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ABSTRACT KEYWORDS
The Chalmers grouped actinide extraction (CHALMEX) process is GANEX; chalmex; recycling;
focused on the co-separation of actinides from all other ele- reprocessing; partitioning

ments in spent nuclear fuel solution, with the ultimate purpose
of transmuting the actinides into shorter-lived and less radio-
toxic elements. Based on solvent extraction equilibrium distri-
bution data of actinides and fission products, a preliminary
flowsheet was developed and tested in batch mode. The flow-
sheet consists of one extraction step with the CHALMEX FS-13
solvent (25 mM CyMe4-BTBP in 30% v/v TBP and 70% v/v FS-13),
using hydrophilic masking agents (20 mM bimet and 0.2 M
mannitol) in the aqueous phase for the complexation of trou-
blesome fission products. Two nitric acid scrub steps (0.5 M
HNOs) were efficient in removing co-extracted acid, all molyb-
denum and the majority of silver. Two stripping stages (0.5 M
glycolic acid at pH 4) were efficient in recovery of the actinides
from the organic phase. The need for a solvent clean-up stage
for the removal of nickel, cadmium, iron and the remaining
silver from the organic phase was demonstrated. Based on the
distribution data, it was calculated that a 99.9% recovery of
americium is possible using only 3 ideal extraction stages, 3
ideal scrubbing stages and 2 ideal stripping stages.

Introduction

The recycling of plutonium and the minor actinides (Np, Am, Cm) for
integration into advanced nuclear fuels is of interest due to their suitability
for transmutation in fast nuclear reactors. Another option is the transmutation
of the transuranium elements (TRU: Np, Pu, Am, Cm) in accelerator-driven
systems.!"?! Transmuting the TRU significantly reduces the long-term radio-
toxicity and long-term heat generation of the final, highly radioactive waste."!
The trivalent minor actinides (Am and Cm) and pentavalent Np have however
proven challenging to separate from the trivalent lanthanides due to the
similar chemical properties of the two groups of elements. One approach has

CONTACT Thea Lyseid Authen &) thea.authen@chalmers.se &) Division of Nuclear Chemistry, Department of
Chemistry and Chemical Engineering, Chalmers University of Technology, Kemivadgen 4, Gothenburg 412 96, Sweden.
© 2021 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives
License (http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in
any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.


http://orcid.org/0000-0001-6581-4820
http://orcid.org/0000-0001-5681-3009
http://orcid.org/0000-0002-8607-1090
http://orcid.org/0000-0002-7475-0686
http://orcid.org/0000-0001-6490-5595
http://orcid.org/0000-0002-0065-7673
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/07366299.2021.1890372&domain=pdf&date_stamp=2022-04-14

190 (&) T.LYSEID AUTHEN ET AL.

been to develop a solvent extraction process for Grouped ActiNide EXtraction
(GANEX), while another approach focuses on the selective actinide extraction
producing (near) pure elemental product streams.*!

The overall aim of GANEX processes is to separate all actinides as a group
from the fission and corrosion products present in used nuclear fuel, prefer-
ably without the need for redox control. The GANEX concept is based on
a two-cycle process: the bulk uranium is extracted in the first cycle and TRU in
the second cycle. The first GANEX cycle has been demonstrated on genuine
spent nuclear fuel, using mixer settlers, resulting in a 99.99% recovery of
uranium and with satisfying decontamination factors from the other actinides
and fission products.!’ In the second GANEX cycle, ligands are used which
are specifically designed to either co-extract TRU and lanthanides, or to
selectively extract only the TRU from the spent nuclear fuel solution. By
dispensing with the separation of a pure plutonium product stream, the
proliferation resistance of such a GANEX process is improved.'*! Several
GANEX versions are studied internationally. In two versions of the GANEX
process, the CEA - and EURO-GANEX processes, the TRU and lanthanides
are co-extracted in the second cycle. The separation of the TRU from the
lanthanides occurs in the stripping stage, where the TRU are selectively
stripped from the organic phase.”'* In more recently proposed systems,
the second cycle GANEX actinide recovery is achieved through the use of
a single diamide of heterocyclic dicarboxylic acid or a single heterocyclic
dicarboxamide.!'>'®!

