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ABSTRACT

The nanoscale structure of a complex fluid can play a major role in the selective adsorption of ions
at the nanometric interfaces, which are crucial in industrial and technological applications. Here
we study the effect of anions and lanthanide ions on the nanoscale structure of a complex fluid
formed by metal-amphiphile complexes, using small angle X-ray scattering. The nano- and
mesoscale structures we observe can be directly connected to preferential transfer of light (La, Nd)
or heavy (Er, Lu) lanthanides into the complex fluid from an aqueous solution. While the toluene-
based complex fluids containing trioctylmethylammonium-nitrate (TOMA-nitrate) always show
the same mesoscale hierarchical structure regardless of lanthanide loading and prefer light
lanthanides, those containing TOMA-thiocyanate show an evolution of mesoscale structure as a
function of the lanthanide loading and prefer heavy lanthanides. The hierarchical structuring
indicates the presence of attractive interactions between ion-amphiphile aggregates, causing them
to form clusters. A clustering model, that accounts for the hard sphere repulsions and short-range
attractions between the aggregates, has been adapted to model the X-ray scattering results. The
new model successfully describes the nanoscale structure and helps in understanding the
mechanisms responsible for amphiphile assisted ion transport between immiscible liquids.
Accordingly, our results imply different mechanisms of lanthanide transport depending on the
anion present in the complex fluid and correspond with anion-dependent trends in rare-earth

separations.



The demand for lanthanide elements is rising due to their use in many technological applications,
such as permanent magnets used in electric vehicles and wind turbines.! This has provided an
impetus to research into efficient separation of lanthanides from their mixtures.? Industrially,
solvent extraction is the most common separation technology used in refining and reprocessing of
lanthanides and other heavy elements,> * although novel separation processes are being
researched.> ¢ Solvent extraction (SX) works on the principle of preferential distribution of a solute
between two immiscible liquids (Figure 1a). The metal ions are transferred from an aqueous phase
into an organic phase with the help of extractant molecules, which are typically amphiphilic
molecules. These extractants can form discrete complexes with the lanthanide ions and aggregate
in the organic phase.” They can also form reverse micellar aggregates (referred to as aggregates)
with the transferred metal ions, co-transported anions, and water molecules (Figure 1b). While
supramolecular interactions in this complex fluid are known to influence the SX process, the exact
link between the organic phase’s composition, structure and SX is an area of active research.31°
Here, SAXS experiments reveal that the character of the anions has huge effects on the interactions
between the aggregates and their clustering behavior in the complex fluid, which eventually
determines heavier or lighter lanthanides are extracted preferentially.

Lanthanide ions are typically trivalent and have very similar chemical properties, which make
their separation from each other very challenging. Nevertheless, choice of extractant and the ionic
conditions in the aqueous medium, such as the character of the background anion, can exploit the
subtle differences between lanthanides, such as ionic radius and hydration enthalpy, for
preferential extraction of one lanthanide over another. With acidic extractants, which bind to the
metal in an inner sphere coordination manner, extraction generally increases with atomic number

(Figure 1c).!! This is commensurate with the increasing electrostatic interaction with decreasing



ionic radius of the lanthanide as interactions between lanthanides and anions are predominantly
electrostatic.'> With neutral and basic extractants, where the extractant binds to a neutral or anionic
complex of the lanthanide, the anions can influence selectivity dramatically (Figure 1c). Several
hypotheses have been put forward to explain these trends. A balance between the electrostatic
interactions and the steric repulsions between the anions has been suggested to explain the bell-
shape in extraction trends with neutral extractants (Figure 1c, dataset C), where middle lanthanides
are extracted better than light or heavy lanthanides.!®> Anion-specific effects in organic phase
structure and third-phase formation have been reported in a neutral malonamide extractant.**
Recent results with N,N,N,N-tetra(n-octyl)diglycolamide, a neutral extractant, show that the
anions interact with the metal in an outer sphere manner with extractant in the inner sphere.!> 16

