Angewandte

5450

Zuschriften

Extractant Aggregation

DOI: 10.1002/ange.201402677

Elucidation of the Structure of Organic Solutions in Solvent Extraction
by Combining Molecular Dynamics and X-ray Scattering**
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Abstract: Knowledge of the supramolecular structure of the
organic phase containing amphiphilic ligand molecules is
mandatory for full comprehension of ionic separation during
solvent extraction. Existing structural models are based on
simple geometric aggregates, but no consensus exists on the
interaction potentials. Herein, we show that molecular dynam-
ics crossed with scattering techniques offers key insight into the
complex fluid involving weak interactions without any long-
range ordering. Two systems containing mono- or diamide
extractants in heptane and contacted with an aqueous phase
were selected as examples to demonstrate the advantages of
coupling the two approaches for furthering fundamental
studies on solvent extraction.

M etal recycling is a subject that has become topical owing
to economic interests. As resources in chemical elements
become worrying, and demand is expected to explode, it
becomes crucial to recycle waste from mines, energy compa-
nies, and processing industries. The key step in recycling is
separation, and liquid-liquid (LL) or solvent extraction
remains one of the most suitable partitioning methods.!
This method was developed for the separation of compounds
on the basis of their different solubilities in immiscible liquids,
usually water and an organic solution. Metal recovery is quite
challenging owing to the poor solubility of inorganic ions in
oils. The use of lipophilic complexing ligands is thus required
first to complex target solute ions and second to solubilize the
complexes within the oil phase. Most lipophilic extractant
molecules have amphiphilic properties due to their dual
structure made of a polar (the complexing group) and an
apolar part (alkyl chains or hydrocarbon rings necessary to
increase their solubility within the organic solvent).” It is now
well-established that the organic phases involved in such
processes are not molecular solutions of extractants, but
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rather structured solutions.”) We propose herein that small-
and wide-angle X-ray scattering (SWAXS) techniques can be
used in combination with molecular-dynamics simulation to
analyze the molecular and supramolecular structure of two
organic phases.

Micellization phenomena in solvent extraction systems
were considered first in 1991 by Osseo-Asare,! who de-
scribed similarities between the behavior of surfactants and of
the extractant molecules used in the PUREX nuclear process.
Since then, the formation of reverse aggregates in aliphatic
solvents has been highlighted with other types of extractants
used for metal recycling in nuclear processes.”! Moreover, the
interactions between extractant aggregates within the organic
phase are responsible for phase splitting!® (such as the so-
called third-phase formation, which is a major drawback in
industrial processes and has a non-negligible impact on the
separation efficiency). Usually, compact structures are iden-
tified, and the core diameter of the aggregates, often
compared to reverse micelles, is less than 1 nm. Therefore,
extractant molecules are always considered in the first or
second coordination sphere of the extracted solutes.” At high
concentration, or depending on the solute valence, the
aggregates can grow in one or two directions.”! However,
despite the investigation of many systems, and despite the
crossing of various techniques, such as X-ray or neutron
scattering to probe the nanoscopic structures, osmometry to
determine the chemical potential of the various species, and
spectroscopy to characterize the coordination sphere of the
extracted solutes, there is still no consensus on the large-scale
supramolecular architecture of the aggregates, and more
especially on their interactions, which are at the origin of
phase instabilities.”

