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Understanding the Mechanism of Lithium Ion Extraction using Tributyl

Phosphate in Room Temperature Ionic Liquid

Abstract

This paper reports the liquid-liquid extraction behavior of lithium ions from aqueous
solutions containing hydrochloric acid using a well-known neutral extractant tri-n-butyl
phosphate (TBP) and commonly used imidazolium-based ionic liquids (IL). The effect
of several experimental parameters on the lithium partitioning was examined, in
particular the nature of counter anions, the concentration of TBP, the pH of the aqueous
solutions and the initial lithium ion concentration. The lithium extraction was also
investigated with a conventional organic solvent 1-octanol to understand the role of the
IL in the extraction process. Our results suggest that lithium partition into TBP/IL
system proceeds via two mechanisms, namely by cationic exchange and ion pair
transfer. The corresponding extraction equilibrium constants as well as stoichiometry of
extracted complexes were determined. To overcome the loss of ionic liquid by cation
exchange, we have shown that TBP mixed with an ionic liquid possessing low solubility
in aqueous phases can extract lithium when a highly hydrophobic counter-ion such as

(Tf,N7) is present in the aqueous phase.

Keywords: Lithium, solvent extraction, tri-n-butyl phosphate, imidazolium-based ionic

liquids



Introduction

Lithium (L1i) is considered at least at the short and medium term as a key element for
modern battery and energy storage technology. Its unique physical and chemical properties
have made of it the main component of rechargeable batteries. At present, lithium-ion
batteries (LIBs) represent 37% of the rechargeable battery world market [1].

In recent years, the battery production has been increased significantly because of the
electrification of transport and the growth of electronic device use. Today, lithium
consumption for batteries is about 39% of its worldwide production It is clear that by further
increasing battery production, which has already increased considerably in recent years,
lithium demand will continue to increase in the coming years [2, 3]. To ensure supply security
and balance of lithium consumption-production without increasing considerably its price, we
must resort to recover lithium from both primary and secondary resources such as spent LIBs.

There are a lot of techniques to recover metals from aqueous solutions, such as
precipitation, electrolysis, evaporation, or crystallization, etc., but hydrometallurgical
processes are often used for the extraction and separation of metals. Among the
hydrometallurgical processes, solvent extraction is a proven technique, mainly due to its low
operational costs, the possibility to deal with low metal concentrations and its good
selectivity.

In recent years, more interest has been brought to the use of hydrophobic ionic liquids
(ILs) in solvent extraction. ILs consist only of ionic species and possess low melting
temperature, namely below the boiling point of water (100 °C). ILs that are liquid at room
temperature, are called Room-Temperature lonic Liquids (RTILs). The ILs importance has
only recently been recognized. It goes in parallel with the awareness of the dangers
threatening the environment as air and water pollution. ILs have been considered as potential

alternatives to volatile organic compounds (VOCs) having a negative impact on the



environment and human health [4]. Aiming to extract lithium by liquid-liquid extraction, our
interest for ILs is in the same perspective, namely, to replace the conventional molecular
solvents, or at least to reduce their use, but also to improve extraction efficiency and
selectivity, and to understand underlying extraction mechanisms.

Since 1998, when a first published study showed the possibility to extract substituted
benzene from an aqueous phase into 1-butyl-3-methylimidazolium hexafluorophosphate ionic
liquid ([Camim][PF¢]), several research groups around the world have carefully studied the
use of ionic liquids in solvent extraction. It is now well established that metal extraction with
ILs is more complicated than that with conventional solvents. Therefore, a lot of researchers
insist that future research focus should be on the understanding of extraction mechanisms,
which is very important for the better design of extraction systems and their
commercialization [5]. Our work is in the same perspective.