These results highlight the fact that structure of complexes formed in extraction and the role of

anions can be more complicated than those expected by simple electrostatic arguments.
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Figure 1 (a) Schematic depicting solvent extraction process. Amphiphilic extractants facilitate the
transfer of metal ions from the aqueous to the organic phase. (b) Extractants aggregate in the

organic phase to form core-shell structures with extractant headgroups, water and ionic species in



the core, and extractant tails forming the shell. (c) Extraction efficiency of lanthanides across the
series with different extractants: A — di-(2-ethylhexyl)phosphoric acid (D2EHPA) extracting from
HNO; medium (adapted from Sato, Hydrometallurgy, 22, 1989'!), B — Aliquat 336. SCN
extracting from KNCS medium, C — tributylphosphate (TBP) extracting from NO3;™ medium, and
D - Aliquat 336. NOs; extracting from NaNO3z medium. Data for B,C and D are obtained from Du
Preez and Preston, Solvent Extraction, 1990."% Acidic extractants, such as D2EHPA, typically
show increasing extraction trend across the series. Neutral extractants like TBP show anion-
dependent extraction behavior. Anion-dependence is striking in Aliquat 336 where NO3™ and SCN-

show reverse extraction trends.

With respect to the effect of anions on SX, basic extractants show a significantly different
behavior compared to the acidic or neutral extractants (Figure 1c, datasets B and D).!*17 Solvent
extraction of lanthanides with Aliquat 336 (a quaternary ammonium) shows decreasing
distribution ratio with atomic number when extracted from a NO3” medium, and the reverse when
extracted from a SCN™ medium."® The decreasing trend with NOs™ background is unique and
cannot be explained by either electrostatic effects or steric arguments,'® although electrostatic
interactions between TOMA and anionic complexes of lanthanides are implicated in this process. '
Aggregation of extractants has been hypothesized to influence the extraction trends and anion
effects in the case of Aliquat 336.2° The salting-out effect in the aqueous phase also plays a role in
determining the organic phase speciation and extraction efficiency.'® 2022 Further, it has been
suggested that in both SCN™ and NOs" cases, aggregates of Aliquat 336 extract the lanthanide rather
than single extractant molecules.?’ However, the aggregation structure in these systems has not
been characterized. Aggregation of surfactants that are frequently used in nanoparticle synthesis,

such as quaternary ammonium surfactants, affects the morphology of formed nanoparticles.>*%°



Characterization of the nanostructure of organic phase after solvent extraction, a complex fluid
with high concentration of polar solutes such as ions and water, amphiphilic extractants and non-
polar diluents, is non-trivial. Small angle X-ray and neutron scattering (SAXS and SANS,
respectively) have been the principal techniques in this effort and they show the link between
aggregation structures on extraction efficiency and third phase formation (an undesired fluid-fluid
phase transition and splitting due to high metal loading) in different extraction systems.?*>* A
significant portion of these studies used Baxter’s sticky hard sphere model to describe the
interactions between reverse micellar (RM) aggregates. In Baxter model, spherical aggregates
attract each other when they are very close and show hard sphere repulsion when the distance
between their centers is less than or equal to their hard sphere diameter (See results and discussion
for details). Although Baxter model has been successful in capturing certain trends and relations
between the molecular scale structure and macroscopic observables, it has been criticized for
overestimating the interactions between the aggregates.’> ¢ According to Baxter model, when
aggregates form clusters, they should have long range ordering which should lead to peaks in the
high-q region of the SAXS data. However, this is almost never observed in SX systems, even when
the increasing slope in the low-q region of the SAXS data suggested clustering. One simple reason
for this discrepancy may be that the extractant-metal aggregates are not hard spheres and their
shape may deform while they are clustering.

In this study, we report SAXS studies of variations in the structure of organic phase containing
quaternary ammonium extractants (TOMA, Figure 1c, data sets B and D), with varying lanthanide
and background anion conditions. A modified model based on the clustering of interacting hard
spheres, which eliminates the drawbacks of the Baxter model, is used to interpret the trends in the

SAXS data. Our results show that the structure of extractant-metal aggregates varies dramatically



based on the character of the anion being NO3™ or SCN". Even without any lanthanide extracted,
the TOMA-NOs3 shows clustering of the aggregates driven by attractive interactions between them.
The TOMA-SCN system shows a predominantly hard sphere interaction between the aggregates
indicating strong repulsion between them. The preference of light (heavy) lanthanides in NO3
(SCN") containing systems during SX appears to be a direct result of these differences. The
clustering behavior of TOMA-NO3 does not change with lanthanide extraction, indicating that the
attraction between the aggregates is not affected. In contrast, increasing metal extraction increases
the clustering of the aggregates in the TOMA-SCN. These results suggest that there are multiple
factors that account for the different lanthanide extraction behaviors with NO3™ and SCN-, and
lanthanides possibly follow different pathways in the free energy landscape during the transfer

between the aqueous and the organic phases based on the character of the anion.

