalate, nitrate or nitric
acid, and uranium in the solid, but could not allow
determination of its precise composition. Thus, the
mixed-composite uranium solid will be referred to as
U-TBP-Ox in the following.

When a phosphorus-containing uranium com-
pound is calcined, a uranium phosphate is expected.
Such a product is incompatible with the objectives
of this work, which aims at obtaining precursors of
actinide dioxides for MOx fuel. Uranium phosphates
are minerals known for their relatively high chemical
stability [17], once formed, and their transformation
into uranium oxide is not possible. It is therefore es-
sential to obtain only actinide oxalates at the end of
the precipitation from the organic phase, so as not to
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Figure 1. PXRD patterns of the precipitates obtained from organic-phase precipitation of uranium
and thorium at variable C,04H, concentrations and a fixed HNO3 concentration of 0.1 M. Reference
diffractograms of UO2(C;04)-3H2,0 and Th(C204)2-:6H,0 correspond to JCPDS No. 01-073-7325 and

No. 00-022-1485, respectively.

introduce any phosphate impurities during the step
of conversion into oxide by calcination, which could
be difficult to remove [18].

Neither the mode of addition (organic into aque-
ous or vice versa) nor the stirring speed affected the
nature of the precipitate obtained. Therefore, at-
tempts towards precipitating uranyl oxalate from the
organic phase without the precipitation of U-TBP-
Ox were mainly focused on varying the concentration
of C,04H, and HNOs in the precipitation medium.
To this end, a new set of experiments was carried
out by increasing the HNOj3 concentration in the pre-
cipitation medium to 2 M (compared to 0.1 M in
the previous set of experiments), whereas the ox-
alic acid concentration was varied between 0.08 and
0.24 M. The results obtained showed that thorium
still totally precipitates at all C,O4H, concentrations,
whereas uranium partially precipitates for [C,O4H]
= 0.2 M (Table 2). It is important to note that, com-
pared to the previous set of experiments (realized at a
lower HNOj3 concentration), the precipitation yield of

uranium decreased, probably as U(VI) is more sta-
bilized in the organic phase. This can be related to
the fact that increasing aqueous HNO3 concentra-
tion leads to an increase in the distribution ratio of
U(VI) between an aqueous nitrate phase and a 30%
TBP in n-dodecane organic phase. Consequently, the
maximum U(VI):Th(IV) mass ratio reached 1.8, com-
pared to 3.3 at lower HNOj3 concentrations. How-
ever, compared to the previous set of experiments
realized at [HNOs] = 0.1 M, in addition to the for-
mation of Th(C,04)2-6H,0, XRD analyses revealed
the formation of UO,(C204)-3H,0 at [HNO3] =2 M,
with the intensity of the peaks corresponding to U-
TBP-Ox being relatively low and decreasing with the
increase in C,04H; concentration (Figure 2). This
indicates that increasing the concentrations of both
C»,04H, and HNOgs in the precipitation medium fa-
vors the precipitation of uranyl oxalate compared to
U-TBP-Ox.

Therefore, with the aim of precipitating uranyl
oxalate while limiting the precipitation of the
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Figure 2. PXRD patterns of the precipitates obtained from organic-phase precipitation of uranium and
thorium at variable C,O4H, concentrations and a fixed HNO3 concentration of 2 M.

Table 2. Variation of the mass percentage of uranium and thorium in the solid precipitate and organic
phase as a function of the concentration of C;04H; after organic-phase precipitation

[C204H3] 0.08 M 0.12M 0.16 M 0.2M 0.24 M
U Th U Th U Th U Th U Th
Organic 81% N.D. 78% N.D. 74% N.D. 61% N.D. 51% N.D.
Solid 0% 99% 0% 99% 5% 99% 24% 99% 33% 99%
(U:Th)s 0 0 0.4 1.8 2.5

Notes: [HNOs] is fixed at 2 M, and the complement to 100% represents the
fraction of the considered element in the aqueous phase.

U-TBP-Ox impurity, additional experiments were
carried out while further increasing both C,04H,
and HNOs3 concentrations to 0.3 and 4 M, respec-
tively. The XRD pattern of the precipitate formed is
shown in Figure 3 (top). The results obtained show
the precipitation of both uranium and thorium in
the form of oxalates, with the complete absence
of the U-TBP-Ox impurity, which was also con-
firmed by EDX analysis, which revealed the complete
absence of phosphorus. Moreover, increasing the
concentration of C;04H, and HNO3 increased the

precipitation yield of uranium to 95%, with Th still
being totally precipitated and the U-TBP-Ox impu-
rity not detected.