There are indeed several reasons for the difficulties
encountered. For a solvent-extraction separation process,
the extractant concentration in the oil phase is far above
a critical aggregation concentration, which is already rather
high owing to the strong affinity of the ligand for the solvent
(in the range of 0.1Mm, whereas for a classical surfactant, the
critical micellar concentration is usually below 5.107°m).
Therefore, monomers coexist at a high concentration with
aggregates.”®’ Moreover, the aggregates are small and
characterized by a very low aggregation number (< 10).
Finally, owing to high local curvature of the interface between
the polar core and the organic shell of these aggregates, some
of the solvent molecules are embedded within the shell and so
belong to the supramolecular structure. As a result, the
contribution of the various species (solvent molecules,
monomers, and various aggregates) to the different measure-
ments is not easily distinguishable. Moreover, the strong
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dependence of the shape and size of the solvated complex on
the chemical nature of both the extractant and the solvent,
and also on the activity of the adjacent aqueous phase, makes
it even more difficult to predict the final structure. A lack of
detailed understanding of the structure and dynamics of this
liquid supramolecular organization (in the bulk organic phase
and at the interface between the two liquids) hampers the
resolution of many cation-separation issues. Since no ideal or
model system really exists, it is necessary to probe the
behavior of each system of extractant molecules as a function
of the required separation property: a difficult task.

To tackle this highly challenging issue, we crossed the
results of molecular-dynamics (MD) simulations with those
from scattering experiments and showed the pertinence of
this approach in such a case. This combination has already
been successfully used for other structured solutions, such as
solutions of proteins,'” ionic liquids*Y hydrotropes in
aqueous phases'? inverted micelles,"” and detergentless
microemulsions." Both tools provide insight into the mixing
properties at the nanometer scale in complex fluids and were
used in this study to investigate the structure of two specific
organic phases containing extractants. Small- and wide-angle
scattering data were compared with the Fourier transform of
pair correlation functions obtained from MD simulations with
the program nMoldyn.!"”!

Simultaneous detection of small- and wide-angle X-ray
scattering (SWAXS) is convenient for the determination of
the spatial variation of electronic densities from a few
angstroms up to a few tens of nanometers, especially when
the characteristic lengths of these fluctuations are small. The
measured scattering intensity is proportional to the structure
factor S(q) or the Fourier transform of the radial distribution
function that quantifies the excess probability density of
finding a molecule near another molecule. S(q) is an
appropriate feature for comparing experiments and modeling
and can be described as:

)

with q as the wave vector, p; the scattering-length density of
atom i (electron density for X-ray scattering), r; its position
vector, and N the number of diffusing sites.

The extrapolation value of S(q) at q—0 for a pure solvent
is directly proportional to the compressibility of the fluid and
is used for the normalization of the scattering intensity in
absolute units (see the Supporting Information). In the
scattering range covered by the instrument (see Figure 1,
top) only the first oscillation in the structure factor is
observed at large g-vectors.

The first chosen example concerns the N,N’-dimethyl-
N,N'-dioctylhexylethoxymalonamide ligand (DMDOHEMA ;
see Figure SI.1 in the Supporting Information), an extractant
molecule used to extract actinide(III) and lanthanide(III)
cations from aqueous solutions in nuclear-fuel reprocess-
ing."¥! Detailed analysis of the structuring of this system in
different alkanes has been carried out as a function of water
activity. Above a critical concentration of about 0.1 molL " in
heptane,*!l an increase in the small-angle X-ray scattering
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Figure 1. Comparison of the experimental (dotted lines) and theoret-
ical (solid lines) SWAXS profiles obtained for pure n-heptane (black)

and 0.6 M DMDOHEMA in n-heptane (green) after contact with pure
water.

signal was observed. This excess of scattering at low q-vectors
for an extractant concentration of 0.6 molL™! is shown in
Figure 1 (top; green curve) and can be compared to the
scattering of the heptane solvent (black curve). This scatter-
ing excess gives us information on electron-density hetero-
geneities at the nanometer scale for this system, whereas the
peak around 14.2 nm™' corresponds to the first shell of the
aliphatic chains in the solution, as in the pure solvent.

