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ABSTRACT KEYWORDS
In the framework of the R&D program conducted in France on partitioning and Spent nuclear fuel
transmutation of minor actinides, a solvent extraction process was developed for reprocessing; americium

separating americium from a PUREX raffinate arising from the dissolution of spent separation; EXAm process;
nuclear fuels in nitric acid. The so-called EXAm process uses a mixture of  solvent extraction; highly
a  malonamide  (DMDOHEMA,  N,N-dimethyl-N,N-dioctyl-hexyloxyethyl- active concentrate; TEDGA
malonamide) and HDEHP (di-2-ethylhexylphosphoric acid) in organic phase in
combination with a water-soluble complexing agent TEDGA (NNN’N-
tetraethyldiglycolamide) in aqueous phase to enhance Am/Cm separation. Am/
Ln separation is then obtained by selective Am stripping with polyaminocar-
boxylic acids (HEDTA or DTPA) buffered by citric or malonic acid at low acidity.
Started in 2008, an important R&D program was conducted at CEA to optimize
and model the process. The feasibility of the direct recovery of Am from a genuine
PUREX raffinate by solvent extraction was demonstrated in 2010 and reported, for
the first time in the literature. R&D was then conducted to adapt the process for
a future scale-up and for application from concentrated PUREX raffinates. The
results of the final EXAm process performed on a highly active PUREX concentrate
are presented after a summary of 10 years of R&D on this process development.

Introduction

Spent nuclear fuels are, in France, currently reprocessed in the la Hague plant by using the PUREX
process (Plutonium Uranium Reduction Extraction).!! Uranium and plutonium are separated from
fission products (FP) and minor actinides (MA, neptunium, americium, and curium) by solvent
extraction with TBP (tri-n-butyl phosphate) and the recovered plutonium is mono-recycled in LWR
MOX fuel. This reprocessing allows not only saving of uranium natural resources but also
a significant reduction ef;the volume and radiotoxicity of high-level nuclear waste (HLW)!?! since
plutonium is the main contributor to the long-term radiotoxicity of spent nuclear fuels. The fission
products and minor actinides recovered in the PUREX raffinate are then vitrified to produce nuclear
glasses, considered as the ultimate nuclear waste for HLW. After about 100 years of cooling,
americium and curium become the main contributors to the radiotoxicity and to residual heat
power of ultimate nuclear waste (Figure 1). The heat load is the key factor for designing the deep
geological repository. Indeed, the distance between HLW canisters needs to be large enough to limit
the temperature increase of the geological medium. Therefore, the recovery of the minor actinides
from PUREX raffinates for further transmutation in Generation IV fast reactors (the so-called P&T
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Figure 1. Residual thermal power of ultimate nuclear wastes after reprocessing of UOX spent fuel.

strategy), coupled with a sufficient storage period of the remaining HLW allowing the heat loading
generated by radionuclides of lower lifetime to decrease, could allow a reduction in the footprint of
a deep geological repository site. A study conducted by CEA jointly with the French National Agency
for Radioactive Waste Management (ANDRA) shows that a factor up to 7 could be gained on the
HLW surface area in the event of clay concept repository."!

In this context, a French legislative Act opened on December 30, 1991 required the exploration of
different options for partitioning and transmutation of long-lived radionuclides. Within this frame-
work, CEA has developed, during more than 20 years, minor actinide partitioning processes at
laboratory scale on samples of actual spent fuels. Given the high acidity (HNO; 3 to 4 mol.L™") and
the multi-elementary composition of a PUREX raffinate (30 times more fission products, including
lanthanides (Ln), than minor actinides), the first strategy adopted initially in the 90s was a selective
and stepwise extraction of actinides(III) (An(IIT)) (Figure 2). First, An(III) and Ln(III) were coex-
tracted by a bidentate O-donor malonamide extractant (DIAMEX process)*'” Then, An(III) were
separated from Ln(III) in a less acidic mixture using soft N-donor ligands (SANEX process)[”_l‘”
before Am/Cm separation using either the SESAME process (oxidation and extraction of Am(VI) by
tri-n-butyl phosphate)'*! or an alternative of the DIAMEX process (Am>*/Cm>" separation with the
malonamide DMDOHEMA).!"®! Many extraction systems were tested. Some of them were developed
up to hot cell demonstration on genuine solutions, sometimes in the frame of European projects''”"
241 Advances in Europe on the development of minor actinide separation processes have been
recently reported.*™ In 2005, the feasibility of the minor actinide partitioning was demonstrated
on several kilograms of actual spent fuel in ATALANTE facility.!*®")

Since June 2006, with the second French Act on nuclear waste management, the strategy of the
CEA has been focused on a process simplification approach and specifically on the partitioning and
transmutation of only americium. Am separation would provide the greatest benefits on the waste
management and present the most moderate impacts on the implementation of the recycling
operations. Indeed, recycling Cm has been anticipated to be difficult to implement due to the
significant neutron emissions of Cm which would require very thick shielding at any step of the
fuel cycle. Recycling Am is thus a good compromise between limiting the Cm recycling issues and
saving the repository resource for future generations. The goal is to directly extract and separate
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Figure 2. MA partitioning routes developed at the CEA from 1999 to 2010.

Am(III) from the PUREX raffinate in one single step instead of the three successive SX cycles
(DIAMEX, SANEX, and Am/Cm separation) (Figure 2). The main challenge to overcome is to
separate Am(III) from Cm(III) and Ln(III) from concentrated nitric acid solution in spite of their
very close size and physico-chemical properties. Based on the knowledge gained over the past 20
years on MA partitioning, a single-cycle process, called EXAm (for Extraction of Americium) was
thus developed to reach this objective.

This paper is a review of the R&D performed in France on this process since 2008. It presents the
principle of the EXAm process and reports the main results obtained from batch distribution
experiments, speciation and modelling studies as well as hot pilot tests performed on genuine
PUREX high active raffinate (HAR). It is also an example to illustrate the classical methodology
used by the CEA to develop a process from lab-scale batch experiments up to a potential industrial
application strongly supported by modeling and simulation studies.