The Chalmers GANEX (CHALMEX) process is another version of
the second cycle GANEX process. It combines the extractants 6,6'-bis
—(5,5,8,8-tetramethyl-5,6,7,8—tetrahydro—benzene-[1’2’4] -triazin-3-yl)-[2,2']-
bipyridine (CyMe,-BTBP, Figure 1la) and tri-n-butyl phosphate (TBP,
Figure 1b) in the fluorinated diluent phenyl trifluoromethyl sulfone (FS-
13, Figure 1c). In contrast to the CEA-GANEX and EURO-GANEX pro-
cesses, the CHALMEX process aims to achieve direct TRU/fission product
separation by extracting only the TRU elements from the spent nuclear fuel
solution without any redox control or modification.'”*!! The affinity of

Figure 1. (a) 6,6'-bis-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-benzene-I"**-triazin-3-yl)-[2,2']-bipyri-
dine (CyMe,4-BTBP) (b) Tri-n-butyl phosphate (TBP) (c) Phenyl trifluoromethyl sulfone (FS-13).
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the extracting ligand for the trivalent actinides (An(III)) over trivalent
lanthanides (Ln(III)) is explained by a higher degree of covalency in
bonds between the soft N-donors in CyMe,-BTBP and An(III), compared
to that of Ln(III) and the ligand.[zz_m The CHALMEX process has shown
promising results in its actinide-lanthanide separation, even during pluto-
nium loading conditions. Extraction equilibrium is reached for all target
radionuclides within 20 minutes when these are present in trace levels in
isolated systems.!!7!821-25-27]

Previous studies on the CHALMEX FS-13 process have focused on the
scrubbing of co-extracted acid from the organic phase and the stripping
of transuranic elements in isolated systems only.**) For the current
solvent (CyMe,-BTBP and TBP in FS-13), no published studies focus
on more process-like conditions, such as extraction, scrubbing and
stripping under simulated processconditions. In our previous study, we
showed that an optimised CHALMEX solvent (10 mM CyMe,-BTBP,
30% v/v TBP and 70% v/v FS-13) co-extracts palladium, silver and
cadmium to a significant extent.!”®! Furthermore, the solvent was
shown to be ineffective in extracting the An(III) from a simulated
raffinate solution, with distribution ratios < 1, most likely as a result of
solvent loading. The concentration of CyMe,-BTBP has therefore been
increased to 25 mM in the experiments presented here, in order to
ensure minor actinide extraction. The TBP/FS-13 ratio has been kept
at 30% v/v for TBP, as was shown satisfactory for both uranium and
plutonium extraction.*®!

Another study has reported on the complexation of fission products, spe-
cifically molybdenum, zirconium and palladium, in the aqueous phase using
mannitol and bimet (Figure 2).191 Although efficient in masking zirconium,
palladium and silver, the extraction of cadmium, molybdenum and nickel is

a) b) i

OH

Figure 2. (a) 2 R,3 R4 R,5 R)-hexane-1,2,3,4,5,6-hexol (D-mannitol) b) (25,2'S)-4,4'-(ethane- 1,2 -
diylbis(sulfanediyl))bis(2-aminobutanoic acid) (bimet).
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still problematic, and so back-extraction of these elements in the scrubbing
stages is desirable. Preliminary screening of different scrubbing solutions has
been performed and 0.5 M HNOj; has been determined to be the most suitable
scrubbing solution for the back-extraction of silver, molybdenum, palladium
and zirconium.!