METHODS

Materials. Methyltrioctylammonium chloride (TOMA-CI), lanthanide nitrates and chlorides
were purchased from Sigma-Aldrich. All the chemicals were used as received without further
purification.

Solvent Extraction. TOMA-NO3; and TOMA-SCN were prepared according to previously
described methods.”> TOMA concentration was kept at 0.25 M in toluene. Aqueous phase
solutions before solvent extraction contained 3M of NO3™ or SCN", and a desired amount (2 mM
to 0.2 M) of lanthanide nitrate or chloride respectively. For the background anion, NaNOs or
NaSCN was used. Equal volumes of the organic phase and the aqueous phases were contacted in
a glass vial by vortex mixing for ~ 1 minute, followed by radial shaking for one hour at room

temperature. The phases were then separated by centrifugation and stored separately in glass vials.



SAXS Experiments. SAXS measurements were conducted at sector 12-ID-C of Advanced
Photon Source, Argonne National Laboratory. X-ray energy was 18 keV (A = 0.516 A). Samples
were contained in 2 mm OD Quartz capillaries. Standard data reduction procedures were used to
obtain the 1D scattering profiles for the samples. Toluene was used as a standard for absolute
intensity calibration.

SAXS data analysis. Background subtracted and calibrated SAXS data was fit to a model of
clustering hard-spheres as shown below. Here we model the aggregates formed by extractant
molecules or metal-extractant complexes as core-shell structures. Due to the high extractant
concentration present in our system, the inter-micellar interactions cannot be ignored. There are
attractive interactions between the polar cores of the aggregates and repulsive interactions between
the aggregates. We capture the effect of attractive interactions in terms of clustering of the
aggregates. Within these clusters, the distance between the aggregates is determined by the
repulsive interactions. So, we use hard-sphere structure factor (S,(Q)) based on Percus-Yevick
approximation to capture the repulsive interactions and include a clustering term (P.(Q)) that arises
due to weak attraction between the aggregates.’” This model assumes that the high-Q region is not
significantly affected by scattering contributions from the cluster shape, but only the internal
structure within the cluster. This model allows us to independently tune the effects of repulsion
and attraction on the organic phase structure in contrast to the Baxter model.
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In the above equations I(Q) is the absolute intensity (scattering cross section) in cm™'; P(Q) is
the form factor of scatterers; S(Q) is the total structure factor; ¢, is the volume fraction of the
scatterers; R and R; are core and shell radius respectively; Vcand Vs are volumes of core and shell
respectively; pe, ps, and psolvent are scattering length densities of core, shell, and solvent
respectively. In the structure factor equation, f+1 is the number of aggregates per cluster, P. is the
form factor of the cluster, and Sp, is the hard-sphere structure factor which is a function of the hard-
sphere volume fraction (¢ ) and size (same as the size of the shell). Form factor of the cluster is
obtained using the Guinier-Porod equation. This theoretical curve is fit to the experimental data to
obtain optimal fit values for R, Rs, pe, ps, Ons, f, Rg (radius of gyration of the cluster) and d (Porod

exponent of the cluster).

RESULTS AND DISCUSSIONS

First, we investigate the aggregation and clustering of 0.25 M TOMA in toluene after contacting
it with 3M NaNOs and 3 M NaSCN aqueous solutions, without any lanthanide ions (Figure 2a).
Even without any modeling, the qualitative differences between the data sets are clear. A detailed

analysis requires an overall discussion of SAXS data modelling.
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Figure 2. (a) SAXS profiles of 0.25 M TOMA-NO:s (blue circles) and TOMA-SCN (yellow
triangles) dissolved in toluene and contacted with 3M NaNO3 and 3M NaSCN aqueous solutions
respectively. The solid black lines show the fit obtained from the hard sphere clustering model.
The fit parameters are tabulated in Table. S1. (b) Schematic representing the clustering of
TOMA-NO3; aggregates in toluene, and (c¢) schematic representing the hard sphere fluid structure
of TOMA-SCN aggregates in toluene. The clusters of aggregates are shown with dashed lines
around them.

