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Abstract

Homogeneous Liguid-Ligquid Extraction (HLLE) provides a valuable opportunity for recycling Rare Earth Ele
ments (REE) by circumventing the liquid-liquid interface and avoiding the problems linked to the high viscosity of
ionic liquids (TL). For optimizing these processes with the ultimate goal of implementing them at the industrial scale,
it is crucial to understand the mechanisms at play at various scales. In this study, we focused on the extraction of
two REE elements, La(Ill) and Ce(IIT) with an HLLE system composed of the IL [Chol][TFST], water and betaine
as the extractant. We first established the phase diagram of [Chol][TFSI]/betaine/water using "H nuclear magnetic
resonance (NMR) spectroscopy. We then determined the efficiency E and distnbution ratio D of the HLLE for dift
ferent betaine concentrations. HLLE was modelled thermodynamically to access the most likely number of betaine
maolecules involved in the extraction process, which appears to be 2. Finally, we monitored in sifu the extraction using
X-ray Absorption Spectroscopy (XAS) at the K-edge of both lanthanum and cerium. It allowed us on one hand, to get
some insight into the local environment around the REE, and on the other hand to measure the local concentration of
REE at each position within the extraction system. In this latter process, we could evidence an accumulation of REE
accumulates close to the liquid-liguid interface, a feature that was suggested by some recent simulations.

Keywords: lonic liguids, [Chol][TFSI], homogeneous liguid liquid extraction (HLLE), EXAFS, betaine

1. Imtroduction

Liguid-liguid extraction (LLE) is a well-established hydrometallurgical process for the separation of metals. In
conventional LLE processes, the aqueous phase that contains the metal ions 15 in contact with a phase composed of
an organic solvent and an extractant [1, 2]. However, such a process uses large volumes of toxic and/for flammable
volatile organic solvents, which raises safety and environmental issues. On these grounds, current research in the field
is directed towards the development of sustainable extraction systems exhibiting high extractability. In that regard,
novel extraction media such as ionic liguids (TLs), deep eutectic solvents (DES) and aqueous biphasic systems (ABS)
have been assessed as potential alternatives to organic solvents [3—11]. TLs are molten salis with low melting points
(below 100 °C) composed of organic cations and organic or Inorganic anions.

Different combinations of cations and anions lead to ILs with varying physicochemical properties that can be
used in various applications such as chemical synthesis, catalysis, separation, electrochemistry etc. As far as sol
venl extraction is concerned, some specific features of ILs such as negligible volatility, good thermal stability, low
flammability and adjustable miscibility appear particularly appealing [6, 12]. However, due to their high viscosity,
intensive mixing, shaking or heating of the system is required in order to speed up extraction. A promising way
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Figure 1: Chemical structure of (a) 1L [Chol [[TESI], (b) cxtractant betaine and (c) [Hbet ]| TFSI]

to overcome these drawbacks is to use thermomorphic ILs that present temperature-dependent miscibility with ei
ther water [3, 13-23] or organic solvents [24-26]. Thermomorphic systems are classified as upper or lower critical
solution temperature systems (UCST and LCST, respectively) based on a characteristic temperature, called critical
point, above or below which the two phases are completely miscible at all compositions. When the homogeneous
phase is formed, the viscosity is lowered and faster extraction equilibrium is obtained as the interface disappears.
Thermomorphic systems based extraction, referred to as homogeneous liquid-ligumd extraction (HLLE), has been
successfully used for extracting platinum group metals, rare earth elements (REE), uranyl species and other met
als [3, 13-18, 27-34]. The most extensively investigated HLLE system is the carboxyl-functionalized betainium
bis(trifluoromethylsulfonyljimide [Hbet][TFSI] with water (figure 1), classified as a UCST system (critical point
equal to 55 °C for 1:1 wifwt composition) [3, 14-16, 20, 22, 27, 30, 32]. Another widely used thermomorphic IL
presenting a UCST is the choline bis(influoromethylsulfonylyimide, [Chol][TFSI] (figure 1) that was used for the
HLLE of Nd(ITT) from agueous phases [13]. The critical point of this thermomorphic IL is 72 °C at 1:]1 wifwt com
position [35]. However, pure thermorphic systems generally exhibit limited extraction performances. For that reason,
the addition of extractants is often performed. For instance, zwitterionic betaine (figure 1) was added in the agqueous
phase of [Hbet][TFSI]. whereas hydrophobic choline hexafluoroacetylacetonate [Chol][hfac] [27, 36] was introduced
in the [L phase of [Chol][TFSI] [13]. Such systems have been used for extracting various species including REE,
nickel, cobalt. . . Still, most studies concentrate on recovery efficiency and generally do not examine in detail the phase
diagram before extraction and its influence on recovery, and do not assess precisely the extraction mechanisms.