Since the CHALMEX process aims to separate plutonium, trivalent and
pentavalent actinides from fission products, it is of importance to investigate
the route of all fission products in the process. Such process data will demon-
strate whether sufficient actinide/fission product separation is achieved, or if the
fission products are back extracted with the actinides causing an impure product
stream. The actinides can be back extracted by using 0.5 M glycolic acid at pH 4
as a stripping solution.?*! Earlier assessments have estimated the CHALMEX
process to Technology Readiness Level 2-3 (TRL 2-3), based on the absence of
both computer simulations and cold tests defining fundamental data for the
experimentation.”*! Although the work here is considered a cold test of the
process which supports the progress of the process’ TRL, computer simulations
that could produce an official TRL increase are still lacking. This is of importance
not only for comparative purposes with the other GANEX processes, but also an
important official stage in the process development as it allows for calculation of
the number of ideal stages for all process steps.

In this paper, the testing of a batch flowsheet using the aforemen-
tioned scrubbing and stripping solutions is presented. The ultimate
purpose is to determine whether the fission product management strat-
egy of the CHALMEX process is sufficient to ensure acceptable parti-
tioning of plutonium and the MA from the fission products.

Materials and methods
Batch flowsheet testing

A full schematic representation of the process steps tested is shown in Figure 3,
where each stage represents a single batch experiment. In the test, 5.00 mL of

CHALMEX CHALMEX CHALMEX CHALMEX
solvent extract extract solvent with
. Acid scrub > Strip impurities
Extraction
Raffinate + — — — | -1 - 2 stages -1 - 2 stages .
1 1 1 1
1 : [ !
HAR solution ' ! ' : '
1 1 1 1
+An h : 0.5 M HNO;, i |
+20 mM Bimet v !
c . v 0.5 M C,H;0,
+0.2 M Mannitol f(fl ri(i:(}:nscmb Recovered pH=4
solus An

Figure 3. Suggested flowsheet for the CHALMEX FS-13 process. Each box represents one batch-
contacting unit, with 90-minute contact time.
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Table 1. The composition (mg L™") of the simulated raffinate solution in 3.2 M HNOs. The simulated
raffinate solution composition was based on 5000 L t~' dissolved UO, fuel with initial 3.5%
351 enrichment, thermal burnup of 33,000 MWd tyy ™" and 3 years cooling.

Se Rb Sr Y Zr Mo Ru Rh Pd Ag «d Sn Sb Te Cs
9.7 544 1424 746 676.1 5480 3203 622 869 6.8 14.1 9.8 33 88.7 4528
Ba La Ce Pr Nd Sm Eu Gd Na Cu Ni Fe Al Cr

225.0 1973 4743 1848 5922 1221 281 211 12375 165 384 15450 47 76.7

pre-equilibrated (4 M HNO;) solvent (25 mM CyMe,-BTBP in 30% v/v TBP
and 70% v/v FS-13) has been contacted with a simulated raffinate solution (see
Table 1 for composition) with a nitric acid concentration of 3.2 M HNO;
(4.70 mL). The sample was spiked with a mixed **' Am (281 kBq mL™")/">*Eu
(278 kBq mL™")/***Cm (151 kBq mL™") tracer, 100 uL **’Pu tracer (323
kBq mL™"), and 100 uL *’Np tracer (30 kBq mL™'), in a test tube with
volumetric markings. The radionuclides were obtained from the following
sources:

o ***Cm: Oak Ridge National Laboratory, Oak Ridge, Tn, USA

o **' Am: Isotopendienst M. Blaseg GmbH, Waldburg, Germany

o **’Pu: Forschungszentrum Jiilich laboratory stock solution

o >*’Np: Forschungszentrum Jiilich laboratory stock solution

o ""?Eu: Eckert & Ziegler Nuclitec GmbH, Braunschweig, Germany

The simulated raffinate solution was prepared by introducing 0.2 M
D-mannitol (Difco laboratories, Michigan, USA) and 20 mM bimet (produced
in-house according to Kanesaka et al.*") to the aqueous phase prior to contact-
ing with the extractant phase for masking of selected fission products (Mo, Zr,
Pd). CyMe,BTBP was supplied by Karlsruhe Institute of Technology, Karlsruhe,
Germany and FS-13 by HaiHang Industry Co., Ltd., Jinan City, China. TBP (97%
purity) was supplied by Aldrich (Steinheim, Germany). After the initial contact-
ing and centrifugation, 500 uL samples of organic and aqueous phase, respec-
tively, were each collected for analysis. The remaining aqueous phase was
removed, and the remaining volume of organic phase was recorded. An equal
volume to the remaining organic solution of acid/fission product scrub solution
was added. The scrub solution was 0.5 M HNO; (diluted from 65% HNO;
SupraPur, Merck). The contacting, centrifugation and sampling procedure was
repeated for the scrub and for both stripping stages. A 0.5 M glycolic acid (99.5%,
Merck) solution (adjusted to pH 4 by adding NaOH) was used as the strip
solution.”! Each stage was contacted for 90 minutes at ambient temperatures
using Heidolph reax top test tube shakers (Heidolph Instruments GmbH Co.
KG, Schwabach) to reach extraction equilibrium at each stage. To limit heating
effects from the shakers, the sample vial was swapped between two identical
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shakers every 15 minutes. The sample vial was centrifuged (Hettich EBA 8S) for
5 minutes to ensure full phase separation after each stage.

Analysis

A 200 pL sample of each phase was analysed by gamma spectrometry (Eurisys
EGC35-195-R germanium coaxial N-type detector) to determine americium and
europium radioactivities. Similarly, a 10 uL was collected from each phase for
alpha spectrometry (Ortec Octéte-pc eight chamber alpha measurement system
equipped with PIPS detectors) to determine *>’Np, **Pu, **’Am and ***Cm
radioactivities. The 10 pL sample was added to 100 pL of a mixture of 1% ZAP
lacquer in acetone, and the liquid was then distributed on a metal planchet. The
planchet was first allowed to dry under an IR lamp, and the planchet was next
heated with a gas torch to burn off any residual organic matter. The planchet was
then inserted into the alpha spectrometer and the measurement was allowed to
proceed until a minimum of 10,000 counts per peak was recorded. A 20 pL
sample of each phase was also collected and diluted by a factor of 10* for ICP-MS
analysis. ICP-MS measurements of all elements were conducted using a Perkin
Elmer NexION 2000, Perkin Elmer LAS GmbH, Rodgau, Germany. The aqueous
phase was diluted in 1% v/v suprapur HNOj3, while the organic phase was diluted
in 1% v/v SupraPur HNO; containing 2% v/v of the surfactant EcoSurf (Carl
Roth, Karlsruhe, Germany), to allow dissolution. All pH measurements were
made on the aqueous phases during the experiment using a Metrohm pH Meter
691. To confirm the pH measurements later, the aqueous solutions were titrated
against NaOH using a Metrohm 905 Titrando automatic titrator.

Calculations

Number of ideal stages

Calculations for the ideal number of stages in a cascade counter-current
operation for solvent extraction purposes can be made according to the
same principles as for distillation and gas absorption.*?! The extraction, P,
of a solute can be calculated from Equation 1, where 0 is the phase ratio (O:A).

P=D-0 (1)

The fraction of a solute remaining in the aqueous phase compared to in the
organic phase, given by the symbol ¢, can be calculated using Equation 2.

XR_ P-1
XF_Pn—H_l

o= (2)
Here, x is the concentration of solute in the aqueous phase, subscript F refers
to feed solution, while R refers to the raffinate. By rearranging Equation 2, the
number of ideal stages, n, can be calculated according to Equation 3.
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B In(P — 1) — In(¢)
n= In(P) -1 G)

Results and discussion

Batch flowsheet tests were conducted according to the flowsheet shown in
Figure 3. The distribution ratios of the radionuclides in each process step are
shown in Figure 4. The combination of increased CyMe,-BTBP concentration
and masking agents allows for significant extraction of the An(III), compared
to what has been reported earlier, due to the increased free CyMe,-BTBP
concentration. The distribution ratio of Am (D = 32) is significantly higher
than was reported in previous systems where 10 mM CyMe,-BTBP was used
in the absence of masking agents.?®! As mentioned above, the CyMe,-BTBP
concentration was increased for the system tested here, as 10 mM CyMe,-
BTBP was not concentrated enough to ensure sufficient An(III) extraction due
to the preferential extraction of fission products over americium and
curium.?®! The D-values of neptunium and plutonium are both > 1.