Concerning solvent extraction of lithium, a number of studies using various ILs have
been reported. Researchers explored to employ ILs mainly in four different manners. Whether
using neat IL as extracting phase, X. Zhao et al [6] tested a series of ILs composed of anionic
entities that had intensive affinity to the lithium ion and highly hydrophobic cations. The IL
providing the highest extraction efficiency for lithium cations is tetrabutylammonium mono-
2-ethylhexyl(2-ethylhexyl)phosphate (abbreviated as [N4444][EHPMEH]). C. Shi et al
examined the extraction of lithium cations using novel phosphonium IL as an extracting agent
diluted in molecular solvents, and also using non-fluorinated tetraalkylammonium-based
functionalized ionic liquids [7, 8]. In these studies, it was found that an ionic liquid
tetrabutylphosphonium bis(2,4,4-trimethylpentyl) phosphinate ([Py444][BTMPP]), diluted in
toluene and ionic liquids (ILs), namely tetrabutylammonium bis(2-ethylhexyl)-phosphate
([N4444][DEHP]), and tetraoctylammonium bis(2-ethylhexyl)-phosphate ([Ngggs][DEHP]),

can be used to extract selectively lithium ions from aqueous solutions.



The lithium extraction was also studied intensively with ILs as diluents for classical
extractants. The extraction system with several imidazolium-based ionic liquids associated
with tri-n-butyl phosphate (TBP) extractant has been investigated numerous times [9-15]. It
was found that this system can highly extract lithium from aqueous solutions. Moreover, it is
suitable for the separation of magnesium (Mg) and lithium in the high Mg/Li ratio brines. A
cation exchange has always been touted as the only mechanism for lithium extraction, without
always giving the same stoichiometry of the complex formed.

D. Gao et al [16, 17] have investigated a similar system containing imidazolium based
ionic liquids, tri-isobutyl phosphate (TIBP) and kerosene. In the first study, a neutral
extraction mechanism was proposed, while a cation exchange was proposed in the second
one, where the effect of increasing the alkyl chain of the IL cation was investigated.
Imidazolium ionic liquids were favored, since they are well studied and have low viscosities,
thus facilitating their handling in liquid-liquid extraction [18].

In the present work, the extraction of lithium by a similar system based on 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ionic liquid [C,mim][Tf,N] and tri-n-
butyl phosphate (TBP) is evaluated. Our main aim is to give a complete mechanistic
description of the extraction of lithium cations by TBP diluted in [C,mim][Tf,N], particularly
to determine the stoichiometric coefficients of the extracted species and corresponding
equilibrium constants. The results of this study can be also interesting for the extraction of
other metals by neutral extractants in ILs, in order to fill the lack of the understanding of the

extraction mechanisms.

Materials and Methods

The ionic liquids (purity 99.5%) were purchased from Solvionic (France) and used without

any further purification. The chemical structure of the ionic liquids used in the present work is



shown in Figure 1.

Tri-n-butyl phosphate (TBP, purity >99 %) liquid at room temperature was purchased
from Acros Organics (Belgium). Concentrated hydrochloric and nitric acids were obtained
from VWR (France) having purities of 35 wt% and 67 wt%, respectively. Lithium
bis(trifluoromethanesulfonyl)imide salt (LiTf,N ) ( purity > 99%) and hydrogen
bis(trifluoromethanesulfonyl)imide (HTf,N ) (purity > 95%) were purchased from Solvionic
(France) and Sigma Aldrich, respectively.

Lithium chloride (LiCl) salt with purity above 99% was purchased from PROLABO.
Deuterium oxide (D20) and deuterated nitric acid solutions (DNO3) were obtained from
Sigma Aldrich with a purity of deuterium atom of 99%. Sodium trifluoroacetate (CF;COONa,
98%) was purchased from Alfa Aesar. Dihydrated sodium citrate (C,H,NaOg. 2H,0, 99%)
was purchased from Merck. Aqueous acidic solutions were prepared using deionized water

(resistivity of 18.2 MQ.cm).

Solvent Extraction experiments

In this paper, the following notation is used to facilitate reading: Aqueous phase = (Metal
salt/Aqueous solution) // (Extracting agent/Diluent) = Organic phase. The aqueous phases
were prepared by dissolution of some amount of metal salt in water, and then, the acidity was
adjusted by adding appropriate aliquots of HCl, HNO3;, DNO5 or HTf,N . The acidity was
measured by a pH meter (EUTECH INSTRUMENTS, pH2100x) or by acid-base titration
(Titroline) with NaOH, when pH was lower than 1. The organic phase was prepared by
mixing the appropriate amounts of TBP and [C,,mim][Tf,N] (n =2 or 8) or 1-octanol to
obtain the desired volume ratio. The extraction experiments were conducted by mixing

defined volumes (typically, 0.8 mL) of aqueous and organic phases in an Eppendorf tube (2



mL). The volume ratio between two phases was 1:1 in all experiments.