Principle of the EXAm process

The general flowsheet of the EXAm process is depicted in Figure 3. Americium is first extracted by
an organic solvent made of a mixture of HDEHP (di-2-ethylhexylphosphoric acid) and
DMDOHEMA (N,N’-dimethyl-N,N’-dioctyl-hexyloxyethyl-malonamide) diluted in TPH (hydro-
genated tetrapropylene) (Figure 4). A water soluble complexing agent, TEDGA (N,N,N’
N’-tetraethyldiglycolamide),'* is added into the feed solution and in the scrubbing solution to
improve the Am/Cm selectivity and thus, to reduce the number of theoretical separation stages

Am, lightLn| Am, Ln Ln

HDEHP i — — |—> spentsol
DMDOHEMA/ Am EXtraCt'on_ Mo, Fe, Ru _Mo_ Fe, eRU Am Fo.oRn 'Ln. pentsolvent
TPH Am/Cm separation stripping stripping stripping
C PUREX TEDGA Mo, Ru Citric acid HEDTA/DTPA Ln, TEDGA
m, Raffinate ' pH3 Citric/Malonicacid ~ Fe, Ru Oxalicacid
Heavy Ln  4-5moliL PH3

Zr, Ru, Pd

Figure 3. General flowsheet of the EXAm process.
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Figure 4. Chemical structures of the molecules used in the EXAm process: DMDOHEMA, HDEHP, TEDGA, HEDTA, citric acid, DTPA,
and malonic acid.

required for Am/Cm separation. Light lanthanides, as well as some fission and corrosion products
like Mo, Ru, Pd, Fe are also extracted in the organic phase along with Am while curium and heavy
lanthanides remain in the aqueous phase. As some fission/corrosion products would be back-
extracted with Am, specific scrubbing steps are required to remove these elements prior or after the
stripping of Am. As molybdenum is complexed by DTPA, it is necessary to remove it prior to the
Am stripping step in order to avoid any Am loss. A specific step was thus implemented to
selectively back-extract molybdenum from the solvent with citric acid in diluted nitric
acid. Then, Am can be selectively stripped by a polyaminocarboxylic acid, HEDTA
(N-(2-hydroxyethyl)ethylenediamine-N,N’,N-triacetic acid) or DTPA (diethylenetriaminepentaa-
cetic acid) in a mixture with a pH-buffer (citric or malonic acid) at pH 2-3 and separated from
light lanthanides which remain extracted in the organic phase by HDEHP. Light lanthanides and
iron are eventually stripped from the organic phase using complexing agents to allow solvent
recycling after specific acidic and basic scrubbings. The purified americium could then be con-
verted to americium oxide by oxalic precipitation and calcination in order to fabricate UAmO,
specific pellets for future transmutation through Am-bearing blankets in fast neutron
reactors.**!

Batch distribution and speciation studies for a non-concentrated@x raffinate
Impact of TEDGA on MA and Ln extraction

The EXAm solvent (HDEHP 0.3 molL™' + DMDOHEMA 0.6 mol.L™" in TPH) exhibits a low
selectivity for Am versus Cm (SFpm/cm = 1.6) which would imply a very high number of extraction
and scrubbing stages to recover quantitatively pure Am. To reduce this number of stages and
improve the process compactness, TEDGA was added into the feed solution to enhance the Am/
Cm selectivity.®’! Among the different water-soluble diglycolamide compounds tested, TEDGA
seems to have the optimal amidic symmetrical chain length (2 carbons) to ensure optimized Am/
Cm separation!®*>*
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Figure 5. Distribution ratios of Ln(lll) and An(ll) with and without TEDGA (DMDOHEMA 0.6 mol.L™", HDEHP 0.3 mol.L™" in TPH -
[TEDGA] = 0 or 0.05 mol.L™" in HNO3 5 mol.L™", 25°C).

The distribution ratios of Am, Cm, and lanthanides with and without TEDGA are reported in Figure 5
as a function of their ionic radius after extraction by the EXAm solvent. The combination of DMDOHEMA
in organic phase and TEDGA in aqueous phase allows an increase ef the Am/Cm separation factor from 1.6
to 2.5 but also drastically enhances the selectivity between light (La-Nd) and heavy lanthanides (Sm-Gd).
Lanthanide extraction regularly decreases with Z along the series due to a stronger complexation by
TEDGA when the ionic radius decreases. This trend follows the classical law for ionic-type interactions
generally observed between O-donor ligands and f-element cations. Americium behavior is very close to
neodymium, while curium behavior is somewhere between Nd and Sm. Yttrium behaves like a heavy
lanthanide and would be mainly maintained in the aqueous phase with curium.

As TEDGA was shown to be co-extracted with Ln”* and An’" cations in the organic phase,
speciation studies have been performed in both phases to understand the main mechanisms
occurring in the EXAm process. Lanthanide(III) and americium(III)-TEDGA complexes were first
characterized in aqueous medium by different experimental techniques (ESI-MS, TRLIFS, UV-vis
spectrophotometry, and microcalorimetry) supported by molecular dynamics calculations.”®®! Tt
appears clearly from these results that 1:1 LnTEDGA’" and 1:2 LnTEDGA,”* complexes would be
favored with light lanthanides (La, Pr) whereas only 1:3 LnTEDGA;”* would be predominant in
aqueous phase with the heavier lanthanides (Dy). On the other hand, both 1:1, 1:2, and 1:3 M-
TEDGA,>* complexes would co-exist for middle-series Ln (Eu) and Am>' (Table 1). As observed
from distribution experiments (Figure 5), the complexation strength between Ln cations and
TEDGA increases with the atomic number through the series as already reported previously.”*!

[35]

Table 1. Stability constants determined for Ln and Am-TEDGA complexes in NaNO; 1 mol.L™", pH
2, 25°C by UV-vis spectrophotometry (a) or microcalorimetry ()¢

Metal log B; MTEDGA®* log B, MTEDGA,>* log B3 MTEDGA;>*
Pr 20 +0.1° 354012
Yb 9.2 +0.1°

Am 29 +0.1° 6.1 +0.1° 83+ 0.1°
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Dedicated extraction experiments and complexation studies directly in the solvent were then
performed to understand the behavior and impact of TEDGA in the DMDOHEMA-HDEHP
extracting system. Indeed, although TEDGA is a hydrophilic ligand, its partial transfer to the solvent
during the extraction process must be taken into account. Without cations, TEDGA is scarcely
extracted by the EXAm solvent (D < 0.1) but TEDGA distribution slightly increases with the nitric
acid concentration. This trend was explained by TEDGA co-extraction with HNO; and
DMDOHEMA, potentially as an adduct formed between protonated TEDGA and DMDOHEMA
[DMDOHEMA-TEDGA-H*, NO;7].**) In the presence of lanthanides (or actinides), the partition of
TEDGA in the organic phase is enhanced (0.1 < D < 0.2) and depends on the metal concentration
loaded in organic phase and on the lanthanide atomic number (Figure 6). For light lanthanides (La
for example), the concentration of TEDGA extracted into the organic phase increases regularly with
the organic cation concentration while TEDGA organic concentration first decreases before increas-
ing in the case of heavier lanthanides (Sm and Eu, for example). Different lanthanide complexes
involving potentially several molecules of TEDGA would be co-extracted by DMDOHEMA and
HDEHP in the organic phase and their formation was confirmed by ESI-MS experiments. Ternary
and quaternary complexes involving 1 or 2 molecules of TEDGA were detected in the organic phase
with the following general formula: Ln(TEDGA),(DMDOHEMA),(DEHP),(NOs);., (with n = 1 or
2,x=1o0r2,y=1or2) (Figure 7). 1.3 Ln-TEDGA complexes favored with heavier lanthanides were
not observed in the organic phase and would thus remain in the aqueous phase, explaining the
masking effect of TEDGA on heavy lanthanides extraction.