A classical analysis of the SAXS signal upturn (below
4nm™), as developed in Ref.[17], can be applied to
determine the size of these heterogeneities. The product of
a form factor describing the shape of the malonamide
aggregates and a structure factor that takes into account
a sticky potential for characterizing the interactions of the
aggregates enable us to simulate this intensity upturn. For
malonamide in oil, spherical aggregates with a core size
around 1 nm and aggregation numbers smaller than 10 have
been determined as a function of the concentration.'*!
However, this determination depends first on the geometrical
hypothesis (spherical, ellipsoidal). It also depends strongly on
the scattering contrast between the aggregate core, which is
itself related to the number of trapped water molecules within
the core and the salvation of the aggregate with heptane
molecules within the shell. All these uncertainties are
gathered in polydispersity parameters that are difficult to
justify. Finally, the scattering simulation depends also on
1) the difference between the contributions of the spatial
distribution of the monomer and the solvent, which remains
difficult to quantify as a function of the extractant concen-
tration, and 2)the crossed term taking into account the
interferences between monomers and aggregates, which is not
constant.

From molecular-dynamics simulations on the same
system, as presented in Figure 1, there is clearly a dispersion
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Figure 2. Molecular-dynamics simulation-box snapshot of the 0.6 M
DMDOHEMA solutions, represented with (right) and without (left) the
n-heptane solvent. Gray: n-heptane, green: DMDOHEMA monomers,
blue: DMDOHEMA aggregates.

of the malonamide extractant molecules either in the form of
monomers (Figure 2: green-colored malonamides) or within
aggregates (Figure 2: blue-colored malonamides). These
aggregates are not always formed around a cluster of water
molecules (Figure 2: red and light-gray), but can be consid-
ered as rather compact and stable when they exist."”]
However, the ideal picture of a polar core surrounded by
aliphatic chains and the solvent, as considered in classical
SAXS analysis, does not appear in this simulation. The
Fourier transform of the radial distribution functions presents
a similar shape of the structure factor, characterized by an
intense peak around 14.2 nm ' and an upturn with a leveling
off at lower g-vectors, as observed in the experimental data
(Figure 1, bottom).

These simulations show that these aggregates are highly
solvated by the heptane solvent and are in equilibrium with
extractant monomers. At this concentration of 0.6 M, there is
no signature of a long-range order nor of a network organ-
ization. Importantly, water molecules do not form a systematic
anchorage point for micellization, as often mentioned when
these aggregates are compared with reverse micelles.

From these MD simulations, it is possible to quantitatively
partition the DMDOHEMA extractants into monomers
(25%), dimers (48 %), trimers (23 %), and tetramers (4 % ).
These data can be compared with those obtained from an
analysis of vapor pressure osmometry (VPO) experiments
under the same experimental conditions, that is, 0.6M
DMDOHEMA in n-heptane. The latter results suggested
the presence of monomers (34 %) and tetramers (66 % of the
extractants).’¥ The amount of extractant molecules in
monomeric form is not too different (25% as compared to
34%); however, the distribution of aggregates with different
aggregation numbers is more critical. These differences can
be explained by the assumptions that are made to quantify the
solvent-activity deviation and the much higher concentration
range of the VPO measurements as compared to that used for
calibration (see the Supporting Information). This compar-
ison demonstrates the limits of the aggregation quantification
deduced from VPO measurements. The above example shows
the real contribution of the MD simulations to the supra-
molecular speciation of small polydisperse aggregates, which
are difficult to quantify by a simple mathematical treatment
of the VPO data.
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A second example with another type of extractant
molecule that is less amphiphilic was analyzed. Monoamides
are a class of extractant with high affinity for uranyl molecules
and whose interest was highlighted by Siddall in 1960.*" By
using the same approach as that for the malonamide, we
performed MD simulations and SWAXS experiments for
a monoamide (di(2-ethylhexyl)isobutyramide, DEHiBA) at
two different concentrations (1 and 2molL™') in heptane
(Figure 3).
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Figure 3. Molecular-dynamics simulation-box snapshots of the 1 (top)
and 2 molL™" (bottom) DEHiBA solutions, represented with (right)
and without (left) the n-heptane solvent. Gray: n-heptane, orange:
DEHiBA monomers, blue: DEHIBA aggregates.