SAXS data for the organic phases obtained from SX has been traditionally analyzed with models
of interacting particles. As the metal concentration in the organic phase increases, a combination
of the following can occur: 1) aggregates can undergo shape changes due to the changed polarity
of the cores, or 2) aggregates retain their shape, but the interactions between the aggregates change
leading to a mesoscale change in the complex fluid structure. Since both the phenomena lead to
similar changes in scattering behavior, namely, increased low-Q scattering, decoupling them is

inherently challenging in SAXS analysis. Thus, some studies have analyzed the SAXS data on the



30,38, 39 while others

basis of aggregate shape change using inverse Fourier transform techniques,
have fixed the aggregate shape and analyzed the changes in inter-micellar interactions using the
sticky hard spheres model. The Baxter model for hard spheres with short-range attractive
interactions has been extensively used due to its prediction of phase changes, analogous to the
third phase formation in SX.?”> 2% 4% Despite its successes, the Baxter model has been challenged
recently.?> 3¢ In fact, Baxter model is known to overestimate the strength of attraction between the
aggregates. At low values of the stickiness parameter (strong attraction), the Baxter model leads
to stronger hard sphere peaks due to the increased proximity of hard spheres. However, the
assumption that aggregates remain as hard spheres, even when strongly attracting each other, may
not be valid. We found Baxter model to be inadequate in describing the structural changes in the
TOMA-NO3; systems (Figure S3). In addition to its failure to qualitatively capture the SAXS data,
Baxter model, generally, requires unrealistically low hard sphere volume fractions to be able to fit
SAXS data. To overcome these shortcomings, trajectories from molecular dynamics simulations
have been used to interpret the SAXS results.’ 3¢ Motokawa et al., have developed a model for
the clustering interactions between the metal-extractant complexes based on molecular level
details.** Their model does not include the effects of metal-free aggregates on clustering. There is
currently no general analytical model that can adequately handle the attractive and repulsive
interactions in the organic phase as an alternative to the Baxter model.

We use a model based on clustering of hard spheres driven by an anonymous attractive
interaction. As the attraction between colloidal hard spheres strengthens, they start to form clusters.
These clusters lead to an increased scattering at low-Q values in SAXS profiles, whose exact form
depends on the cluster morphology. The model superimposes a cluster shape function

(corresponding to attraction between aggregates) on a hard sphere fluid structure (corresponding



to repulsion between the aggregates).’’ Various theoretical profiles such as Lorentzian and
Guinier-Porod model have been used to analyze the clustering behavior of attractive colloids.”*!
We use the Guinier-Porod model to describe the shape of clusters. Details of the model is explained
in the methods section. In our system, the hard-spheres correspond to the aggregates of metal-
extractant complexes. These aggregates clump together into clusters due to attractive interactions
between them.

We apply this model to the data in Figure 2a (solid lines). The different scattering pattern for
NO;™ and SCN™ systems indicate that the organic phase is structured in both the cases and the
structure depends on the character of the anion. While TOMA-SCN appears to have a clear hard
sphere peak, TOMA-NOs3 has a subdued hard sphere peak and an increased scattering in the low-
Q region. The size of the core (Rc ~ 3 A) and the shell (Rs ~ 10 A) of the aggregates are similar for
TOMA-NO3 and TOMA-SCN (Table S1). A recent study based on slope analysis suggested that
aggregation numbers are lower in TOMA-NO3; compared to TOMA-SCN.?° However, slope
analysis may not be very accurate in non-ideal conditions.**

The main difference between NO3 and SCN is in the apparent hard sphere volume fraction (¢us)
and the number of particles per cluster (f+1). While ¢us in TOMA-SCN (0.129) is close to the
volume fraction of extractant (~ 0.13), it is much lower for TOMA-NO3 (0.068). Further, TOMA-
NO; shows a higher clustering behavior than TOMA-SCN as indicated by the corresponding
increase in low-Q scattering. Average number of aggregates per cluster is 1.7 and 1 for TOMA-
NO; and TOMA-SCN, respectively. In a hard sphere fluid, the height of the hard sphere peak
corresponds to the volume fraction of hard spheres. Since the extractant concentration (volume
fraction) is the same in TOMA-NO3 and TOMA-SCN, the lower ¢us in TOMA-NO; system