It was therefore assumed from these results that the different proportion of 1:1, 1:2, and 1:3
An(TEDGA), complexes observed between Am and Cm and more precisely, the ratio of 1:1 and
1:2 An(TEDGA), ,(DMDOHEMA),(DEHP),(NO3);_., mixed complexes formed in the solvent, is
a key parameter to explain the enhancement of Am/Cm selectivity with TEDGA.B% Partitioning
of TEDGA complicates the process and its modelling but appears as an essential factor for
enhancing Am/Cm selectivity. The lower partitioning observed with other water-soluble DGA
compounds such as TMDGA and TnPDGA would contribute to explain the lower Am/Cm
separation factor measured with these molecules compared to TEDGA in the same experimental
conditions.*?!

According to the speciation studies, the different complexation and extraction equilibria occur-
ring in the aqueous phase and between both phases in presence of TEDGA in the EXAm process
conditions are depicted in Figure 8. The phenomenological model based on these equilibria is further
detailed in the modelling discussion.

12
|
< 10| mLa
£ oNd
'_CE; 8 1 Eu m®
<
) 6 - Sm
[a]
w [ ] |
-
= 4 - [ ]
(4 ° ®

2 B

0 . - :

0.001 0.01 0.1 1 10 100

[Ln]org (mM)

Figure 6. Concentration of TEDGA extracted in the organic phase as a function of the concentration of lanthanide cations in the
organic phase (DMDOHEMA 0.6 mol.L™"-HDEHP 0.3 mol.L™" in TPH, [TEDGA] = 0.05 mol.L™", [HNOs] = 4 mol.L™", 25°C).
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Figure 7. ESI-MS spectrum of DMDOHEMA 3.10> mol.L™", HDEHP 1.5.10> mol.L™", TEDGA 1.5.10 mol.L™", Eu 1.5.107% mol.L™"
and HNO; 3.107 mol.L™" diluted ten times in acetonitrile/water (50-50% vol.), positive ionization mode, (D = DMDOHEMA,
HP = HDEHP, T = TEDGA).

PhO (D)(HP),HNO,  M(D)HP), M (TEDGA),(D),(HP),
(TEDGAXHNO,)(D),(HP), TEDGA M(TEDGAXD),(HP),
HNO, M " " -
(TEDGA-H)NO,) TEDGA M(TEDGA)*=—= M(TEDGA), *—— M(TEDGA),
PhA TEDGA TEDGA

Figure 8. Schematic view of complexation equilibria and extraction mechanisms involving TEDGA in the biphasic system
DMDOHEMA (D), HDEHP (HP)/HNO;, TEDGA, Ln/An (M).

Behavior of problematic fission and corrosion products (Mo, Zr, Ru, Pd, Fe)

Extraction of palladium, ruthenium, iron, molybdenum, and zirconium was studied with the EXAm
solvent. The knowledge of their interactions with both extractants and TEDGA is very important
since it could decrease the concentration of free ligand available to perform the Am/Cm separation
and will determine, if required, the conditions of their further stripping to avoid any contamination
of the americium product.

Similarly, as heavy lanthanides (III)-and, zirconium (IV) are strongly complexed by TEDGA in the
aqueous phase and forms stable 1:3 Zr-TEDGA complexes. As a result, extraction of Zr in the
organic phase is totally prevented in presence of an excess of TEDGA. However, due to relatively
slow complexation kinetics, TEDGA must be directly added in the feed solution as a masking agent
before Zr extraction by the EXAm solvent.

Iron (III) and molybdenum (VI) are extracted by HDEHP and DMDOHEMA even in the
presence of TEDGA (Dyyo, re > 30) and they follow americium in the organic phase. Conditions
were not found to mask iron extraction or to scrub it before the Am stripping step. Iron is then
back-extracted using oxalic acid in the last step of the process along with light lanthanides stripped
by TEDGA in HNO; 1 mol.L™" (Figure 3).

At high acidity ((HNO;] > 1 mol.L™"), molybdenum, present as MoO,** ¥} is strongly extracted
by the EXAm solvent according to a solvation mechanism. Two dimers of HDEHP would be
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involved in the complex with potential participation of DMDOHEMA.*® At lower acidity (pH > 2),
formation of neutral or anionic species (MoOs3, MoO,*) is also assumed in aqueous phase and have
to be taken into account to model Mo extraction on the whole pH range.*®! A dedicated scrubbing
was implemented, after the Am/Cm separation step, to back-extract Mo from the solvent. Mo
stripping can be achieved at low acidity (pH 2-3) with minimal losses of americium by using a-
hydroxy-carboxylic acids (citric or glycolic acid) acting as pH buffer and as complexing agent for
molybdenum. A 0.5 mol.L™" citric acid solution at pH 3 was selected after batch experiments to
quantitatively strip Mo in the EXAm flowsheet.

Palladium (II) and ruthenium (III), present as nitrosyl cations RuNO®" in nitric acid solution, are
also extracted by the EXAm solvent at high nitric acid concentration. Both cations are preferentially
extracted by DMDOHEMA. For palladium, the formation of 1:2 Pd(NO;),(DMDOHEMA), com-
plexes has been demonstrated from distribution ratio measurements by Poirot et al.*®) The addition
of HDEHP slightly decreases distribution ratios of Ru and Pd cations showing an antagonistic effect
of the mixture of both extractants. As was seen for Zr, once extracted in organic phase, Pd and Ru
are very difficult to strip. HEDTA was used to mask Pd extraction but no masking agent was found
efficient enough to prevent Ru extraction. Ru is partly back-extracted with Mo using citric acid at
lower acidity and with lanthanides and iron using TEDGA and oxalic acid before being completely
removed from the solvent in the solvent clean-up step (stripped with carbonates in alkaline media).

Americium selective stripping

Americium is separated from the remaining elements still extracted in the solvent (light lanthanides La-
Nd, Fe, Ru) by selective stripping in the aqueous phase using a mixture of two aqueous complexing
agents: an aminopolycarboxylate ligand (HEDTA or DTPA), and a pH buffer polycarboxylic acid (citric
or malonic acid) at pH 2-3. Thanks to the presence of a N-bearing amino-polycarboxylate ligand
(HEDTA or DTPA), americium is selectively complexed in the aqueous phase at low acidity (pH 2-3)
while lanthanides and iron preferentially remain extracted by HDEHP in the organic phase.

Based on the knowledge acquired through the developments of DIAMEX-SANEX and GANEX
processes, *>*!! the mixture of HEDTA 0.5 mol.L™" and citric acid 0.5 mol.L™" at pH 3, was used as
the stripping solution in the EXAm hot test performed in 2010. Ln/Am separation factors higher
than 9 can be reached on a quite large pH range (from 2 to 3.5) which is sufficient to ensure a good
decontamination of Am from lanthanides (Figure 9).