An increase in D-value is also seen for the curium extraction, for which
a distribution ratio of 13 is obtained. The distribution ratio of plutonium
(D = 21) is consistent with the previously reported values for the CHALMEX
FS-13 system. TBP is a well-established extracting agent for plutonium and
two TBP molecules form an extractable complex with plutonium. In contrast

102 T T
10! ¢ Bl = ]
[ ]Extraction
1 |[_JScrub 1
A 10°; ~ ! | scrub 2
1 | I Strip 1
1 I Strip 2
10 E
1072

Am Cm Eu Np Pu

Figure 4. The distribution ratio, D, of the radionuclides investigated in the batch flowsheet test.
The extraction was performed by contacting the feed aqueous phase (simulated raffinate solution
with addition of radiotracers) with the CHALMEX FS-13 solvent comprising 25 mM CyMe,-BTBP in
30% v/v TBP and 70% v/v FS-13. The acid scrub was 0.5 M HNOs. 0.5 M glycolic acid adjusted to pH
4 using NaOH was used as the stripping solution. Distribution ratios below 0.01 are not shown.
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to uranium, plutonium is also extracted by the BTBP-ligand which explains
the higher D-value of plutonium compared to uranium in PUREX
systems.[lg’zg’3 3-351 The neptunium distribution ratio (D = 10) is consistent
with work recently published,’*® although this is in contrast to work published
by Halleréd et al., who reported D(Np) = 1.2.'81 The difference is most
probably due to differences in speciation of the neptunium stock solutions.
In the present work, the neptunium speciation was monitored as Np(V) using
UV-VIS spectrometer; the earlier publications assumed the presence of mixed
oxidation states (without verification).'® Neptunium’s valence chemistry is
highly variable, and is known to be affected by a range of conditions, including
acid concentration ([H']) and the presence of nitrous acid (HNO,).’¢738 1
concentrations of both 3.2 M HNO; and 4 M HNOj, neptunium is known to
undergo a spontaneous disproportionation reaction to form a mixture of
Np(V) and Np(VI), with a mole fraction of more than 0.75 of Np favouring
the Np(VI) state.®”) The neptunium used in Hallerdd et al.'® was milked
from a ***Am/*’Np column using HCl, and HCI is known to be a reducing
acid. It is possible that the presence of HCI either reduced any Np(VI) that
might have been formed back into Np(V), or that HCI hinders the dispro-
portionation reaction by interacting with any formed nitrous acid, which is
a potent catalyst for the reaction.*!

From Figure 4, it can be seen that americium, curium, and plutonium
largely remain in the organic phase during the acid/fission product scrubbing
stages. Neptunium, in contrast, is readily back extracted by 0.5 M HNOj. This
is unexpected as literature shows that in 0.5 M HNO3, Np will still exist with
mole fractions of above 0.65 for Np(VI) and less than 0.35 for Np(V)[39] . Both
Np(IV) and Np(VI) have been shown to remain in the organic phase during
such scrubbing conditions in similar systems, while Np(V) is readily back-
extracted and has low distribution ratios at low acid concentrations."'**"! It
also is known that Np(V) in nitric acid media readily (but slowly) oxidizes due
to the presence of dissociated nitrates, forming the more TBP-extractable
Np(VI) species. It has also been reported that extracted Np(VI) in TBP-
dodecane media, is reduced to the less extractable Np(V) by the presence of
either U(IV) or nitrous acid in the organic phase. In addition, the presence of
both H,O and acids in the organic phase has been shown have an impact on
neptunium speciation.'**?! Further studies are suggested to understand both
the forward- and the back-extraction mechanism and speciation of neptunium
in the CHALMEX FS-13 system.