(higher clustering) suggests that hard sphere repulsions are weaker. The assumption that the



aggregates behave as hard spheres when they are in close contact may not be valid. Another way
to understand the decrease in ¢us is to consider the presence of clusters in a hard sphere fluid as an
effective increase in polydispersity in the system. It has been shown that increasing polydispersity
in hard sphere fluids leads to a decrease in the peak height corresponding to the nearest neighbor
interactions.*>» ** Porod exponent of ~1 indicates that the clusters are elongated or cylindrical.
Clustering of micelles and aggregates to form elongated structures in response to changes in
medium conditions have been reported,*>*” and have been proposed as an alternative to the

30, 31, 38

globular clustering predicted by the Baxter model in malonamide, and in TBP extraction

systems.48

Aggregation of amphiphiles in nonpolar media such as toluene is favored by interactions
between the polar head groups and disfavored by the loss of entropy upon aggregation.*” Hydrogen
bonding between the head groups, sometimes mediated by water, also stabilizes the aggregates.>®
3% The differences in head group interactions, hydration, and hydrogen bonding environments
between TOMA-NO; and TOMA-SCN are the likely causes of their different aggregation
structures. For instance, we have recently shown that at the air/aqueous interface, NO;™ and SCN"
ions show qualitatively different adsorption behavior at quaternary amine Langmuir monolayers.*
A combined X-ray scattering and vibrational sum frequency generation (VSFG) study showed that
NOs™ ions can adsorb without disturbing the hydrogen bonding network at the interface, while
SCN- causes an apparent dehydration of the interface. It is reasonable to assume that oxygen in
NO3™ are more compatible with the hydrogen bonding network of water molecules. The lack of

similar compatibility probably leads to a more rigid core in TOMA-SCN aggregates, preventing

clustering. Nevertheless, extended X-ray absorption fine structure (EXAFS) experiments in future



studies will be helpful in obtaining a clear picture of the nanostructure within these aggregates and

understanding the cause of these different clustering behaviors with NOs;™ and SCN".
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Figure 3. SAXS results for the organic phase obtained after extracting varying (aqueous phase)
concentrations of (a) La*" from NO3;  medium, (b) Lu** from NO3; medium, (c) ) La** from SCN"
medium, and (d) Lu** from SCN" medium. There are no significant qualitative differences in SAXS
for the NOs™ case, irrespective of the changes in extraction behavior. In the SCN™ case however,
La*" and Lu*" show significantly different scattering profiles. While La** system shows mainly

hard sphere structure, Lu*" shows increasing clustering with increasing extraction. Arrows in each

subplots show the direction of increasing [Ln>"]aq.



Next, we investigate the metal loading dependent evolution of aggregates, using La>" and Lu**
as the representative of light and heavy lanthanides, respectively. Visual inspection of the samples
before and after the lanthanide extraction shows that there is no significant change in the volume
of the organic phase. The mole ratio of lanthanide to anion being transported to the organic phase
is 1:3 on the basis of charge balance. We observe a strong dependence on the counter-ion present
with TOMA. Figure 3 shows the effect of increasing concentration of lanthanides in the aqueous
phase ([Ln*"Jaq) on SAXS of the organic phase obtained after SX. In all the cases, increasing
[Ln*']4q leads to an increase in total scattering, due to the higher [Ln**]o: after extraction. When
extracting from a NOs;™ medium, there is no qualitative difference in the scattering profiles of
samples without any lanthanides, and those with increasing concentrations of La** or Lu®" in the
organic phase (Figure 3a, and b). Samples with La*" show higher increase in absolute scattering
with increasing aqueous phase concentration than those with Lu**. This is commensurate with the
higher extraction of La*>" from NOs” medium compared to Lu** (Figure 1 c, dataset D). Overlapping
scattering profiles for 0.1 and 0.2 M of La** suggest a saturation of the organic phase with ~ 0.1M
of La>" in the NOs™ case. In the SCN" case different scattering profiles are seen for La*" and Lu**
extraction (Figure 3c, and d). There is a slight reduction in the low-Q scattering behavior at high
La**concentrations. This change could be due to the poor extraction of La*" from the SCN-
medium, and the increased ionic strength of the aqueous phase at higher [Ln**]s. Increasing
[Lu**]aq leads to increased low-Q scattering, indicating increasing clustering with [Ln]ore. The
organic phase appears to get saturated at 0.1 M of Lu** in the SCN" case.