The speciation of americium and lanthanides was studied by TRLIFS, ESI-MS and distribution
measurements with pentadentate HEDTA and tridentate citric acid (cit) ligands in aqueous solution.
Eu(HEDTA), Eu(cit), and Eu(cit), complexes were identified by TRLIFS experiments in addition
with a fourth species at a longer fluorescence lifetime (around 600 ps, corresponding to 1 or 2 water
molecules remaining in the Eu’" inner coordination sphere). With support of ESI-MS measure-
ments, this species was attributed to the formation of the ternary 1:1:1 Eu(HEDTA)(cit) complex
(Figure 10) % as previously observed in similar systems in the literature.”*>**) A ternary complex
between trivalent f-elements, HEDTA and malonate was recently found under Advanced
TALSPEAK conditions using spectroscopic and solvent extraction methods.!*”! Stability constants
of the different complexes formed with Am(III) and Eu(III) including the mixed complex have been
determined by distribution measurements and are reported in Table 2.

Process modelling
Am/Cm separation

All extraction mechanisms that should be taken into account to describe the extraction of HNQO;,
TEDGA and Ln or An(IIl) cations in the EXAm process (at high acidity) are depicted in Figure 8.
Extraction of minor actinides and lanthanides by the mixture of HDEHP and DMDOHEMA was first
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Figure 9. Influence of pH on distribution ratios of Am3* and Ln>* (La, Ce, Pr, Nd, '>?Eu) at the stripping step (DMDOHEMA 0.6 mol.
L~", HDEHP 0.3 mol.L™" in TPH loaded with traces of Am>* and 16 x 107> mol.L™" of Ln**, HEDTA 0.5 mol.L™" citric acid 0.5 mol.L™",
pH adjusted with NaOH, 25°C).
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Figure 10. ESI-MS spectrum of Eu/citric acid, Eu/HEDTA, and Eu/HEDTA/citric acid solutions (A" unprotonated citric acid, L+
unprotonated HEDTA), negative ionization mode.

modelled without TEDGA based on the knowledge acquired through GANEX and DIAMEX-SANEX
process development ****?! Except at nitric acid concentration higher than 3 mol.L™ where the
behavior is strictly similar to DMDOHEMA alone, the extraction of Ln(III) and Am(III) by HDEHP
and DMDOHEMA shows a synergistic effect around 0.5-1 mol.L”" HNOj; and a slight antagonistic effect
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Table 2. Stability constants (log ) of Am and Eu complexes with HEDTA and citric acid at 0.1 M NaNOs, pH

3, 25°C.
Element M(HEDTA) M(cit) M(cit), M(HEDTA)(cit)
Am** 158 + 0.2 8.0 + 0.1 13.0 £ 0.2 216 £ 0.6
Eu** 15.1 + 0.1 59+ 0.1 134+ 05 209 + 0.5

at lower acidity.!*®! At high acidity, minor actinides and lanthanides extraction was modelled by the
following equilibria. The corresponding equilibrium constants are reported in.**!

M** 4+ 3NO; + 3HNO; + 3DMDOHEMA = M(NOs),(HNO;),(DMDOHEMA), K1 (1)

M** + 3NO; + 3HDEHP + 2DMDOHEMA = M(DEHP),(DMDOHEMA), + 3HNO; K2 (2)

Extraction of minor actinides and lanthanides was then modelled in the presence of TEDGA.
Distribution of TEDGA was also carefully modelled since it impacts the extraction properties, the
Am/Cm selectivity and the solvent loading capacity. TEDGA extraction was first modelled without
cations. Experiments performed previously with each extractant separately showed that TEDGA
would be extracted by DMDOHEMA after protonation of TEDGA at high acidity.”*?' The equili-
brium (Equation 3) was considered to correctly fit TEDGA partitioning in organic phase without
cations with Krgpga = 2.43 x 107 L'2.mol 12 B

TEDGA + 5H"+4NO; +3DMDOHEMA
= HTEDGA, (HNOs),(DMDOHEMA), KTEDGA 3)

TEDGA extraction was then modelled in the presence of lanthanides and minor actinides. Many
complexes have been identified with TEDGA both in aqueous and organic phase by different
speciation techniques. However, none of these complexes are predominant under the conditions
of the EXAm flowsheet and some of them could be neglected in the model. The main complexes and
equilibria selected for the modeling are listed in Table 3. In agreement with speciation studies
reported before, 1:1, 1:2, and 1:3 M-TEDGA complexes were considered in aqueous phase while the
extraction of 1:1 and 1:2 M-TEDGA complexes in the organic phase allowed to reach the best
agreement between experimental and calculated distribution data. The whole phenomenological
model includes 56 different complexes and their corresponding equilibria constants adjusted by
mathematical optimization. Due to the high number of species and equilibria, the validity range of
this model was only limited to high nitric acid concentrations expected in the Am/Cm separation
step of the process, i.e.,, between 4 and 5.5 mol.L™' HNO;. The implementation of these species in
the chemical model allows to correctly simulate TEDGA extraction as well as its impact on

Table 3. List of species taken into account for modelling cations extraction in the EXAm

process.
Species considered in aqueous phase
M(TEDGA) M = La, Ce, Pr, Nd, Am
M(TEDGA), M = La, Ce, Pr, Sm, Eu, Cm
M(TEDGA); M = Ce, Pr, Nd, Eu, Gd, Zr, Am
Species considered in organic phase
M(NO3)3(HNO3)3(DMDOHEMA);3 M = La, Ce, Pr, Nd, Sm, Eu, Gd, Y, Am, Cm
M(DEHP)3(DMDOHEMA), M = La, Ce, Pr, Nd, Sm, Eu, Gd, Y, Am, Cm
M(NO3)3(TEDGA)(DMDOHEMA) M = La, Ce, Pr, Nd, Sm, Am, Cm
M(NOs)3(TEDGA),(DMDOHEMA) M = La, Ce, Pr, Nd, Am
M(NO3),(DMDOHEMA) M = Pd, Ru
M(NO3),(HNO;)3(DMDOHEMA) M = Pd
M(NO;),(DMDOHEMA), M = Ru
M(DEHP), M = Mo, Zr
M(DEHP)3 M = Fe
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lanthanide extraction by the EXAm solvent for different nitric acid and total lanthanide concentra-

tions (Figure 11). The calculations are consistent with experimental trends and report a decrease of

lanthanide and TEDGA extraction with the increase of the atomic number across the lanthanide
iag [35]

series.

Molybdenum stripping and Am/Ln separation

These steps occurring at low acidity (HNO; < 0.1 M), the extraction of Am, Mo, and Ln by
HDEHP and DMDOHEMA must be modelled under these conditions in the absence of com-
plexing agents. In addition to a mixed complex M(DMDOHEMA)(DEHP);, slightly different
from the one considered at higher acidity, the formation of an adduct between HDEHP and
DMDOHEMA was assumed to correctly simulate the antagonism effect between both extractants
at low acidity.'*”*°) HDEHP dimers were not considered in the model as they did not improve
the fit."®) The following extraction equilibria were implemented in the PAREX simulation
code® to model Am and Ln behavior as well as the pH change with the EXAm solvent at
low acidity.