Inm the present work, we focus on the HLLE of two rare earth elements, La(TIT) and Ce(TIT). Both elements are in
high demand due to their extensive use in numerous high-technological applications that take advantage of their unique
chemical, magnetic, optical, catalytic and electrical properties [37-40]. More specifically, we analyze the HLLE of
La(TITy and Ce(IIl} using [Chol][TFSI] in combination with zwitterionic betaine as an extractant. The addition of an
extractant is particularly crucial in [Chol [ TESI] that does not contain any chelating groups. Using NME spectroscopy,
we explore in detail the termary phase diagram [Chol][TFSI]/betaine/water, which provides novel information on the
reduced extraction efficiency observed for high betaine concentration. In addition, X-ray Absorption Spectroscopy
(XAS) experiments were carried out for following the speciation and concentration of La and Ce duning HLLE in the
system [Chol ][ TFSI)/betaine/water.

2. Malterials and methods

2.0, Chemicals

Lanthanum(TIT} chloride hydrate (> 99%, Prolabo), cenum(III) chlonde hydrate (= 98.5%, Merck) and ultrapure
water (Direct-Q 5UV Millipore) were used for prepaning the aqueous phases to be extracted. Betaine (BiolUltra,
= 99.0%), choline chloride (= 98.0%) and betaine hydrochloride (= 99.9%) were obtained from Sigma-Aldrich.
High-purity grade lithium bis(trifluoromethanesufonylyimide, LiTFSI (99.9%) was purchased from Solvionic. All
reagents were used as received, without any further purification.

2.2, Synthesis of N-(2-hydroxyethyl)-N N N-trimethylammonium bis(triffuoromethanesufonyl jimide [Chol [[TFSI]

Choline bis(trifluoromethanesufonyljimide [Chol |[TFSI] was prepared following a literature procedure [35]. LiTFSI
(0143 mol, 123.55 g) was first dissolved in water (25 mL), then added to a solution of choline chloride (0.43 mol,
60.08 g) in water (25 mL). The mixture was vigorously stirred during one hour at room temperature after which, two
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phases were observed. The IL phase was then separated from the agueous phase. To remove chlonide impurities, the
IL phase was washed with water until the AgNO; test was negative. The thus obtained [Chol [[TFS1] was freeze-dried.
The average yield was 74 % 'IT NMR (500 Milz, DMSO-d6. § ppm): 527 (L, 111, -OH), 384 (m, 2IL, 2 CH.N"),
339 (m, 211, CH20IT), 3.10 (s, 911 3 CH3).

2.3, Synthesis of betainium bis{trifluoromethanesufonyljimide [ Hbet [[TFSI]

Betxinium bis{irifluoromethanesufonyDimide [[Thet][TFS1] was synthesized according to a method described in
the litterature [3]. Betaine hydrochloride (1 mol, 1533.61 g) was dissolved in 250 mL of water. This solution was
combined, under agitation, with 300 mL of an agueows solution of LiTFSI (1 mol, 28708 g). The mixture was
vigorously stired overnight one hour af room temperature afier which, two phases were observed. The 1L phase
(botiom) was separated from aqueous phase (top) and washed several imes with small deionized water quantities until
the silver nitrate test no longer indicated the presence of chlonde impurities. Afier freeze-drying, the [ITbet][TFSI]
was obtained as a white solid. with a yield of 51 %. "I NMR (500 Milz, DMSO-d6. 5 ppm): 429 (s, 2IL CH,). 3.22
(s, 911, 3 CH2).

24 Exdraction experimenis

Preparation of the ionic liquid phase.  According o literature, due to the mutual solubility of [Chol [[TFSI] and water,
the masses of the aqueous (lower) and 1L (upper) phases change upon extraction. Specifically, the mass of 1L phase
decreases doe to the migration of the L to the aqueous phase while the mass of the agueous phase increases |3, 27, 41].
The saturation of the 1L with water before extraction experimenis is therefore essential as it prevents an additional
unconirolled water uptake of I during extraction. Furthermore, saturated [Chol |[TFSI] being liquid, it can be weighed
precisely and dispensed easily.