Aggregates are formed with TOMA even in the absence of lanthanides. Hence, it is likely that
the lanthanide loaded organic phases contain at least two types of aggregates- with or without the

metalate complex. For simplicity, we assume that the all the aggregates are identical in terms of



their morphology and inter-aggregate interactions. Thus, the fit parameters should be read as
weighted averages of these two populations. Parameters obtained from fitting the clustering model
to the data shown in Figure 3 are tabulated in Table S1. In the NOs case, there is no change in the
size of the either the core or the shell of the aggregate, but there is an increase in the electron
density of the core with increasing [Ln].q. There is also a slight increase in the number of
aggregates per cluster with increasing [La*'Joq. Similarly, there is no evidence for aggregate shape
changes with increasing [Ln®']aq in the SCN™ case as well. With increasing [Lu®']aq there is an

increase in the number of aggregates per cluster, unlike with [La**]aq
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Figure 4. SAXS curves for the organic phase obtained after solvent extraction of 0.02 M of Ln**
from 3 M (a) NOs, and (b) SCN" background solutions. The arrows indicate the direction of

increasing atomic number.

We studied the variation in organic phase structure with extraction of 5 lanthanides, as
representatives of the whole series, from NO3;™ and SCN™ media. Aqueous phase lanthanide

concentration was kept at 0.02 M. The SAXS data of the corresponding organic phases after SX



are shown in Figure 4. With NO3~ background, there are no major differences in scattering profiles
between the lanthanides (Figure 4a). In the SCN™ case, however, there is an increase in clustering,
as evidenced by an increase in low-Q scattering, with Er and Lu following the order of extraction
selectivity (Figure 4b). Further, the hard sphere peak appears to diminish concomitantly. At the

highest [Ln]ore obtained with Lu*" in SCN" case, the scattering profile is similar to that with NOs".
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Figure 5. Parameters obtained from fitting the SAXS curves with clustering model. Samples are
organic phases obtained by solvent extraction of 0.2M lanthanides from NO3- (circles), and SCN-
(triangles) background. (a) Number of aggregates per cluster = f+1, and (b) apparent hard sphere

volume fraction (¢ys).

The trends observed in the SAXS data can be visualized by plotting the important fit parameters
from Table S1. Variation of the clustering parameter (/+1) and the apparent hard sphere volume
fraction (¢pys) obtained from the fits is shown in Figure 5. These results show that there are
qualitative differences between the structure of organic phases containing NO3™ and SCN™ anions.

The clustering behavior appears to follow the extraction trends in the SCN™ case, but not in the



case of NO;™ (Figure 5a). Similarly, ¢py5 shows a decreasing trend in SCN” case but remains at an

almost constant value of ~ 0.066 in the case of NOs™ background (Figure 5b).

(a) Lasd*

Figure 6. Schematics representing the organic phase structures of (a) La>" extracted with TOMA-
NOs, (b) Lu** extracted with TOMA-NO3, (c) La*" extracted with TOMA-SCN, and (d) Lu**
extracted with TOMA-SCN. The clustering behavior in NO3™ medium is independent of metal
loading, while clustering is observed only with high metal loading in SCN™ medium. The black

and magenta dots at the center of aggregates represent La>" and Lu’" ions, respectively.

The results of our SAXS measurements regarding the SX efficiency of lanthanides and clustering
in the organic phase are summarized in Figure 5. In TOMA-NO3, clustering is independent of the
metal loading (Figure 6a, b). In TOMA-SCN, aggregates can be described as hard spheres in low

metal loading (Figure 6c). As the heavier lanthanides are extracted better, the metal loading



increases, as well as the clustering (Figure 6d). Therefore, these results provide an important piece
of the puzzle in explaining the reverse trends observed in NO3~ and SCN™ media (Figure 1c, datasets
B and D). However, a comprehensive evaluation of the ion transfer, starting from the aqueous
phase, going through the interface, and ending up in the organic phase, is necessary to explain the
details of this complex process.** The role of the liquid-liquid interface in SX process is still an

understudied area, in spite of the increasing efforts in recent years.>'->* Ion-specific effects in bulk