Most of the remaining actinides are stripped in the first stripping stage.
Approximately 2.3% of the americium activity was recorded in the organic
phase compared to the aqueous phase after the first stripping stage, giving
a distribution ratio of 0.02. The curium activity in the organic phase was below
the detection limit after the first stripping stage, implying that practically all
curium was removed from the organic phase. Plutonium had a distribution
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ratio of 0.02 after the first stripping stage, confirming the suitability of glycolic
acid as a stripping agent. Despite the loss of neptunium in the scrubbing
stages, the remaining fractions in the organic phase are stripped along with
the other actinides.

The number of ideal stages required to extract 99.99% americium from the
feed in a counter-current cascade operation was calculated according to
Equations 1-3. It was calculated that under identical conditions, 3 ideal stages
of batch extraction will be required to extract 99.99% of the americium initially
present in the spent fuel solution. For 99.99% extraction of both curium and
neptunium, 4 extraction stages are required. For plutonium, 3 stages will be
required for a 99.00% extraction.

By allowing less than 0.01% loss of americium in the scrubbing stages,
a maximum of 3 scrubbing stages were calculated. For 3 scrubbing stages,
a 0.03% loss of curium, 37% loss of neptunium and 3% loss of plutonium was
found. For the overall recovery of 99.9% of americium, 2 stripping stages are
required. Applying the number of stages for each process stage to obtain 99.9%
americium recovery, the overall recovered percentages of the remaining acti-
nides were calculated using Equation 2. The possible recovery, assuming ideal
stages, is 61% for neptunium, 99% for curium and 94% for plutonium.

For comparison, both the CEA-GANEX and the EURO-GANEX processes
have been hot-tested with genuine spent nuclear fuel, the former using mixer-
settlers and the latter using centrifugal contactors."*'"] The CEA-GANEX was
demonstrated using 57 process stages in total and the EURO-GANEX using 32
process stages. Both processes were able to recover >99% of the Pu, Np and
Am. The CEA-GANEX study also reported a high degree of Pd (44.0%), Fe
(32.5%) and Sm (18.0%) contamination of the actinide stream. In
a heterogeneous recycling option such as the TRU-SANEX process, a 32
stage flowsheet was tested using centrifugal contactors and a surrogate feed.!*”’

Even though the results for the CHALMEX process presented here are for
ideal conditions and a simulated spent fuel raffinate, the total number of 8
process stages offer a significant simplification of the process flowsheet com-
pared to each of the aforementioned processes. This is advantageous not only
for capital costs of a plant, but also operational costs related to solvents and
waste management. Furthermore, an actinide stream free from fission product
contaminants is beneficial for fuel manufacture.

The distribution ratios for all fission products with D > 0.1 in the extraction
stage are shown in Table 2, along with the titrated acidity for each process step.
Nickel, cadmium and molybdenum are significantly extracted, with distribu-
tion ratios of > 100, 41.8 and 2.2 respectively in the extraction stage. Nickel is
present in the raffinate at 38.4 mg L~', which corresponds to 0.65 mM.
Cadmium is present at 14.1 mg L™ (0.12 mM), while molybdenum is present
at 548 mg L' (5.7 mM). Both nickel and cadmium are largely seen to remain
in the organic phase during both the scrubbing steps and the stripping steps
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Table 2. Distribution ratios, D, for all inactive (fission products) elements with D > 0.1 in the batch
flowsheet test. The extracting solvent was 25 mM CyMe4-BTBP in 30% v/v TBP and 70% v/v FS-13.
The scrub solution was 0.5 M HNO3 and the strip solution 0.5 M glycolic acid at pH 4. The table also
shows the pH calculated from titrations of the aqueous phase after each contacting stage.

