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Development of a solvent extraction method
using the strong hydrophobicity of fluorine
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Abstract J

In the present study, we have developed a new
fluorous extraction system using a fluorous solvent
that does not form the third phase, which was not
possible with the conventional solvent extraction
method. In the traditional solvent extraction method
using an aliphatic hydrocarbon as a diluent, the phase
splitting of the organic phase (third phase formation)
due to the aggregation phenomenon of the complex
causes a problem. The strong hydrophobicity of the
fluorous solvent prevented the third phase formation
by interfering with the aggregation of the complex.
Furthermore, the fluorous extraction system showed
higher extraction performance for metal ion than the
conventional organic extraction system.

This research result has provided prospects for
the solution of the third phase formation, which could
not be dealt with the conventional solvent extraction
method. The fluorous extraction system in this
work is expected to contribute to developing the
metal resource recycling technology. This work was
published in the electronic edition of Solvent Extraction
and Ion Exchange (Taylor & Francis Group, July 14,
2019) [1].
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Fig. 1 Snapshot of the third phase formation.
After extraction, a third phase is formed, which is
insoluble in both organic and aqueous phases.

J = b

1. Background )

The efficient separation of various radionuclides
is vital in reducing the amount and toxicity of
radioactive waste. The separation of metal ions such
as radionuclides is carried out by a hydrometallurgical
process mainly based on solvent extraction, which
is a separation technique used to concentrate and
separate a certain target component by using the
distribution of a solute between two immiscible
solutions. Solvent extraction has been widely adopted
as a practical process in the reprocessing of spent
nuclear fuel and in refining valuable metals. However,
the separation process of real wastewater containing
high concentrations of metal ions and acids has been
disturbed by the third phase which is neither soluble in
the organic phase nor in the aqueous phase, as shown
in Fig. 1.

The formation of this third phase in the reprocessing
of spent fuel is undesirable, as it could cause safety and
criticality concerns due to the high viscosity and metal
concentrations. However, few applicable extraction
methods or extractants that do not suffer from these
problems have been proposed other than empirical
measures such as diluting of an aqueous phase or
adding alcohol [2]. The recent study has reported that
the third-phase formation is linked to hierarchical
aggregation behaviors of complexes, which self-
assemble via hydrogen bonding into primary clusters
that coalesce further to form superclusters [3,4]. This
supercluster formation portends the formation of the
third phase. Therefore, we expected that the third
phase formation could be suppressed by preventing
the formation of hydrogen bonds by water and acid
molecules.

In the present study, we synthesized a fluorous
extractant using a fluorous solvent, which is immiscible
with both water and organic solutions. By taking
advantage of the high hydrophobicity of the fluorous
solvent, we thought it would be possible to reduce the
formation of a third phase and interfacial crud.

2. Contents of research )

In the nuclear field, for reprocessing of spent
nuclear fuel, the tributyl phosphate (TBP, Fig. 2) has
been used as an typical extractant for zirconium,
Zr(IV) which is a fission product. Zr(IV) tends to form
a third phase during the extraction process. In this
study, we synthesized a fluorous extractant, which is
a fluoroalkyl-containing phosphate, tris(4,4,5,5,6,6,7,7,7 -
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nonafluoroheptyl) phosphate (TFP, Fig. 2) as an
extractant for Zr(IV).

To compare the extraction capabilities between the
developed TFP compound and TBP, the dependences
of the Zr(IV) extraction from HNOs solution by 0.05 M
TFP in perfluorohexane and 0.5 M TBP in n-octane on
HNO; concentration was determined (Fig. 3). Despite
its concentration being one-tenth of that of TBP, the
TFP had a higher Zr(IV) extraction performance.
The fluorous extraction system has been reported for
ion separation from aqueous and organic solutions in
a biphasic system. However, there are few reports
on metal lon extraction in fluorous biphasic systems,
because hardly any extractants that have a high affinity
for fluorous solvents and the introduction of fluorous
groups can reduce the extraction performance. For
TFP, a sufficiently long spacer, -(CH,);_ group, between
the coordinating group, P=0, and fluoroalkyl chain, -
C,F, lead to maintaining the original coordinating
ability to a Zr(IV) ion. Moreover, no third phase formed,
even in a high-concentration of initial Zr(IV) in the
fluorous extraction system (Fig. 4). To verify the reason
for the superior Zr(IV) extraction performance of TFP,
the compositions of each phase before and after Zr(IV)
extraction were determined using both TFP and TBP.
The concentrations of water and HNO; molecules in
the fluorous phase lowered after Zr(IV) extraction,
indicating that, unlike with TBP, water and HNO;
molecules do not preferentially interact with TFP.
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Fig. 2 Chemical structures of tri(4.4,5,5,6.6.7.7.7-nonafluoroheptyl) phosphate (TFP) and tributyl phosphate (TBP).
TFP has good solubility in a fluorous solvent due to its C,Fy groups. Moreover, a sufficiently long spacer, -(CH,)s
group, between the P=0 and -C,Fg groups lead to maintaining the original coordinating ability to a metal ion.
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3. Significance and impact of research results )
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In this study, we have developed a fluorous
extraction system that does not form the third phase
by preventing the co-extraction of water and acid
molecules in the extraction of metal ions. The fluorous
extraction system has provided prospects for the
solution of the third phase formation, which could
not be solved by the conventional organic solvent
extraction method. We believe that the superior
performance of TFP in the fluorous extraction system
makes it suitable for an alternative to the conventional
organic extraction system in reprocessing spent
nuclear fuel and to refining valuable metals in the

general industrial fields.
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Fig. 3 Effect of HNO3 concentration on the distribution ratio (extraction efficiency) of Zr(IV) by TFP and TBP.
TFP had a higher Zr(IV) extraction performance than TBP despite the TFP concentration in the fluorous phase being

one-tenth of that of TBP.
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Fig. 4 Snapshot of the phase behavior in the fluorous and organic extraction systems after Zr(lV) extraction.
No third phase formed even in the TFP system at a high-concentration of initial Zr(IV), whereas it formed in the TBP

system.
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In the extraction process of reprocessing spent
nuclear fuel, it is required that extractants and diluents
have high radiation durability, and the decomposition
products have no adverse effect on the extraction
process. Most fluorous solvents have low toxicity as
well as unique physicochemical properties including
non-flammability and high chemical stability. In order
to apply them to extraction and separation processes,
we are currently investigating the durability of
fluorous extractants and diluents against radiation. In
this study, it is believed that the third phase was not
formed by preventing the co-extraction of water and
acid molecules during the metal ion extraction, but
the structure of the complex formed by the fluorous
extractant and metal ions and hierarchical structuring
at higher TFP concentrations have not been clarified.
In the future, we will elucidate the extraction
mechanism of the metal ion by the fluorous system
at the molecular level by using nuclear magnetic
resonance spectroscopy, neutron / small-angle X-ray
/neutron scattering, and computational science
techniques to contribute to the development of the
metal separation field in Japan and abroad.
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