50, 55 X 14, 56, 57

phase>* and at the interfaces can play a significant role in S

TOMA-NOs system stands out in all known lanthanide SX systems, as it preferentially extracts
light lanthanides over heavy lanthanides (Dra/Dru ~ 500) (Figure 1c, dataset D). Some plausible
sources of this preference are differences in aqueous phase speciation, interfacial phenomena, and
organic phase speciation and aggregation. Our results with NO3™ show that there is no change in
aggregation state of the organic phase when extracting different lanthanides. A recent EXAFS
study of the organic phase obtained by extraction of lanthanides with TOMA-NOs3 claims that all
lanthanides form Ln(NO3)s* anionic complexes in the organic phase,'® eliminating the possibility
of inner sphere NO3™ coordination leading to any significant differences between lanthanides
extraction. Differentiating nitrate and water coordination via EXAFS is difficult and hence the
possibility that there are changes in the lanthanide speciation in organic phase cannot be
completely excluded. However, if the changes in organic phase speciation are not significant, it is
likely that the reverse series of lanthanide extraction obtained with nitrates is due to the differences
in the aqueous phase, such as enthalpy of dehydration of lanthanides. The (de)hydration of anionic
complexes are known to play important roles in the SX process.>® > This interpretation resonates
with our recent interfacial work showing that NO3™ ions have relatively less impact on interfacial

water structure at air/aqueous interface occupied by quaternary amine surfactants.® Any species



transferred from the aqueous to the organic phase has to be sufficiently dehydrated. In the NO3"
case, since the interfacial water structure (and hence hydration) appears to be unaffected by NOs’,
lighter lanthanides which have lower enthalpy of hydration would be better extracted.
Interestingly, although the extraction studies show the formation of anionic lanthanide species in

18,19

the organic phase, it is not known whether they form in the aqueous phase, or at the interface,

or only in the organic phase. Only positively charged lanthanide species have been reported in
aqueous NOs™ and SCN™ media.®% ¢!

Extraction in TOMA-SCN medium appears to be dominated by electrostatic interactions. This
is likely due to strong surface affinity of SCN™ which lead to a charge reversal at the interface. So,
the extraction follows a mechanism similar to the one observed with acidic extractants. Our recent
interfacial studies showed that high concentrations of SCN™ dehydrates interfacial layer adjacent
to a positively charged monolayer.’® This should further diminish the importance of the aqueous
phase hydration and cause organic phase structure to dominate the free energy difference. The
results showing that clustering plays a role in the case of TOMA-SCN (Figure 6¢c-d), where
attractive interactions between the aggregates increases with increasing lanthanide extraction,
supports this explanation. When electrostatic interactions dominate, it is expected that heavier
lanthanides, with smaller ionic radius and higher charge density, are extracted better.

The anion-dependent structural differences in TOMA solutions shows that interactions beyond
the first coordination sphere of the metal are dependent on the anionic complex being extracted.
Although the exact role of these long-range interactions is yet to be clarified, this work adds to the
growing body of evidence showing their significance in SX.>>3!-%2 Further investigations of these
mesoscale phenomena coupled with a full compositional analysis of the organic phase can help

elucidate the different extraction trends from NOs™ versus SCN™ media, and the role of the co-



extracted anions in general. Water content in the organic phase also needs to be monitored as it
influences the morphology of the aggregates and is correlated with lanthanide extraction.!”

We have investigated an overlooked example of specific ion effects in SX and metal-amphiphile
aggregation. Our SAXS experiments elucidated the qualitative differences between the clustering
behavior of metal-amphiphile aggregates in the presence of NO3” and SCN". The SAXS of organic
phase contacted with nitrate medium shows that aggregation structures are independent of
lanthanide extraction. In order to obtain unambiguous results from SAXS data, we have adapted
an analytical model for data fitting, which can handle absolute scattering intensities and provide
high quality fits with reasonable physical parameters under all conditions. We believe that this
model can be used in many SX systems for a better physical understanding. Given the non-specific
nature of structure determination with SAXS however, other independent techniques are required
to confirm the clustering behaviour of the organic phase. Our results show that clustering in
TOMA-NO:s is independent of metal loading, in contrast to metal loading dependent clustering in
TOMA-SCN. Therefore, the SX efficiency is driven by the aqueous phase speciation in NO3
system, in contrast to organic phase driven SX efficiency in SCN™ systems. A recent work
published during the review of this manuscript supports the importance of aqueous phase effects
in extraction from nitrate media.®® These results show that the ion specific effects in complex fluids
require a comprehensive understanding which goes beyond Hofmeister series or similar rankings
of ions. Considering that the enthalpic and entropic contributions from various sources are very
close to each other in these complex processes, ion specific effects may lead to preference of
completely different mechanisms, leading to significant different macroscopic effects.
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