Contrary to the observations for the malonamide, the
aggregation in this case seemed much less pronounced,
whatever the extractant concentration. Mainly, monomers
and dimers were found to be in equilibrium in heptane.
Associated monoamides were in dimeric clusters, bonded
either by dipole/dipole interactions or through water mole-
cules. For the lowest extractant concentration (1 molL™),
82 % of the DEHiBA was in monomeric form, 17 % in dimeric
form, and 1% as trimers. At 2.0 molL~!, the amount of
extractant involved in aggregates increased (33 % in dimers
and 4% in trimers). In this highly concentrated system, the
deviation between the VPO results and MD simulations was
more significant: Although VPO analysis indicates that the
amount of DEHiBA involved in dimers and trimers increases
with the monoamide concentration, the amount of monomers
was underestimated (59 and 30 % monomeric DEHiBA for
1 and 2 molL™' DEHiBA solutions, respectively).”!! Again,
the VPO experiments were performed far from the ideal
concentration range used for the osmometer calibration,
which could explain these differences.
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Figure 4. Comparison of the experimental (dotted lines) and theoret-
ical (solid lines) SWAXS profiles obtained for pure n-heptane (black),
1 molL™" DEHiBA in n-heptane (blue), and 2 molL™' DEHiBA in n-
heptane (red) after contact with pure water.

The simulated structure factors determined from these
trajectories are presented in Figure 4 (bottom) and compared
with experimental SWAXS data (top); in both cases, they are
superimposed onto the structure factor of pure n-heptane
(black curves). We can still recognize the peak at 14.2 nm™!
(first shell of the aliphatic chain). A second peak appears at
7.3nm™". The intensity, but not the position, of this second
peak depends on the monoamide concentration (see exper-
imental SWAXS data with additional DEHIBA concentra-
tions in Figure SI.2). This type of peak in the intermediate
q regime was also observed in alcohol/water mixed solutions
and was attributed to the correlation distance between
alcohol OH groups. However, in that case, when alcohol
molecules are diluted with water, the peak shifts towards
lower g-vectors were analyzed in terms of swelling due to the
hydration of the OH groups of alcohol molecules.>??! For the
monoamide system, this peak is related to the correlation
distance between the polar groups of the extractant mole-
cules, a correlation which is quite strong and for which the
distance does not change when the system is diluted with
heptane. A logical explanation is that clusters formed by
extractant molecules as dimers, trimers, or tetramers do not
swell when heptane is added, but it is only the decrease in
concentration that is related to the weakening of peak
intensity, in agreement with MD simulations. For this
second example, the contribution of the MD simulations is
therefore also essential, since it allows speciation without the
assumptions usually made for VPO or SWAXS data treat-
ment, which depends on the experimental conditions.

In conclusion, we have shown that experimental SWAXS
spectra of solutions containing extractant molecules in an
apolar solvent can be accurately reproduced by MD simu-
lation. This study specifically addressed for the first time the
complex structure of the organic phase in solvent extraction
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with a quantitative description of the molecular and supra-
molecular organization of the extractant in oil at a wide range
of concentrations. The classical fitting treatment applied to
scattering spectra, for which the form and structure factors of
dense aggregates dispersed in a homogeneous fluid are
considered, has two major limitations that can be overcome
by using MD simulation: 1) it cannot be applied at high
extractant concentrations at which P(q) and S(q) cannot be
decoupled, and 2) it is not valid in the high q range above
6 nm™~', in which intermolecular distances become important.
Therefore, the procedure proposed herein appears to be
especially well-adapted for weakly aggregating amphi-
philes,” such as hydrotropes® in water or lipotropes®®’ in
oils, which are typically characterized by high critical micellar
concentration values and low aggregation numbers. Such
systems are of high interest in various applied fields, and their
aggregation process is still under debate.’®! We believe that
these developments will have a significant impact on future
investigations involving solvent extraction.
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