M’*+DMDOHEMA +3HDEHP = M(DMDOHEMA)(DEHP),+3H" (4)

DMDOHEMA +HDEHP = (DMDOHEMA)(DEHP) (5)

According to speciation studies, Mo(VI) extraction by HDEHP at pH > 1 was modelled by taking
into account the three species MoO,**, MoOs; and MoO,* in order to reproduce the trend of Mo
distribution ratio with the increase of pH.1***?! Different extraction mechanisms (cation exchange at
pH < 2, solvation at pH 2 to 3 and anion exchange at pH > 3) were implemented in the PAREX code
to simulate Mo extraction. Extraction equilibria are reported in Table 4.

Complexation reactions with HEDTA and citric acid were then added into the model to correctly
simulate Am and Ln extraction for conditions of the Am stripping step.

0,3 06
>
<< - <
® 025 PPtad O 05 La .
8 La s a __.9'
- 024 = o044 7
5 I ey i 5 a
o 0,15 T e Nd L 034 e .=
B o e s S Nd
R B § 02| D
3 005 3 o1
B ~ao Eu ] Eu
2 o/ = a o &===0 .
0 5 10 15 20 25 0 10 20 30
Lanthanide org. (x 10° M) Lanthanide org. (x 103 M)

Figure 11. Experimental (symbols) and calculated (dashed line) distribution ratios of lanthanum (0) neodymium (o) and europium (O) as
a function of the total concentration of lanthanides in the organic phase with TEDGA (left: [HNO3].q = 4 M, [TEDGAJisiia = 0.05 M, right:
[HNO;l.q = 5 M, [TEDGAipitial = 0.05 M).

Table 4. Extraction mechanism for Mo depending on the pH in the EXAm process

conditions*%>2],
Extraction mechanism
pH < 2 Cation exchangem/loog+ + 2HDEHP, + MoO,DEHP,HDEHP, + 2H™
pH2 -3 Solvating extractantMoOs + 2HDEHP, < MeoOsHDEHP,
pH > 3 Anion exchanger,

+2 HO
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Flowsheet calculation and hot test demonstration
Flowsheet design

After implementation of the different chemical models into the PAREX code, flowsheets were
calculated with the goal to recover 99% of americium from a PUREX HAR with a decontamination
factor of Am towards Cm higher than 500. Inactive, hydrodynamics, and alpha tests were first
carried out in laboratory-scale mixer-settlers to assess the accuracy of the process.'”> The separa-
tion factor between Am and Cm being rather low, the compromise between a high Am recovery
and a high Am/Cm decontamination factor is sharp and requires responsive and efficient process
monitoring. Sensitivity analysis was performed with the PAREX code and calculations showed
a strong sensitivity on the DF,,,/c, When americium recovery yield exceeds 99%.1°*) The TEDGA
concentration was selected as the sensitive parameter to pilot the EXAm process. A startup
procedure was defined and a flowsheet correction with a TEDGA flow ecerrection was then
proposed based on en-line-and-analytical measurements during the operation to reach the targeted
performances.!**

The complete flowsheet of the EXAm process, including all the steps of the process, was tested in
2010 in the CBP hot cell of ATALANTE facility (Figure 12). Sixty-eight stages of laboratory-scale
mixer-settlers were used with 32 stages devoted to Am-Cm separation (16 stages for Am extraction
and 16 stages for Cm scrubbing), 8 stages for Mo stripping, 20 stages dedicated to Am selective
stripping (12 for Am stripping and 8 for Ln scrubbing) and 8 stages for Ln & Fe stripping. The Mo
and Am stripping banks of mixer-settlers were heated at 30°C and 45°C respectively in order to
accelerate stripping kinetics. The raffinate used for the EXAm hot test was obtained after the
dissolution of used UOX fuels in concentrated nitric acid and further extraction of uranium,
plutonium, and neptunium by TBP 30% diluted in TPH in mixer-settlers. The genuine raffinate
was diluted with concentrated nitric acid to adjust the acidity at 10 mol.L™". The composition of the
feed solution is reported in Table 5.

__| DMDOHEMA 0.6M + | _______________________________
HDEHP 0.3M,TPH [ - S Fsss=sss s s s s ssssnssssssssssnsssssssmmsssss H

1 16 1 16 n

R H
H

Am Extraction Cm Scrubbing | ]

l "

TEDGA HEDTA TEDGA "

Cm, Sm, Eu, Gd, Y, Zr, 0.5M 0.4M 0.5M i
Ru+Pd+ FPs H,0 PUREX H,0 H,0 HNO, n
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Figure 12. Flowsheet of the EXAm process used for the 2010 hot test™,
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Table 5. Chemical and radiochemical
composition of the EXAm hot test feed

solution.

Feed solution Concentration
H* 10 mol.L™"
Am 220 mg/L
Cm 21.6 mg/L
La 545 mg/L
Ce 1000 mg/L
Pr 445 mg/L
Nd 1650 mg/L
Sm 380 mg/L
Eu 55 mg/L
Gd 73 mg/L

Sr 310 mg/L

Y 200 mg/L
Zr 740 mg/L
Mo 975 mg/L
Ru 830 mg/L
Rh 150 mg/L
Pd 550 mg/L
Fe 850 mg/L
134¢s 42 10" Bg/L
3¢ 1.25 10" Ba/L
34Ey 3.85 10" Bg/L
3°Eu 1.25 10" Ba/L

The experiment was run for 54 h and stopped when the steady-state was reached in the mixer-
settlers. The analytical results of the hot test samplings indicate that more than 99% of americium
was extracted from the feed solution. At the end, 98.3% of initial Am were recovered due to small
losses detected in the raffinate (1%) and in the Mo output (0.7%). Americium was quantitatively
stripped from the EXAm solvent by HEDTA buffered with citric acid at pH 3 while lanthanides and
iron remained extracted by HDEHP in the organic phase.

The americium product was very well decontaminated from curium and fission products with
decontamination factors of americium towards curium and neodymium of 505 and 340, respectively
(Table 6).

Concentration profiles of americium were measured in aqueous and organic phases in all stages
of the extraction-scrubbing section at the end of the test. The experimental profiles are compared
with the values calculated with the PAREX code in Figure 13. The good agreement observed between
experimental and calculated profiles of Am validates the extraction models developed for the EXAm
process in this study.

Table 6. Concentrations in the main flux from samples analyzed at the end of the EXAm hot test and corresponding mass balances
and decontamination factors.

Feed Raffinate Mo output Am product Ln output Used solvent  Balance (mass
Element  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) %) DF
Am 220 0.79 0.62 566 0.018 0.24 105
Cm 216 10.5 0.0002 0.11 0.0033 0.003 136 505
Ce 1000 <1 <5 <25 960 75 >585
Nd 1650 3.7 <5 12.5 2350 113 340
Eu 55 21 12.5 <25 <5 98 >61
Gd 73 30 <25 <25 <5 101 >85
Mo 975 <1 420 <5 <5 105 >510
Zr 890 290 <25 <5 110 101 <
458
Pd 550 <1 190 115 <5 95 12

Ru 830 218 24 15 8.1 45 99
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Figure 13. Experimental and calculated americium (left side) and curium (right side) concentration profiles in organic and aqueous
phases in the extraction-scrubbing section of the EXAm hot test.