The control of the U:Th mass ratio during the
precipitation experiment seems to be the result of a
higher solubility of uranyl oxalate (LogKs = —8.5 [19])
compared to thorium oxalate (LogKs = —24 [20]).
As the latter compound is more stable, it is reason-
able to suppose that its precipitation occurs more
quickly. Furthermore, uranyl oxalate is expected
to be slightly soluble in water at 20 °C, with a
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Figure 3. PXRD patterns of the precipitate obtained from organic-phase precipitation of uranium and
thorium under optimized conditions ([C,04H>] = 0.3 M and [HNO3] = 4 M) after washing with dodecane

(top) and washing with water (bottom).

solubility of about 23 mg/L (0.05 mmol/L, corre-
sponding to 13 mg/L uranium). On the contrary, tho-
rium oxalate has a very low solubility, in the nanomo-
lar range. Thus, a post-synthetic treatment of the pre-
cipitate was proposed in order to remove uranyl ox-
alate from thorium oxalate through washing: the pre-
cipitate was washed with distilled water. The elim-
ination of uranyl oxalate could be observed by the
color of the precipitate which changed from pale yel-
low to white after the second wash, as uranyl ox-
alate is characterized by its pale yellow color. More-
over, ICP analysis performedon the supernatant re-
vealed the presence of uranium (no traces of tho-
rium) after the first and second wash. XRD analysis
(Figure 4) performed on the precipitate revealed the
presence of only Th(C,04)2-6H>0 with no traces of
U0, (C204)-3H,0.

Therefore, following the oxalate precipitation
from the organic phase, the uranium- and thorium-
based precipitates can be separated through washing
with water, and the U:Th ratio in the solid material
can be further adjusted with Th always remaining in
the solid. This allows a perfect control of the oxalate
mixture composition before calcination. Uranium
can be recovered from the remaining phases, and
recovered through precipitation after addition of fur-
ther C,04H,. The proposed approach thus enables

rapid recovery of Th(IV) from the U:Th mixture in
the organic phase, either as such, or in the presence
of a controlled amount of U(VI). Such studies pave
the way towards the reprocessing of U(VI)/Pu(IV)
phases, in order to enable multirecycling of Pu(IV)
into MOx fuel.

These results suggest that uranium and thorium
precipitate separately and do not coprecipitate to
form a single material. Based on SEM analyses,
the precipitate obtained exhibits a platelet shape
(Figure 4). Moreover, EDX analysis reveals that U
and Th are not systematically colocalized: some mi-
crodomains are Th-rich, whereas some others are U-
rich (Figure 4). Altogether, whether the precipitation
occurs in organic or aqueous phase, or at the inter-
face, Th(IV) precipitates first as thorium oxalate, fol-
lowed by U(VI) as uranyl oxalate as soon as acid con-
tent of the aqueous phase is sufficient. The U:Th
ratio is monitored through either adjustment of the
C»04H> concentration, or after precipitation via se-
lective leaching of uranyl oxalate.

4. Conclusion

During this study, we established the possibility of re-
covering Th(IV) by precipitation stripping using ox-
alic acid Cy04H>, in the presence of a controlled
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Figure 4. SEM analysis of the precipitate obtained from organic-phase precipitation of uranium and
thorium under optimized conditions ([C;O4H2] = 0.3 M and [HNO3] = 4 M): SE mode (left) and EDX-

based elemental mapping of Th and U (right).

amount of U(VI), from an organic phase mimicking
that which arises from the classical PUREX process.
Th(IV) is quantitatively stripped as long as sufficient
C204H; is introduced, whereas U(VI) only partially
precipitates unless excess C,04H; is employed. Fur-
thermore, the results obtained show that clean pre-
cipitation of U and Th from the organic phase in the
form of pure actinide oxalates was attained by con-
trolling the concentrations of C;04H, and HNO3 in
the precipitation medium. The U:Th ratio in the fi-
nal solid is controlled by the amount of C;04H, em-
ployed, and can be further adjusted through wash-
ing with water as UO2(C;04)-3H20 is more solu-
ble in water than Th(C204),-:6H20. Compared to
the PUREX process currently employed at industrial
scale to recover U and Pu from waste nuclear fuel for
the further production of MOx, precipitation strip-
ping seems to be highly promising, as it allows the
stripping of actinide(IV) without the aid of a reduc-
ing agent. Furthermore, this work opens the door for
the application of precipitation stripping using other
organic ligands as precipitating agents, which may
lead to various morphologies of the uranium- and
thorium-based precipitates and, eventually, to better
control over the calcination and pelletization steps.

Declaration of interests

The authors do not work for, advise, own shares in, or
receive funds from any organization that could bene-
fit from this article, and have declared no affiliations
other than their research organizations.

Supplementary data

Supporting information for this article is available on
the journal’s website under https://doi.org/10.5802/
crchim.320 or from the author.

References

[1] E. Abonneau, P. Baron, C. Berthon et al., Treatment and Recy-
cling of Spent Nuclear Fuel Actinide Partitioning—Application
to Waste Management, CEA and Editions du Moniteur,
France, 2008.

