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lonic liquids have many favorable properties over conventional
diluents in solvent extraction. They provide environmentally-
benign feature, adjustable polarity and in some cases higher
extraction performances, that remain however not predictable. As
it may have a major role in extraction mechanisms, we evidence
the supramolecular aggregation of HDEHP/TOPO extractant
molecules in [OMim][NTf,] ionic liquid.

Understanding the peculiar mechanisms of ionic liquids based
extraction systems is essential to render the use of ILs in
solvent extraction more common and reliable. ILs are known
to present unique physico-chemical properties: the ability to
solubilize a wide range of solutes, low vapor pressure, high
thermal stability, structure tailorability, etc..! When used as a
diluent in solvent extraction, they appear very promising as
they prevent economic and ecological problems thanks to
higher flash points and lower volatility than conventional
organic diluents.” In some cases, they also significantly
improve the extraction efficiency compared to conventional
organic solvents.> However, as the underlying mechanisms in
such diluents are not fully understood, these higher
performances cannot be generalized nor predicted when
different systems or experimental parameters are applied.

Metal extraction in ILs occurs through extraction mechanisms
which can differ from those observed in molecular solvents.*
Among the systems tested, several types of extraction
mechanisms have been proposed such as anion® or cation®
exchange, solvation” and complexation processes with the
extractant molecules as in common organic solvents,8 or
multiple mechanisms.” Most of the reported studies rely on
the characterization of macroscopic data of extraction,
proposing for example, complexes’ stoichiometry determined
from the slope analysis method. Even though very complete
studies could explain a posteriori some extraction efficiencies
observed in ILs,4b no specific IL property has been evidenced to
generalize and predict them a priori. Moreover, no description
of the complexes’ and aggregates’ microstructure has been
investigated in detail to our knowledge. For these reasons, we
aim at investigating the supramolecular aggregation of the
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extractant molecules in ILs, to evaluate their influence on the
key parameters of solvent extraction.

It is now well established that the solvent extraction
mechanisms in common diluents are based not only on the
molecular chelation properties of the extractant molecules,
but also on their ability to form supramolecular reverse
aggregates due to their amphiphilic nature.’® As ILs are widely
studied as new media for surfactant self—assembly,11 and as
they are known to modify the curvature radii of surfactant
reverse mit:roemulsions,12 it appears essential to evaluate the
effect of these diluents having such peculiar polarity and
structural properties, on the supra molecular aggregation of
the extracting agents. To estimate the influence of ILs on
solvent extraction mechanisms, we propose in this paper to
compare the results found in an IL based system to those
obtained in a common apolar diluent as dodecane, by focusing
for the first time on such systems, on the characterization of
supramolecular aggregation in ILs. Understanding aggregation
phenomenon in detail, will give, in further studies, the
opportunity to propose new insight into the influence of ILs as
diluents on solvent extraction mechanisms.

We took advantage of previous studies performed on
conventional apolar solvents devoted to the extraction
mechanisms of hexavalent uranium U(VI) from phosphoric acid
by the URPHOS system. In this system, extracting agents
consist of a combination of di-(2-ethylhexyl)-phosphoric acid
(HDEHP), a cationic exchanger extracting agent and tri-n-octyl-
phosphine oxide (TOPO), a solvating agent in a 4:1 molar
ratio.”> We showed in conventional apolar diluents that the
synergistic properties of this mixture are related to a favored
aggregation,14 and combined SAXS and SANS measurements
revealed a significant influence of the diluent in synergistic
mechanisms.” Very recently, a study involving the same
HDEHP/TOPO system for extraction of U(VI) from a phosphoric
acid solution in n-octyl substituted imidazolium based ILs,
[OMiIm][NTf,] and [OMim][PF¢], has indicated that extraction
performance is inferior in IL than in n-dodecane diluent,16 but
no evidence nor explanation of the mechanism was proposed.
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Figure 1 Distribution ratio of uranium and selectivity of uranium
toward iron in IL (top part) and in dodecane (bottom) as a function of
molar percentage of TOPO in the mixture of extractants, and for total
concentration of extractants [HDEHP]+[TOPQO]=0.5M

In the present study, in order to estimate the [OMim][NTf,]
effects on the aggregation phenomena and on the synergistic
extraction by HDEHP/TOPO couple of extractants, different
characterization methods were carried out. Extraction of the
metals, acid and water were determined by the ICP-AES
technique and Karl-Fischer titration. Aggregation of the
extractant molecules was characterized from SAXS and SANS
measurements. As detailed in the following, this latter point,
which is essential to evaluate the presence and the
consequence of supramolecular aggregates in solvent
extraction, required the specific synthesis of fully deuterated
ILs. Organics solutions, containing a total extractant
concentration [HDEHP+TOPO] of 0.5M in the IL [OMim][NTf,]
or dodecane, were contacted to 5M phosphoric acid solution
containing uranium (VI) and iron (lll) at concentrations of
1Immol and 45mmol to be in the similar conditions as in
URPHOS process. To look over conditions at and out of the
synergism, molar percentages of the extractant molecules
were varied from [TOPO]/[HDEHP+TOPO]= 0 to 100%. Organic
and aqueous phases were contacted with a volume ratio 1/1
for 2 hours and separated after 1 hour centrifugation at 4000
rpm.