Preparation of the agqueous phase for extraction.  Heptahydrated MCly (where here M is La(lIl) or Ce(1II)) water solu-
tions with different imitial metal feed concentrations were prepared © one at 100 mg/kg and another one at 1000 mg/kg.
Betane (0 to 200 mg) was then added 1o the metal aqueous solution (1 g) al at extractant o0 metal mole ratios ranging
from 0 to 200. This latier rafio comesponds o a betaine concentration in the agueous phase of 167 mgfs. Betaine
concentrations were chosen based on the work of Vander Iloogersiraste e al. showing that when a large excess of
betaine {compared o the concentration of Nd(TIT) jons) is uwsed, the extraction equilibrium is shified towards complex
formation and high distribution ratios are oblained [3].

Extraction experiments. Exiraction experiments were performed as follows: | g of the agueous phase containing the
medal salt solution and the extractant (upper phase) was mixed with | g of the I phase containing the water safurated
[Chol[ITFSI] (lower phase). The mixture was then heated in an il bath at 80 °C (above the UCST of the IL which
is T2 °C [42]) and was stirred (250-300 rpm) o obiain a single homogeneous phase. When no stiming is applied at
the: temperature range above the UCST, formation of a homogeneous phase does not occur due o the large density
difference between the two phases [3]. The tme of heating above the UCST was constant for all mixiures and set
at 30 min. The mixiures were then cooled down o room emperature overnight, @ indoce separation of two phases.
Finally, the two phases were separated for amalysis. The metal conient in the aqueons phase was determined by
inductively coupled plasma optical emission spectroscopy (ICP-0ES).

Extraction efficiency can be expressed using either the distribution ratio, I or extraction percentage, %E. The
former can be used for the thermodynamic analysis of the extraction equilibrium, whereas the latier betier describes
the extraction process. The distribution ratio is defined as

- M m

[M]

whf.:e|ﬂ_ﬂand|l-ﬂmmenqmﬁhium(am:unﬁn}mhﬁmdﬂcmﬂdinﬂmmandm;mpham
respectively, expressed in mg/kg.

The extraction perceniage is

E-— M 00
[Mmy_ + [M]my
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where my_and my, are the masses of the 1L and the aquexus phase afier extraction, respectively. The metal concen-
hﬂjmmmemplnse[ilhgimbylheﬁﬂhmingeqlﬂim:

[ M iy e — [ M)y
my

where [ Mg, and my, iy are the metal concentration in the aqueous phase before extraction, and the mass of the
agqueous phase before extraction, respectively [3]. Even afier satwrating the initial 1L with water, small changes in the
masses of both phases are observed afier extraction. This is dee o IL dissolving up o circa 106 of [Chol[TFSI]
in water al room temperature [13]. Sull, for calculating the extraction parameters (disinbotion ratio and extraction
percentage) we considered that the mass of each phase remains unchanged and equal to the mass of the phase before
extraction. It should be pointed out that this approximation leads 1o slightly overestimated values for the extraction
parameters [3, 27].

Determination of the phase diagram for the system [Lbetainefwater  For determining the phase diagram,, we prepared
a mixture without any metal using a protocol similar o that esed in extraction experiments. Al equilibrium (afier
heating, cooling, and phase separation) the compesition of each phase in L., betaine and waler was determined by
11 NME. The mass fraction of each species w, can be calculated with the following equation:
s — M,

e EIIHI.
]

IM]=

K]
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where x; is the mole fraction of species @ and M, its molecular weight (18, 384 and 117 gfmol for water, ionic hiquid
and betaine, respectively). The mole fraction x; of the species 1 is then given by:

|l|a-

x5 3

I

e

where A; are the inlegraied areas of the protons signals comesponding to species i, and my; 15 the number of protons in
25, Computing and fitting

The fiiling program was wrillen on a viriual machine implemenied on a personal compuier, using C++ language
and the CERN fitting routine MINUIT [43]. Fit quality was assessed from the value of 3 expressed as -

o

where D (i) and Dy(i) are the experimental and calculated distribution ratios, respectively of point i, n the number
of experimental data and Npr the number of free parameters.

2.6. Analysis insiruwments and methods

Inductive Coupled Plasma Optical Emissien Specirometry. The La(lll) and Ce{Ill} concentrations in the agqueous
phases al equlibrinm were quantified using an inductively coupled plasma optical emission spectrometer (Agilent
ICP-OES 5100 SVDV). A 100 pg/ml. mulii-element rare earth and Geo elements agueous solution (diluted in a
5% [INOs) (SM60A- 100, VIIG Labs) was used as calibration standand.