E.R. Bertelsen, M. R. Antonio, M. P. Jensen, J. C. Shafer, Solvent

Extr. Ion Exch., 2021, 40, 64-85.

[3] J. Durain, D. Bourgeois, M. Bertrand, D. Meyer, Solvent Extr.

Ion Exch., 2019, 37, 328-346.

B. Arab-Chapelet, S. Grandjean, G. Nowogrocki, E Abraham,

J. Alloys Compd., 2007, 444-445, 387-390.

[5] S. Grandjean, A. Beres, C. Maillard, J. Rousselle, “Method
for coprecipitation of actinides in different oxidation
states and method for preparation of mixed compounds
of actinides”, US2005288542 (Al), December 29, 2005.
https://worldwide.espacenet.com/publicationDetails/
biblio?FT=D&date=20051229&DB=EPODOC&locale=fr_
EP&CC=US&NR=2005288542A1&KC=A1&ND=4 (accessed
2023-12-04).

[6] D. Parmentier, M. Bertrand, E. Plasari, P. Baron, Cryst. Struct.

Theory Appl., 2013, 2, 75-87.

S. Zielinski, M. Buca, M. Famulski, Hydrometallurgy, 1998, 48,

253-263.

[8] Y. Konishi, Y. Noda, S. Asai, Ind. Eng. Chem. Res., 1998, 37,
2093-2098.
[9] Y. Konishi, Y. Noda, Ind. Eng. Chem. Res., 2001, 40, 1793-1797.

[10] T. Palden, M. Regadio, B. Onghena, K. Binnemans, ACS Sus-

tain. Chem. Eng., 2019, 7, 4239-4246.
[11] K. Shah, K. Gupta, B. Sengupta, J. Environ. Chem. Eng., 2017,
5, 5260-5269.

2

[4

[7


https://doi.org/10.5802/crchim.320
https://doi.org/10.5802/crchim.320
https://worldwide.espacenet.com/publicationDetails/biblio?FT=D&date=20051229&DB=EPODOC&locale=fr_EP&CC=US&NR=2005288542A1&KC=A1&ND=4
https://worldwide.espacenet.com/publicationDetails/biblio?FT=D&date=20051229&DB=EPODOC&locale=fr_EP&CC=US&NR=2005288542A1&KC=A1&ND=4
https://worldwide.espacenet.com/publicationDetails/biblio?FT=D&date=20051229&DB=EPODOC&locale=fr_EP&CC=US&NR=2005288542A1&KC=A1&ND=4

152

[12] E Foxton, “Improvements in or relating to the recovery of plu-
tonium from solutions containing it”, GB783601A, September
25, 1957. https://patents.google.com/patent/ GB783601A/en
(accessed 2023-12-04).

[13] L.H.]J. M. Baetsle, P P M. H. D. Regge, D.]J. G. Huys, S. Nemoto,
“Procédé de Séparation Ou de Récupération de Pluto-
nium et Plutonium Ainsi Obtenu”, EP0251399A1, January
7, 1988. https://patents.google.com/patent/ EP0251399A1/fr
(accessed 2023-12-04).

[14] J. Durain, D. Bourgeois, M. Bertrand, D. Meyer, Molecules,
2021, 26, article no. 6234.

[15] J. Diwu, T. Albrecht-Schmitt, in Structural Chemistry of

[16]

[17]

[18]

[19]

[20]

Julie Réaux-Durain et al.

Transuranium Phosphonates (A. Clearfield, K. Demadis, eds.),
Royal Society of Chemistry, Cambridge, 2011, Chapter 19,
607-631.

G. Agostini, G. Giacometti, D. A. Clemente, M. Vicentini, In-
org. Chim. Acta, 1982, 62, 237-240.

D. Gorman-Lewis, P. C. Burns, J. B. Fein, J. Chem. Thermodyn.,
2008, 40, 335-352.

P. M. Smith, G. K. Schweitzer, S. McLain, Metall. Mater. Trans.
B, 2002, 33, 146-147.

E Abraham, B. Arab-Chapelet, M. Rivenet, C. Tamain,
S. Grandjean, Coord. Chem. Rev., 2014, 266-267, 28-68.

T. Kobayashi, Y. Sasaki, I. Takagi, H. Moriyama, J. Nucl. Sci.
Technol., 2009, 46, 1085-1090.


https://patents.google.com/patent/GB783601A/en
https://patents.google.com/patent/EP0251399A1/fr

	1. Introduction
	2. Experimental section
	2.1. Liquid–liquid extraction: obtaining anorganic phase highly charged in actinides
	2.2. Precipitation stripping of uranium andthorium
	2.3. Quantification of uranium and thorium in solutions

	3. Results and discussion
	4. Conclusion
	Declaration of interests
	Supplementary data
	References