Adaptation of the@n process to concentrated raffinates

From the perspective of a potential future industrial development of the EXAm process, studies were
then launched to simplify the flowsheet and assess its robustness. An important R&D program was
conducted in order to improve the process monitoring, define the implementation conditions in
continuous contactors such as pulsed columns, improve the solvent clean-up to assess long-term
performances of the EXAm solvent, and manage organic reagents introduced in the different steps of
the flowsheet (especially downstream steps) to make them compatible with the standard liquid waste
treatments of the plant.

One of the objectives of this ambitious program was to develop a dedicated flowsheet for the
treatment of concentrated PUREX raffinates. Working on concentrated raffinates would allow
a decrease in the feed throughput of the flowsheet and thus reduce the volume of the contactors
and the aqueous waste generated, improving the global compactness of a future plant.

Estimation of the maximum concentration factor and optimization of the EXAm flowsheet

In order to estimate the maximum concentration factor of the PUREX raffinate reachable with the
EXAm process, batch experimental data were acquired with increasing concentrations of lantha-
nides. Concentration factors from 2 to 15 of a classical PUREX UOX3 fuel raffinate (burn-up of 60
GWd/t corresponding to approximately 0.02 mol.L™" of lanthanides and 0.04 mol.L™" of fission
products) were tested. As shown in Figure 14, the increase of lanthanide total concentration leads to
a sharp decrease of Am/Cm selectivity from 2.5 to 1.4. The TEDGA concentration was thus
increased to maintain a sufficient Am/Cm separation factor but formation of a third phase was
observed (for [TEDGA] > 0.3 mol.L™!) with the solvent HDEHP 0.3 mol.L™! and DMDOHEMA
0.6 mol.L™" due to partitioning of TEDGA in organic phase and formation of mixed TEDGA-
DMDOHEMA complexes as previously mentioned in the paper. The HDEHP concentration was
increased to prevent third phase formation but it was not possible to go beyond 0.45 mol.L™
otherwise Am would be too difficult to strip from the loaded solvent. Under these conditions, the
best compromise between a sufficient Am/Cm selectivity and a quantitative Am stripping was
reached for a concentration factor of 3.5 of a PUREX UOX3 raffinate (corresponding roughly to
70 mmol.L™" of lanthanides). The concentration factor being limited due to the organic saturation
and TEDGA distribution, R&D was conducted to substitute another water-soluble molecule for
TEDGA which could improve Am/Cm selectivity while reducing the ligand partitioning. Several
symmetrical and unsymmetrical short-chain DGA compounds were synthesized and tested under
the conditions of the EXAm process.** Unfortunately, Am/Cm separation factors were system-
atically lower compared to the value obtained with TEDGA under the same conditions, confirming
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Figure 14. Influence of the total concentration of lanthanides on the Am/Cm separation factor. Solvent: HDEHP 0.3 mol.L™" + DMDOHEMA
0.6 mol.L™" in TPH, pre-equilibrated with HNO; 5.5 mol.L™" with 2*'Am and 2** Cm radiotracers and [TEDGA];, = 0.15 mol.L 5%,

the optimum of two carbon atoms on each alkyl group for enhancing Am/Cm separation. Besides,
new carboxamides developed by Sasaki'®® were also tested but showed a different behavior than
TEDGA leading to an inversion of Am/Cm selectivity with N,N,N’,N’-tetraethyl-3,6,9-trioxaunde-
cane diamide (TETOUDA) .*”) TEDGA was thus maintained as selective complexing agent in the
new EXAm flowsheet and its concentration was increased to maintain a good Am/Cm separation
factor. The amount of TEDGA following Am and light Ln in the loaded solvent being higher
compared to normal EXAm conditions, the impact of higher concentrations of TEDGA was checked
on the Mo and Am stripping steps. If no impact was observed on Mo, a sharp decrease in Am
distribution ratio was noticed due to TEDGA complexation which could involve a loss of Am in the
Mo product. Furthermore, the residual presence of TEDGA at the Am stripping step would decrease
Ln distribution ratios and Ln/Am separation factors by lanthanide complexation with TEDGA.
Removing TEDGA from the organic phase prior to the Mo stripping step is thus required to avoid
any losses of Am. A specific TEDGA scrubbing step was therefore implemented between Cm
scrubbing and Mo stripping steps. Based on PAREX calculations, four stages were added to back-
extract TEDGA at HNOs 4 mol.L™" in order to leave less than 0.01 mol.L™" of TEDGA in the organic
phase and mitigate any impact of TEDGA on the following steps.

The increase of lanthanide, americium, and molybdenum concentrations in the concentrated
raffinate also involves a higher quantity of protons exchanged when switching from a solvation
extraction mechanism (Equation 1) at high nitric acidity to a cationic exchange mechanism
(Equation 4) at lower acidity (in the conditions of the Mo stripping step). These protons must be
neutralized to keep a pH between 2.5 and 3.2 and ensure a good stripping of Mo. Attempts to
stabilize the pH were unsuccessful using glycolic or a mixture of citric and malonic acid. Among the
different hydroxy-carboxylic acids tested, citric acid was kept as pH buffer for the optimized
flowsheet as it shows the best compromise between hydrodynamic performances, efficient pH-
buffering, and low complexing power towards Am.

Finally, DTPA being a more powerful complexing agent than HEDTA, a lower concentration of
DTPA is needed to reach equal stripping performances for increased Am concentrations. On the
other hand, malonic acid has the advantage of being more easily destroyed by chemical means after
its use in an industrial concentration step, while citric acid is much more robust under these
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conditions and has the additional drawback of degrading to acetic acid. The DTPA-malonic acid
solution was then selected instead of the mixture of HEDTA and citric acid in order to handle higher
Am concentration and to optimize the oxalic co-conversion of americium into oxide as well as the
management of the chemicals in a future potential plant (to mitigate the downstream effects).
Hydroxylamine was also preferred to sodium hydroxide to adjust the pH stripping solution at pH
2-3 in order to avoid managing sodium in the aqueous streams. DTPA and malonic concentrations
were optimized as well as the pH and the composition of the stripping solution used for the hot test
were DTPA 0.03 mol.L™", malonic acid 0.3 mol.L™" at pH 2.6. The possibility to convert americium
into UAmO, compound by oxalic co-precipitation was checked by a dedicated experiment per-
formed on a solution of **'Am with DTPA-malonic acid under representative conditions. After
concentration of the Am stripping solution by a factor of 4.5, the co-precipitation of U(IV) and
Am(IIT) was demonstrated with a precipitation yield higher than 99% in spite of residual quantities
of DTPA and malonic acid at HNO; 1 mol.L™". A mixed (U g1, Amyg 034)O, 0xide was obtained after
thermal treatment at 750°C under nitrogen atmosphere, confirming the absence of DTPA, malonic
acid, and hydroxylamine impact on the conversion step and therefore the selection of these reagents
for the process.