Densimetry. The densities of the agueous and jomc hguid phases were measured at 29315 K using an Aniton Paar
DMA 38 density meter.

pHf measurements. pll measurements of the agueous phases before and afier extraction were performed using a
sension+ P13 pll meter (Tach) and a Sension+ 5209 pll hguid filled combination electrode for micro sample volumes
(TLACH).

4



Peventiometric titration.  The concentration of chlorde ions in agueows solutions of CeCl; and LaCly (initial agueous
phases before extraction) was defermined by titration with a standand solution of AsNOs (2 mM). These agueous
solutions were then mixed with an orgamc [L phase safurated in waler under the same expenmental conditions as
those used for the extractions (equal mass for the upper and the lower phase, heating of the sysiem at B0°C under
stirring for 30 min). Then the upper (agqueous phases) were separated and titraled again with silver mitrale. Resulis
of titrations for both CeCly and LaCly showed that the concentration of chlonde ions remains unchanged before and
after extraction.

NMR. '][nmhrmgnﬁ&mﬂhﬁ)mﬂmmﬂnﬂmamhﬂlzBmkusmmmﬂﬁwiﬂmﬂﬂm
probe. 5 mm diameter NMRE wbes (Wilmad, WG-1000-T) were filled with approximately 0.5 mL of each sample. In
addition, a sealed capillary filled by DMS0-d6 was inserted in the NME tube, in order to lock the signal. The sample
temperature was controlled by a Bruker BCU set to 20 °C. NMR specira were processed with the Topspin 3.6.4
program (Bruker) by performing the following steps: baseline commection. decomposition with a Lorentz/Gauss fit and
iniegration.

X-ray Absorption Spectroscopy.  X-ray absorption spectroscopy (XAS) expenments were performed at the lanthanum
and cerium K edges (38925 and 40443 eV, respectively) at the ROCK Quick-EXAFS beamline of SOLEIL synchrotron
(France) [44]. XAS spectra were acquired in ransmission mode with three jonization chambers (Ohyo Koken) filled
with a mixiure of 30% Kr and 70% Ar. A first one located before the sample measured I, a second one located after
the sample for measuring sample ransmission and a third one located afier thin powders of either CeOr or Laz0y that
was used as internal reference for energy cahbrabion. The monochromator used was a S5(220) quick-EXAFS channel-
cul with the main Bragg-angle aligned at 4. 728° with respect to X-ray and an amplitude oscillation of .55 allowing to
cover an energy range from 38600 to 41500 V. The channel-cut oscillates at 2 1z allowing o record one spectrum in
250 ms. The monochromator energy was calibrated by setting the maximum of the first denvative of of a Lay0, pellet
at 38935 eV. INarmonic rejection was ensured with P coated miarmors placed before and afier the monochromator; and
aligned at 1 9° grazing incidence with respect to the pink and monochromatic beam_ The REE solutions (0.1 mol L)
in ionic liquids were reconded vsing specifically designed cells (see supplementary information figure 53), in order (o
limit the amount of dry ILs needed. The solutions were prepared in glove box under Ar and poured in the cell. The
latier was directly sealed in the glove box.

In situ extraction moniloring wsing X-ray Absorption Spectroscopy. 1.5 g of waler saturated IL was first poured in
plastic vials equipped with a magnetic stirhar. Then, 1.5 2 of heptahydrated CeCls or LaCl (0.1 mol L"), or LaCly +
CeCly (0.05 mol L' each) waler solutions and containing 150 mg of betaine were genily poured over the IL phase.
Finally, the vials were introduced into an oven adapied o the beamline and placed on a magnetic stirmer operafing at
moderate: rate. The iemperature was controlled by a thermocouple close o the sample. Samples were first heated at
45°C. Once a stable iemperature was obtained, stimng was siopped. and two analyses were carmied out. On one hand,
taking advantage of the small beam size available on ROCK (FWTIM 370 jum > 300 pm horizontal » vertical),

a first =t of XAS spectra were recorded every

15 mm along the vertical profile of the cell. On the other hand, a second set of XAS specira were carmied oul with
more siafistics al chosen positions in the cell, allowing o extract the EXAFS signal with a signal-to-noise ratio good
enough to analyze the speciation of the metal in INLLE sysiems.