Process stage pH Fe Ni Cu Mo Ag Cd Sn
Extraction - 05 0.1 > 100 1.0 22 0.2 41.8 0.2
Scrub 1 0.2 24 13 0.84 0.004 0.5 23.6 0.3
Scrub 2 03 52 > 100 1.0 03 0.5 15.5 0.4
Strip 1 0.4 29 94 9.0 5.9 20 > 100 7.6
Strip 2 0.8 42 4.1 1.9 > 100 0.8 > 100 3.1

Table 2, causing only low contamination of the actinide product. On the other
hand, this causes concern for build-up of these elements in the organic phase,
demonstrating the need for a solvent clean up stage. Meanwhile, molybdenum
is efficiently removed from the organic phase during the two scrubbing stages.
Due to the high distribution ratios of the actinides, molybdenum does not
require any further handling.

Iron is the element present in the highest concentration in the raffinate
solution used here, at 1545 mg L' (27.7 mM). Typically, the iron content of
PUREX raffinates are considerably lower, as either U(IV) or hydrazine are
used as reducing agents instead of ferrous iron.**) Nevertheless, an earlier
CHALMEX solvent showed issues with solvent loading by iron, and so a high
iron content raffinate was chosen to determine if the CHALMEX FS-13 solvent
could suffer similar difficulties. It is seen that iron loading issues are avoided
with the current solvent./*! However, even with D = 0.1, a significant amount
of iron (~ 2.5 mM) is extracted by the CHALMEX FS-13 solvent. Neither the
scrubbing solution, nor the stripping solution back-extracts the extracted iron.
Reports on the UNEX process, which also uses FS-13 as a diluent, show success
in reducing both the iron and zirconium extraction by complexing them with
fluoride ions.!***”]

The remaining elements with extraction distribution ratios above 0.1 are
copper, silver and tin. Despite the low abundance in the simulated raffinate,
silver is an efficient neutron poison and its presence in nuclear fuel is
unwanted.!*®! Although 75% of the extracted silver is scrubbed in the two
scrubbing stages (D = 0.5), the 25% remaining in the organic phase upon
stripping largely remain in the solvent. As with cadmium and nickel, this
further demonstrates the need for a solvent clean-up stage.

It is also worth noting that the pH of the aqueous phases low at each stage in
the process. The pH of the acid scrubbing solutions after contacting with the
organic phase show a pH as expected from pristine 0.5 M HNO;, suggesting
little to no acid has been back extracted. After the second stripping stage the
pH was titrated to 0.8. This suggests that there are significant amounts of
residual acid in the organic phase and that this is scrubbed by the stripping
solution along with the actinides.
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Conclusions

The proof of concept of the CHALMEX FS-13 process was successfully demon-
strated in a batch flowsheet test. It was shown that the TRU element’s distribution
ratios are sufficiently high in the extraction process step to allow 99.99% extraction
of americium from a simulated raffinate solution in 3 extraction stages.
Americium, curium, and plutonium remain extracted in the scrubbing stages,
while neptunium is partially back extracted, demanding further studies to optimise
the scrubbing conditions. Stripping of the actinides was successfully achieved using
glycolic acid at pH 4. For an overall recovery of 99.9% americium in the
CHALMEX FS-13 process a theoretical number of 3 extraction stages, 3 scrubbing
stages and 2 stripping stages were calculated, assuming ideal conditions. Such
experimental conditions yield an overall 99% recovery of curium, 61% recovery of
neptunium and 94% recovery of plutonium. Nickel, cadmium and molybdenum
have the highest distribution ratios of the fission products. Iron is also a cause for
concern, due to the very high abundance in spent nuclear fuel solution. While
molybdenum is sufficiently scrubbed by 0.5 M HNO;, a solvent clean-up stage is
required to remove iron, nickel and cadmium from the organic solvent, and any
residual acid in the organic phase.
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