Complexation studies were carried out with DTPA and malonic acid to determine the stoichio-
metry of the complexes formed with Am and light lanthanides. As already reported many times in
the literature, 1:1 complexes were observed between Am, Ln, and DTPA but no ternary 1:1:1
complex was detected between Am, DTPA, and malonic acid in aqueous phase unlike with
HEDTA and citric acid in the same conditions. To check the influence of hydroxylamine on
americium and lanthanides stripping, pH dependence distribution experiments were carried out
by measuring the distribution ratios of **'Am, '*Ce, and '**Eu in stripping conditions with DTPA
and malonic acid in the pH range of 1 to 4 adjusted by addition of either sodium hydroxide or
hydroxylamine. As reported in Figure 15, a stronger impact of pH was observed in the case of
hydroxylamine with a slope of -2 compared to —1 for sodium hydroxide. The following equilibria
were proposed to explain the difference in pH dependence.

Am(DEHP),(HDEHP), + H,DTPA™ + NH;OH" = Am(DTPA)*" + 3(HDEHP) 2H*

+ NH,OH (6)
_ 2 —_—
Am(DEHP),(HDEHP), + H,DTPA~ = Am(DTPA)*~ + 3(HDEHP)+ H* @)
g‘ 0.0 J Ce DEu AAm ? 0.0 Ce OEu &sAm
Q o5 ‘3\"\;___ 5 o8 O~
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Figure 15. pH dependencies of Ce3*, Eu>*, Am** in the conditions of the stripping step of the EXAm solvent (OMDOHEMA 0.6 mol.L™",
HDEHP 0.3 mol.L™" in TPH, DTPA 0.01 mol.L™", malonic acid 0.3 mol.L™", pH adjusted with sodium hydroxide (left) or hydroxylamine
(right), 25°C).


XH153242
Texte inséré 
manque indice : 3(HDEHP)2

XH153242
Texte inséré 
manque indice : 3(HDEHP)2


SOLVENT EXTRACTION AND ION EXCHANGE @ 17

One proton would be exchanged in the case of NaOH confirming the absence of impact of pH
adjustment while two protons would be exchanged in the case of pH adjusted by NH,OH. Partial
extraction of NH;OH" by HDEHP (Equation 9) was assumed to explain this behavior and the two
following equilibria were implemented in the PAREX simulation code to model Am and Ln
stripping under these conditions. Complexation by malonic acid being very weak, it was neglected
and not considered in the modelling .1>*

M** 4+ DTPA®™ = M(DTPA)*~ (8)
NH;OH" + HDEHP = (NH;OH)=(DEHP) + H" 9)

The equilibrium constants corresponding to Equations (8) and (9) were fit from batch experimental
studies. The extraction constant of NH;OH" was adjusted at 0.02 L.mol™}, and the (Am,Ln)-DTPA
stability constants are reported in Table 7.1°*! Stability constants calculated and implemented in the
PAREX code are consistent with literature values obtained by different techniques.

Hot test demonstration of the EXAm process on a concentrated PUREX raffinate

The PUREX raffinate was obtained after the dissolution of a UOX and LWR MOX mixture of
actual spent fuels (3 kg of UOX and 1.6 kg of MOX) and further extraction of uranium,
neptunium, and plutonium by TBP 30% in TPH in mixer-settlers. The raffinate was then
concentrated by hydrodistillation in order to concentrate the different elements while keeping
the nitric acid concentration constant in the solution. The acidity was maintained around
8 mol.L™' and the concentration factor obtained at the end of the operation corresponds to
a concentration factor of 3 of a UOX3 raffinate. The composition of the high active concentrate
(HAC) used is reported in Table 8.

The hot test was performed in 2015 in the CBP shielded line of the Atalante facility. The flowsheet
used for this test, depicted in Figure 16, was optimized after six preliminary “cold tests” on inactive
surrogate solutions and one “alpha test” on a surrogate PUREX raffinate spiked with Am and Cm.!"!
Seventy-two (72) stages of laboratory-scale mixer-settlers were used with 32 stages devoted to Am-
Cm separation (16 stages for Am extraction and 16 stages for Cm scrubbing), 4 stages for TEDGA
scrubbing, 12 stages for Mo stripping, 16 stages dedicated to Am selective stripping (12 for Am
stripping and 4 for Ln scrubbing) and 8 stages for Ln & Fe stripping. The used solvent was then
recycled after elimination of the residual cations (Ru in particular) and the degradation products by
a clean-up step including basic and acidic contacts through four stages of centrifugal contactors.

The test was run for more than 90 h in order to produce sufficiently pure Am for further UAmO,
pellets production. The last 30 h were devoted to flush the americium present in the different stages
of the mixer-settlers in order to maximize Am recovery from the raffinate. At the end of the test,
2.4 g of americium purified from curium and the fission products were recovered for a further
irradiation. The composition of the Am product solution as well as the decontamination factors
obtained are reported in Table 9.

Table 7. Stability constants of Am and Ln complexes with DTPA
used to model the Am stripping step.”

Element log B, calc. log B, exp (literature)
La 19.5

Pr 21.1

Ce 204 203,581 20,459
Nd 216 220,581 21759
Eu 229

Am 235 22915859
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Table 8. Composition of the PUREX HAC
after concentration (concentrations are
given with an uncertainty of 10%).

Elements Concentration

HNO3; (mol/L) 8.2

Am (mg/L) 1095

Cm (mg/L) 323

La (mg/L) 1245

Ce (mg/L) 2169

Pr (mg/L) 956

Nd (mg/L) 3269

Sm (mg/L) 917

Eu (mg/L) 151

Gd (mg/L) 376

Y (mg/L) 129

Zr (mg/L) 900

Mo (mg/L) 1193

Fe (mg/L) 122

Pd (mg/L) 617

Ru (mg/L) 1472
HDEHP 0.45M, TPH i
1 16 1 16 1 4 s:
Am Extraction Cm Scrubbing TEDGA "
Scrubbing "

H

l TEDGA HEDTA TEDGA "
Cm, Sm, Eu, Gd, Y, Zr, 0.5M 0.15M 0.5M H
Ru+Pd+ FPs H,0 PUREX H,0 H,0 HNO. "

| H

Concentrated 10M3 m n

Raffinate i

n
1 41[, 12 y

Mo stripping H

I 1 HNO, H
H
| 3M o
Mo NaoH Citric acid E[ " I
+Ru 2M 0.5M <«
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.

1 4 16 1 8 ﬂ H

S

= — >
Am Selective Stripping Ln-Fe Strip
| | i | —
DTPA 0.03M Ln TEDGA 0.2M HNO, | [ NaoH 2.6m+
Malonic acid 0.3M Fe Oxal. 0.5M 0.1M HEDTA 0.1M
pH 2.6 HNO; 1M
HNO,
™

Figure 16. Flowsheet of the EXAm process performed on an actual HAC in 2015.