Variations of the distribution ratio of uranium, Dy, and of the

selectivity toward iron in the IL, &y, are plotted in Figure 1
as a function of the TOPO molar percentage in HDEHP/TOPO
mixture. They were compared to those conventionally
obtained in n-dodecane and to those obtained in the pure IL.
A distribution coefficient and selectivity of 0.1 and 6 showed
that the pure IL has no extraction performance (see ESI).
Extraction properties of HDEHP/TOPO mixtures appear very
different when applied in IL than in dodecane. As already
reported,16 the affinity toward wuranium is lower in
[OMIm][NTf,]. The efficiency to extract U(VI) from phosphoric
acid solution remains however significant with more than 66%
of uranium selectively extracted with respect to iron (Dy=2;
Su/re=60). A striking feature of extraction is also that the
maximum synergistic extraction is shifted from 20% of TOPO in
dodecane to 40% in the IL.

Although the influence of many parameters (pH, total
extractant concentrations or diluents nature..) have been
studied for the HDEHP/TOPO system, so far none of them had
been shown to modify the synergistic percentage, even when
different diluents such as dichloromethane, heptane, or
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hexadecane were used. It suggests that the IL influences
strongly the synergism mechanisms.

Since the presence of water and acid is very important in the
reverse aggregates formation in apolar media,17 and, in order
to characterize fully the extraction properties of HDEHP and
TOPO in [OMim][NTf,], water and acid extraction have been
measured and compared to the ones in dodecane (Table 1).
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TOPO percentage
(%) 0 20 40 50 60 80 100

Extracted H;O in % % %
dodecane (mmol/L) 62 89 114 129
Extracted H;POy4in « « «
dodecane (mmol/L) 6 2 67 88.5
Extracted LOIIL | o65  777 743 = 764 647 632
(mmol/L)
Extracted H;PO,in
IL (mmol/L) 23 31 39 - 34.5 24 17

Table 1 Comparison of water and acid extraction in dodecane and IL for
various TOPO percentages. (— not measured * TOPO insoluble at these
percentages and concentrations)

In contrast to what was measured in dodecane,14 the increase
of TOPO percentage does not gradually enhance the water and
acid extraction. Besides, the concentration of acid is much
lower in the IL while the extracted water is 6 to 10 times
higher. To de-correlate the solubilisation power of the pure IL,
water and acid extraction were also characterized without
extractant molecules. It appears that pure IL extracts 100
times less acids but solubilises about 600 mmol/L of water (see
ESI). This first result is consistent with the formation of reverse
aggregates formed by HDEHP and TOPO, which would be able
to solubilize about 100 mmol/L of water and 20 to 40 mmol/L
of acids in their polar core, as it is often observed with
surfactant reverse micelles.

It can also be observed that the concentration of acid in the IL
is maximal at 40% of TOPO molar percentage, as for the
selectivity of uranium versus iron, while the amount of
extracted water is almost constant with the addition of TOPO.
These very different features of extraction properties in IL
suggest that very different mechanisms are involved in this
new class of diluent. This strengthens the need to explore and
understand the mechanisms that may be responsible for the
different and unpredictable extraction properties in ILs.

As we previously related the synergistic properties of
HDEHP/TOPO mixtures in conventional solvents to favored
aggregation,14 and as it has never been characterized in ILs
based extraction systems, the aggregation properties of the
extractant molecules in [OMim][NTf,] were characterized by
SAXS and SANS.

X ray scattering curves of the extracting organic phases are
presented in Figure 2a in the IL and compared to those
prepared in dodecane in Figure 2b. First of all, X-ray scattering
curves of IL-based extracting solutions show the presence of
aggregates, characterized by an increase of intensity at small
angles, which is not observed in the pure IL. First of all, X-ray
scattering curves of IL-based extracting solutions show the
presence of aggregates, characterized by an increase of
intensity at small angles, which is not observed in the pure IL.
Looking at the signal of the aggregates, it appears that the
saturation plateau observed when Q tends to zero, occurs at
higher absolute intensities than those in dodecane (c.a. 0.3cm’
Yin IL and 0.1cm™ in dodecane), while the beginning of
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intensity decrease appears at smaller Q (0.6 to 1nm™ in IL
compare to 3 to 4nm™ in dodecane).
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Figure 2 Scattering curves of a) the pure IL [OMim][NTf2] and IL-based
organic phases after extraction; b) pure dodecane and organic phases
afetr extraction at different TOPO percentages. Total extractants

concentration is 0.5M

The combination of these two features is in favor of the
formation of bigger aggregates in IL than in dodecane.
However, the presence of three peaks located at 3.5, 8.5, and
13.5nm™ make difficult any further interpretation, such as
determination of the aggregates size, shape and
microstructure, from a regular fit of the data. These peaks are
commonly identified as correlation peaks due to the intrinsic
structure of the IL, and are respectively attributed to the
anion-anion, anion-cation, carbon-carbon correlation
distances.”® It appears therefore essential to perform
complementary measurements by small angle neutron
scattering (SANS).