Such a

procedure was repeaied for increasing temperafures (ramp 5°Cfmin) with continuous siiming between iemperature
steps (typically, 60, 70 and B0 *C). The temperature was then decreased in 10°C sieps and the same experiments
were carried out on each descending temperature step. Energy alipnment and normalization of the gquick-EXAFS
data were performed using the mormal_gui Python Graphical User Interface available at the ROCK beamline [45].
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During the normalization procedure, the so-called "edge jump” value, which is proporfional io the concentration of
the probed element, is obtained. This procedure consists in filling the pre-edge region with a polynomial of degree 1
and the post-edge region with a polynomial of degree 2. The edge jump is then calculated as the difference between
the value of the polynomial of degree 2 and the value of the polynomial of degree | at the energy of the edge (at 38
B33 eV and 40 434 eV for La and Ce, respectively). Data were analyzed wsang FASTOSH sofiware [46], applying
the same extraction paramefers for Ce and La. The EXAFS signals were extracied using the Auiobkg algorithm
(Rbkg=1.3) with k-weight=2_ The corresponding Fourner Transforms were calculated between 3.4 and 10 AV witha
Kaiser apodisation window (dk=2).

3. Resulis and discussion

31 Ternary phase diggram for the system [Chol [ TFSI [betaingfwater

For properly assessing the extraction performance of HLLE sysiems. il 15 necessary (o obiain an in depth un-
derstanding of the phase diagram of the mxiure before metal addibon. Thes siatement 15 illustraied by previous
studies in which the evolution of extraction efficiency with extractant concentration was not fully undersiood. Indeed,
whereas the case of neodynium exiraction in a ternary sysiem [ITbet][TFSI] with added betaine did not reveal any
sigmificant evoluiion of miscibnhity with exiractant concentraiion [27]. the case of indium exiraction in the presence
of 0,01 mol L™ 1ICI was more complex. Indeed, at high betaine concentrations the miscibility between IL and the
aqueous phase was shown o increase, leading 0 a poor phase separation and an associated decrease of the distri-
bution ratios [22]. To shed new hght on this phenomenon, we first study the phase behavior of the temary sysiem
[Chol ]| TFSI]jwater/betaine through a detailed analysis of the "I NMR spectra in all the phases afier phase separation
(Table 51 of the SI). Figure 2 displays the temary phase diagram (Figure 2a) and the two dimensional phase diagram
relating betaine and [Chol|[TFS1] (Figure 2b). It must be pointed out that in the 21 representation, some crossing of
the tie-lines can be observed at high [Chol [TFS1] concentration and low betaine concentration. This unphysical be-
havior is related to the insccuracy in NME peak infegration in regions where the signal of [Chol] and betaine overlap
(Figure 51 and 52 in SI). Sull, the ternary phase diagram thus obtained clearly shows that betaine concentration has a
significant impact on the miscibility of both phases and that such an influence could be detrimental o extraction for
betaine concentration as low as = 20 % wi

To test this latier conclusion, we carmied oul extraction experiments of La and Ce. Figure 3 presents the evolution
of the extraction percentage E (Figure 3a) and disinbution ratio D (Figure 3b) with betaine concentration. In the
absence of added betaine, the metal recovery is low (E < 0.2), which confirms that [Chol ][ TFS1] is rather inefficient
for chelating REEs. For low betaine concentrations (< 40 mgfg), E increases rapudly with no observable difference

[}
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between La and Ce. E then plateaus around 97 5% at high betaine conceniration (= B0 mg/fg). Ploting the daia as I
vs betaine concentration (Figure 4b) provides additional information. Firstly, Ce leads to higher D values than La
Secondly, at high betaine concentration the two metals behave differently, Ce exhibiting a platean whereas a decrease
of D is observed for La. Such a behavior concurs with what was observed in the case of Indium extraction [22]
and can be explained on the basis of the iemary phase diagram described above. Indeed, as shown in figure 4, for
the composition used in the extraction experiment (blue points mn figure 4), the highest betaine concentrations used
are close w the boundary between the biphasic and monophasic region. In such a sitwation, the metal content of both
phases tends 1o be equal, which consequently decreases the disinbution ratio D, Such a conclusion was proposed as an
assumption in ref. [22]. Thanks to our detaled thermodynamic study. we are able here to confirm sech an assumption.