TFable-9. The recovery of americium and the Am/Cm decontamination factor were lower than
predicted by modelling calculations. The flowsheet was modified during the test (increase in TEDGA
concentration, reduction of flowrates) to increase the decontamination of americium towards
curium but it logically involved a decrease in Am extraction. The Am/Cm separation factor observed
during the test was lower compared to batch experiments or to the 2010 hot test results. A TEDGA
radiolytic degradation due to higher Am, Cm, and FP concentrations was first assumed to explain
this behavior. HPLC and NMR analysis of the aqueous phase sampled from a stage of the TEDGA
scrubbing step showed, however, very low degradation of TEDGA. The lower separation factor was
then attributed to an inaccurate modelling of curium extraction in presence of TEDGA with higher
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Table 9. Concentrations of the main elements measured in the Am product collected
at the end of the test and estimation of decontamination factors.

Element Concentration (mg.L™") % DF am/m
Am 884 ~82%

Cm 53 0.6% ~50
La <0.05 1.8%

Ce 2.1

Pr 14 ~ 200
Nd 13.2

Sm <0.05

Mo 0.47 0.05%

Zr 0.05

Fe 2.7 0.3%

Pd 6.3 0.7%

Ru 9.9 1.1%

concentrations of americium and curium. As only extraction of the 1:1 CmTEDGA complex in the
organic phase is considered in the model (see Table 3), its extraction constant was adjusted in order
to better simulate the Cm concentration measured in the raffinate during the test. The increase of
the 1:1 CmTEDGA stability constant is also consistent with the value recently measured by Klass
et al. for Cm-TEDGA complexes by TRLIFS."*?! In the conditions of the Cm scrubbing section, the
Am/Cm separation factor was estimated at 1.8 with this new model instead of 2.3 previously.

A decontamination factor of 65 consistent with the experimental value (DFm/cm, exp ~50) Was
calculated while a value of 4500 was considered with the former extraction constant. This modified
model was then used to estimate the number of theoretical stages for recovering 98% of Am with
a decontamination factor of 500 towards Cm. It appears that 40 stages of Cm scrubbing (24 more
than in this flowsheet) would have been required to reach these performances. Nevertheless, even if
the DF A /cm Was lower than targeted, the low fraction of Cm (0.6%) detected in the recovered Am
solution is still compatible with the irradiation of UAmO, pellets in a MTR (Material Test Reactor).

As reported in Table 9, americium was also very well decontaminated from the fission products
including lanthanides. An average of 1.8% of lanthanides were found in the Am product, essentially
because of a Nd leak only observed during the first hours of the test whereas the equilibrium was not
reached in the mixer-settlers. At the steady state, the decontamination factor of Am towards Nd was
higher than 600. The behavior of the other fission products is consistent to expected performances.
Molybdenum was quantitatively back-extracted at the Mo stripping step while less than 0.1% of Am
was lost at this step. Palladium was efficiently masked by HEDTA in the Am extraction step while
light lanthanides, iron, and ruthenium were quantitatively back-extracted by TEDGA and oxalic acid
in the last step of the process.

The Am solution recovered from this test was then concentrated and converted as Am oxide.
Approximately 8 g of UjgsAm, 150, were obtained after oxalic precipitation and calcination. This
powder will be further used to elaborate UAmO, pellets in order to transmute americium as Am-
bearing blankets in an experimental fast neutron reactor.

Conclusion

The development of the EXAm process to recover only americium from PUREX raffinates is based
on the knowledge learned during the past 20 years by the CEA teams focused on the development of
minor actinides separation processes by diamide-like extractants. The challenge of the EXAm
process lies in the selective extraction of just americium directly from a PUREX highly active
raffinate at high acidity and in presence of curium and all fission and corrosion products. The
core of the process is the extraction step with the main separation of Am from Cm and heavier
lanthanides. The extractant system used for the separation is a mixture of HDEHP and
DMDOHEMA diluted in an aliphatic diluent (TPH). The low selectivity towards Am (SFam/cm
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= 1.6) is improved by the addition into the feed solution of the water-soluble complexing agent
TEDGA which enables the process to reach a separation factor of 2.5. Batch distribution experiments
supported by speciation studies have highlighted the major role of TEDGA in the process.
Distribution of TEDGA into the organic phase was reported and explained by partial co-
extraction with nitric acid and some cations (light lanthanides and americium in particular) in
DMDOHEMA complexes. The change in speciation with the atomic number through the series
would explain the differences observed in extraction behavior between light and heavy lanthanides
and therefore between Am and Cm. Based on distribution measurements and speciation studies,
chemical models were proposed for each step of the process. A flowsheet was calculated with the
PAREX code and first tested on a genuine PUREX HAR in 2010. The results were very promising as
98% of Am was recovered, very well decontaminated towards Cm (DF = 500) and lanthanides.

An ambitious R&D program was then launched to assess the performances of the process from the
perspective of a future industrial implementation of the EXAm process. The synthesis of the extractants
able to decrease the costs of the fabrication, the feasibility of the process implementation in industrial
liquid-liquid contactors (pulsed columns, mixers settlers), the process monitoring, the clean-up, and the
regeneration of the solvent and the treatment of aqueous wastes have been studied in great detail and
did not show any major issues for up-scaling the process. Another objective was to adapt the process to
treat concentrated PUREX raffinates in order to improve the compactness of the future workshop/
facility. The flowsheet was thus optimized to handle higher concentrations of minor actinides and
fission products. A concentration factor of a PUREX UOX3-type raffinate up to 3.5 could be reached
after modifications (increase e HDEHP and TEDGA concentrations, addition of a TEDGA scrub). This
new flowsheet was tested on a genuine PUREX HAC in laboratory-scale mixer-settlers in 2015 in the
framework of an integral experiment. About 82% of americium was recovered with a decontamination
factor of 50 versus curium. These values were lower than expected by calculations. The difference was
attributed to an inaccurate modelling of curium complexation by TEGDA potentially explained by
a different chemistry occurring at higher concentrations of curium. Americium was nevertheless
purified enough from curium and fission products to be transmuted in a fast neutron reactor in the
next coming years in order to demonstrate the closing of the americium fuel cycle. Meanwhile, R&D is
also in progress in the frame of European projects to improve and simplify the EXAm process. New
alternative processes based on TODGA-octanol mixture in the organic phase and either TPAEN (N,N,
N',N’—tetrakis[(6—carboxypyridin—Z—yl)methyl]ethylenediamine)[60’65] or SO3-Ph-BTBP (6,6'-bis(5,6-di
(3-sulphophenyl)-1,2,4-triazin-3-yl)-2,2"-bipyridine tetrasodium salt)!®**” as selective Am-stripping
agent in aqueous phase have been recently assessed and seem to be promising routes for the separation
of americium from PUREX raffinates by solvent extraction.
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