SANS measurements were performed in a deuterated IL. In
addition to provide a complementary contrast to characterize
aggregates and a decrease of the incoherent signal due to
hydrogens, the full deuteration of the IL was also expected to
give the possibility of extinguishing the first structural peak of
[OMiIm][NTf2] (at 3.5nm™ in Figure 2a). As proposed by
Hardacre et al. in 2010, a partial to complete deuteration of
the IL allows modulation of the intensity of the different peaks,
until a complete extinction of the first one for fully deuterated
ILs is achieved."®

We therefore synthesized a fully deuterated [OMim][NTf,]
following the approach described in scheme 1.

[S]
1) BrC4Ds7, NaH, THF I
40°C, 3h30 e
Ny NH Dy N I N>cepy;
2) CDyl, CHyCN, 12h, it
D Do

1) KOH (10%mol), D,0,
60°C, 12h >:<® NTf
- == .
NN
DsC \f CgDy7
D

95% overall yield
%D > 95%

2) LiNTf, D,0,
rt, 3h

Scheme 1 Reactional scheme applied for a synthesis of fully
deuterated [OMim][NTf2]

After the N-alkylation of imidazole by deuterated alkyl chain,
the imidazole protons have been exchanged with a deuteron
by incubating the imidazole in deuterium oxide (D,0). The
isotope-exchange reaction is followed by NMR and confirmed
by mass spectroscopy (see ESI). Finally, the metathesis
reaction  with lithium  bis(trifluoromethylsulfonyl)imide
performed in D,O resulted in a fully deuterated pure IL
[OMim][NTf,].

The scattering curves at different TOPO percentages are
presented in Figure 3a and compared to those obtained in
dodecane in Figure 3b. Spectra of the pure diluents are also
presented to emphasize the signal contribution attributed to
the aggregates. As it was observed with X ray scattering, SANS

This journal is © The Royal Society of Chemistry 20xx

spectra show clearly that some aggregates are present in the IL
extraction phase. An intense saturation plateau at small g
values followed by a sharp decrease characterizes a presence
of globular particles of about 1 nm in diameter. Moreover, a
break in the slope between these two regions is also in favor of
slightly bigger aggregates in the IL than in dodecane.

a) ' " TOPO ratio 100%
= TOPO rafio 50%
By~ TOPO ratio 0%

Z
.

o Non Deuterated IL
* Non deuterated IL substracted
from Incoherent signal
Deuterated IL
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e

o Q ™
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Figure 3 Scattering curves at different
[OMim][NTf2] and b) dodecane

The IU's deuteration enables full characterization of the
aggregates: as shown in Figure 3a when comparing the pure
deuterated and not deuterated IL, not only the level of
background signals brought by the incoherent signal due to
hydrogens decreases; as expected from Iiterature,18 it
participates also to the extinction of the first structural peak
appearing at 3nm™ on the signal of the non-deuterated IL
substracted from its incoherent signal.

Aggregates observed by SANS measurements also appear
bigger than those observed by X ray. These behaviors are
confirmed quantitatively with a guinier estimation of the
aggregates radii (Table 2), performed on both SAXS and SANS
spectra (Details in ESI).

in [OMim][NTf,] | in dodecane

TOPO percentage (%) 0 50 100 0 20 50
Rsaxs (nm) 1.1 1.0 09 | 02 03 04
Rsans (nm) 14 15 15 0.6 07 09

Table 2 Estimations of the aggregates radii derived from a guinier analysis
(average uncertainty: £ 0.2nm)

The trend observed with increasing TOPO percentages is
similar to the one obtained in deuterated dodecane.
Considering a core-shell model as in the common organic
diluents, the increase of scattered intensity observed in IL
could be interpreted in terms of aggregation number (Nag)
and of penetration of the diluent in the apolar shell. This
behaviour will be fully quantified in a further study thanks to a
complete fit of the data, and related to an estimation of the
important thermodynamic driving force of extraction, such as
configurational entropy and binding energy of aggregates.15

While ILs are commonly considered as very promising in
solvent extraction, their better efficiency is still not
predictable, probably because of a lack of understanding of
the main mechanisms in these new kind of diluents, where
polarity and structuration properties are very important
compared to common solvents. Here, on a system where the
extraction mechanisms in IL differ considerably from that in
traditional organic diluents, we evidence for the first time the
presence of reverse aggregates in the IL based organic phase.
Their characterization required a specific deuteration of the
ILs, in order to extinguish the strong structural peaks obtained
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in these solvents. Thanks to this study, it will be possible to
analyze in detail the structure of the aggregates from a full fit
of the SAXS and SANS spectra, as well as parameters such as

Nag,

solvent  penetration and critical aggregation

concentration (CAC) that appeared to be essential in the
understanding of the synergistic mechanisms in common

organic diluents.
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