3.2 Exraction modelling

The aim of this section is 0 propose a plassible extraction scheme, as simple as possible, that comectly caplures
extraction data both gualitatively and quantitatively. Considering the resulis displayed in Figure 3 . it appears that even
in the absence of betaine, some hmited partition of Ce and La is observed Betaine addition increases I sigmificantly,
which confirms that this species is the extractant in the system. The global distribution ratio i then the sum of that in
the absence of betaine, Do, and that only due to the presence of betaine, Dpes -

D= Dg+ Dy o

As Dy is directly measurable expenmentally, the modelling scheme aims al determining Dpy. The most common
methods (“top-down™) for analysing extraction data first propose an extraction chemical scheme, wrile the associated
mathematical expressions (mass action laws, mass balance, eic) where the unknowns are the varous exiraction
equilibrium constants, and develop a mathematical expression for I that is fitted o experimental data In such a
procedure fit quality is highly dependent on the choice of the imitial chemical scheme. Therefore, poor fit quality
leads to a redefinition of the initial scheme and through successive ilerations. a viable solution can be obiained. Such
modelling sirategy is rather iedious. For this reason, in the present siudy. we chose 1o apply an aliemate siratepy that
can be defined as "bottom-up™. In such a procedure, the envisioned chemical scheme is proposed at the end of the
mathematical treaiment, not af the beginming. As a starfing point. any extraction equilibrium can be mathematically
described through a mass action law as :

M] "
an 1] U ®)
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where [M] is the concentration of the extracted metallic species in the IL phase, [M] is the concentration of the
metallic ion remaining in the starting phase, and j comesponds o species involved in the chemical scheme different
from M and M. It is then easily derived that :

— I
IM]
D=—-=K | | gl
Ml L ] ] (L)

In order W adapt the above equation 1o the problem under study, we first recall that chloride ions are not involved
in the extraction mechanism (as shown from the polentiometrnic litration) and, as pl1 variation is nol significant, no 11*
ions intervene in the extraction either. This reduces the number of species to be considered in equation 9. In addition,
in the upper and lower phases, respectively, the amount of the TFSI anions can be safely identified 1o the amount of
choline cations, as the concentration of the metal ion can be neglected in comparison. This again lowers the number
of possible species concentrations o be involved in equation 9. Finally, in onder 1o reduce the number of unknown
parameters o a minimum, we examined only one possible mathematical description of the extraction data of this work
as:

[Bet]®
[Chol 1= e

It is important to stress that thanks (o the binodal determination, the equilibrium concentrations of betaine and
TFSI anions are known, prior o any assumplion aboul an extraction scheme. Therefore, the only unknown parame-
ters of this equation are K, a scaling factor to be identified as an equilibrium extraction constant and n and m, as power
coefficients, W be identified with stoechiometric coefficients, thus being inlegers.

Several fitling atlempis have been performed, and. as is commonly observed, the mathematical function here
examined presents several local minima, with y* values close 0 one another. In the search for a plausible extraction
equilibrium, we focused our study on fits for which parameter m is fixed (o an integer value, while K and n are set
free. From all our trials, only two fixed values of m. ie. 3 and 6, lead to fitted n values very close o integer values, for
La and Ce. Table | gathers these fitting resulis, and figure 5 displays the fitied curves, together with the experimental
data.

For both La and Ce, the fits with m = 3 are much betier than those with m = 6. Whatever the fixed m values,
the agreement is very good for betaine concentration values lower than 100 mg/g. while the fitled curves deviate
from the experimental data in the range 100-150 mg/g and display a rather satisfactory agreement above 150 mg/g.
These abrupt and limited deviations of fits otherwise very salisfactory are ascribed o the experimental uncertainties

D=Dst+ K



K n m
Lai) 023 193 3 022
SxI0* 298 & 025
Cellll) 038 2001 3 027
ExI0* 303 & 043

Table 1: Fitling resulis of equativn 10 lor equilibrom omstant vahees K, soechometne coellicents lor betaime n, and goodness of [ing ¢ when
g m values

a) 2]
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Figure 5: a) Experimental and fGiied values of the distribution rato of La{lll) and b) Caflll) from [Chol][TFSI] 25 a function of the belaine
concenbration m e agueows phaese

of the TFSI™ amd betaine data_ as discussed in section 3.1. The global equation scheme of the extraction can thus be
expressed as:

M* + 2 Bet + 3 Chol® = 3 Chol® + MBet,™* (1

Furthermore, Chol” being the solvent, and its activity being not significantly modified during the extraction pro-
cess, one can simplify the expression of Dy,

[BetPIChol T

_ oo [Bel
[Chol' P K

" IChal’P

Dy = K (12)
3.3 In situ menitoring exiroction process uving localized XAS

X-ray Absorption spectroscopy can bring important information on the local environment around the rare earth.
It must be underlined that XAS is a techmique selective o each atom by ning the energy range of the spectrum
around the absorption edge of the atom. Tlence, it is possible o follow selectively lanthanum and cerium species in
the extraction of a mixiure of the two metals. Furthermore, using the absorption edge jump, it is possible to determine
the concentration profile of lanthanuwm or cerium for each emperature.

The XAS spectra have been measured as a function of the vertical position in the sample and for temperatures
ranging from 30 “C o 80 “C while heating and while cooling. Typical XAS specira are provided in 51 for lanthanum
and cerium ai the K-edge. In addition, the XANES part of the spectra is also shown at different steps of the extraction
process. As expected. there is no change n the oxidation state of the REE.

Figure 6 shows the XAS spectra of cenium at K-edge for the extraction sysiem (LaCly + CeCly at 0.05 mol/L. each
in water with 100 mg/g of betaing/[Chol ][ TFS1 | ) at 25°C before heating. at B0PC when the system is monophasic and
at 25°C back after heating. For comparison, the XAS spectra of cerium in [Chol [[ TFS1 4, and [1Tbet][TFS1] iy are also

9
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shown. The similar figure for the lanthanum case 15 given m the supplementary informatwon (Figure S5). In view of the
moderate signal-to-noise ratio in these spectra, only the first shell surrounding rare earth cations can be safely analyzed
in those experiments. Many experimental and numenical studies have shown that in wmic hiquids with TFSL, the metal
cation (Li*, Na*, Ni**, Co®*. AP, eic)) is solvated by the oxygen of the TFSI anion [47-50]. In [Choll| TFSI]4y.
it has been recently shown that the O of the choline s also nvolved in the solvation [51]. In agueous solutions,
La(lll) and Ce{III) are surrounded by 9 water molecules in iricapped rigonal prism configuration [52, 53]. Hence,
the peak observed in the radial distibution function (RDF) comesponds 1o oxygen atoms belonging to potentially
different molecules (1120, Chol”, TFSI, Bet and ITBet”). For both rare earth cations, the spectra and RDFs for the
systems at B0 °C and after heating in the 1L phase are close to each other, and rather similar o [Thet][ TF5T 4y,
but significantly differ from [Chol [TF51 4, and room temperature imitial aqueous phase. Such observations allow
proposing the following scemario: Al room lemperature before heating, rare earth cations are surrounded by water
molecules, and upon heating the sysiem. betamine can substitule water molecules and solvate the rare earth cation.
Back at room temperature, in the 1L phase, betaine siill solvates rare earth, whereas rare earth cations stll present in
the: aqueons phase afier the extraction process, are surmounded back by waler molecules.

Such a scenario confirms the hypotheses formulated in section 3.2 about the involvement of betaine in the exirac-
tion.

In addition, the evolution of the concentrations of lanthanum and of cerium for an imitial aqueous solution con-
taining identical concentration of LaCly and Ce(Cl: during the extraction process has been followed (Figure 7). Prior
o commenting the evolution of the concentration profiles with temperature, it must be underlined that Quick-EXAFS
techmiques [44] allow studying i sifu exiraction processes depending on the position within the sample, by combining
a rapid acquisition of the XAS spectra (200 ms) and the spatial resolution of the synchrotron beam.

Figure 7 shows that the concentrations of both lanthamde ions exhibit similar evolutions during the process. In
order to provide a clear view of whal occurs in these systems, we have drawn simplified diagrams of the system in
Figure 8. Al the top of Figure &, acconding to the measure of average concentrations in each phase. at room temperature
before extraction, lanthanide ions are located in the agueous phase_ at 80°C they are homogeneously dispersed in the
whole volume of the unique phase and afier cooling down to room lemperature, they are concentrated into the onic
liquid phase. At the bottom of Figure B, the diagram drawn acoording to the value of the absorption edge jump clearly
evidences a more complex behaviour. At the star of extraction, al low iemperature (45°C) when the sysiem is biphasic,
the: lanthanide conceniration is constant in the agqueous phase from 8 mm up o the top of the cell (14 mm), and close
to the interface (8 to 6 mm) the concentration decreases as dedoced from Figure 7. On the other side of the interface,
in the ionic liquid phase, the lanthanide concentration displays a sharp maximum near the interface (4.5 mm) followed
by a decrease. This peak indicates some accomulation of the lanthamide wons at the interface. When heating up o



80°C. the zone in the aqueous phase where the concentration decreases becomes larger: the height of the peak in the
ionic liquid phase varies: its intensity increases up to 60°C then decreases. At 80°C, the two phases start merging, the
edge jump becomes equal all along the cell. In order 10 accelerate homogenisation, gentle stirring is implemented at
this point. The system becomes monophasic and the lanthanide jons are homogencously distributed within the liquid.
Decreasing back the temperature. the system returns biphasic and the lanthanide ions are located preferentially in the
ionic liquid phase at the bottom of the cell. It must be noticed that there are no peaks close o the interface as what
was observed before HLLE.

Vet balpastion |[mm)
Vatkalpast b [mm)

Figure 7: Evolutson of the lanthamsmy edge ump with the i posation 1 the ssmple dunag the extraction for nthanum and cenum
muxed solution, on the keft for lanthanum and on the rnight for conem. Note that the messurement al the very botiom of the vials s hundered leading
10 an underestimation of the 3

Figure 8: Diagram of the lanthanide concentration along the cell for several steps m the j0n pr Top: exp d behaviour Botlom:
observed distributions from XAS (Figure 7)

The striking point here is the high value of lanthanide concentration in the vicinity of the interface in the ionic
liquid phase before HLLE. To the best of our knowledge. this is the first time that this phenomenon is evidenced.
Theoretically, such behaviour has been derived in the model proposed by Trefry et al. [54]. This model has been
developed for systems where a partition of a species between domains with different equilibrium concentrations and
diffusion coefficients can be considered. In our case. the self-diffusion coefficients of lanthanide ions are expected to
be much lower in the ionic liquid phase than in the aqueous phase. Even if we have not actually measured the self-

11
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diffusion coefficient of La(lIl) and Ce(III) in [CholITFSI]. data available in the hierature show that the self-diffusion
coefficients of added jons are about 2 orders of magmiude lower in jonic higuids [51, 55-57] than in water [58]. This
is in line with the viscosity of the fluids, at 30 “C, pIl;0) = 08 mPa s -« p[Chol [ TFSI]) = %0 mPa s and
at 70 °C, p1l20) ~ 0.4 mPa =" = pIChol][TFSID = 20 mPa s ' [59]. As a consequence, the accumulation of
lanthanide ions observed in the ionic liquid phase near the interface (figure T) may be hnked to the conjunction of two
phenomena: the partition equilibrium favors REE within the IL phase whereas the difference in diffusion properties
between waler and IL leads o some jamming af the interface. It 15 interesting (o point out that, using molecular
dynamics sumulations, Mangin et al. [60] have observed an accumulation of Eu®* at the interface of their LLE system.
However, such simulations propose a REE layer with a thickness of about | nm, i.e. al a moch smaller scale than what
is done in the present siudy. Therefore, a direct comparison between both resulis cannot be implementied.

4. Conclusions

The liguid-liquid exiraction of two rare earth cations from agueous phase o choline-TFS1 jonic liguid phase
using betaine as extraciant has been investigated from different points of view. First, the ternary phase diagram
[Chol ]| TFS1 ] betaine/water was established using NMR spectroscopy. Then, the extraction efficiency %E and distri-
bution ratio [} were evaluated for different betaine concentrations spanming from 0 o 170mg/g. The chosen ITLLE
system is clearly efficient 1o extract both REE, as % E exceeds 9095 However, the distnbution ratio I) is higher for
Ce(TII) (21) than La(TII) (15) at the optimum betxine concentration (130 mg/g). Above this concentration of betaine,
D clearly decreases for La(lll) whereas it stays approximately around the same value for Ce(III). In this high betmne
concentration regime, the sysiem is close w the boundary between monophasic and biphasic siate, leading (0 an un-
even distribution of metal concentration in both phases. From these results, a modelling of the extraction mechanism
was proposed. The most suitable configuration derived from such modelling suggests that rare earth is extracted with
two betaine molecules. Extraction was then imvestigated at the molecular level and in situ using X-ray absorption
spectroscopy. It confirmed the involvement of betxine in the extraction process. However, the replacement of water
molecules by betaine requires energy and il is observed at B0°C. In the IL phase, rare earth cations maintain a be-
taine solvation shell. Furthermore, significant accumulation of rare earth at the interface prior (o heating could be
evidenced. Such a behavior could be assigned o differences in affinity and diffusion coefficients in the two phases.
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