All distribution experiments were carried at room temperature 25 + 2 °C. The liquid-
liquid mixture was shaken mechanically using a Thermo-shaker (BIOSAN-TS100) for a
defined time (preliminary results have shown that a mixing time of 10 min is sufficient to
reach the equilibrium) at 1400 rpm. After agitation and centrifugation at 5000 rpm for 2 min
with a VWR Micro Star 12 centrifuge, the two immiscible phases were separated carefully to

avoid cross contamination of the phases.

Aqueous Concentrations of Solutes

An aliquot of the aqueous phase was diluted by 1 vol. % hydrochloric acid solution to analyze
metal ions concentrations by Inductively Coupled Plasma Optic Emission Spectroscopy (ICP-
OES) using a Varian 720-ES apparatus. Five standards solutions were prepared in the same
matrices as samples and used for calibration. These analyses allowed us to determine the
metal ions concentration in the initial and equilibrium aqueous phases. The distribution

coefficient is then determined according to the following equation:

[M]org _ [M]init_[M]aq Vaq

D= My = Mg Vorg

(1)

The subscripts, “aq” and “org” represent the aqueous and the organic phase, respectively.
Knowing that the volume ratio used in this work was equal to 1, and that at equilibrium, no

variation in phase volumes was observed, the Eq. (1) becomes:

[M]org _ [M]init_[M]aq

D= =
[M]aq [M]aq

2)

Where [M]jp;; and [M],q are metal concentrations before and after extraction in the aqueous

phase, respectively.



The concentration of the ionic liquid anions (Tf,N™ ) in the aqueous phases was
determined by quantitative fluorine-19 nuclear magnetic resonance spectroscopy ('°’F gqNMR).
This method is based on the fact that the signal intensity (I) in the NMR spectrum is directly
proportional to the number of nuclei (N) contained in the sample and responsible for that

resonance [19]:

Iy = Kg.Ny 3)

Where K is the spectrometer constant. This technique requires a reference compound (also
called an internal standard) with a signal well separated from the signal of the sample to avoid
interferences. Sodium trifluoroacetate (CF;COONa) was used as an internal standard, which
shows one peak at -76.6 ppm in D,0 , corresponding to its 3 equivalents fluorine atoms. A
weighted amount of CF;COONa salt was dissolved in a known volume of D,0, then an
aliquot of this solution was added to our sample where the concentration of Tf,N~ was
unknown. The concentration of Tf,N~ was calculated then by integration of the peaks, using

the following equations:

n Ix N
X _ X std (4)
Nstd Ista Nx
Iy N \%
= X std Vstd Cstd (5)
Ista Nx Vx

Where Cy and Cgq are the analyte concentration and the internal standard concentration,

. . . N I
respectively. nn_x is the molar ratio of the analyte and the standard. Ns—td and — correspond to
std

X Istd
the number of spins ratio and the integrated signal area ratio of a typical NMR peak of the

Vstd . :
st j5 the volume ratio of the standard and sample aliquots.

analyte and the standard.

The concentration of C,mim™* cations in the hydrochloric acid solutions was
determined by UV-Vis absorption spectroscopy (Amax =211 nm, £ =4397.7 cm™'.mol!.dm?
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[20]). This is not possible when using a nitric acid solution as aqueous phase because of the
overlapping of the adsorption band with NO;~ .For this reason, quantitative 'H NMR was
used, and DNO3 used instead of HNO3. Sodium citrate tetrahydrate (C,H;NaOg - 4H,0) was
the suitable internal standard for these measurements. It has a quadruplet between 2.4 and 2.8
ppm in D, 0. The experimental protocol using quantitative NMR for the determination of ILs
constituents used in this study was developed by Mazan and co-workers [21]. Analyses were
carried at room temperature using a 300 MHz NMR instrument.

All experiments were conducted in duplicate and results indicated standard deviations
lower than 10%.

Results and Discussions

Effect of Organic and Aqueous Phase Compositions

To assess the extraction behavior of Li with TBP, its distribution between an aqueous acidic
solution and organic phase was studied as a function of the extracting agent concentration in
the organic phase. Two different organic phases were studied, namely one composed of
TBP/[C,mim][Tf,N] and another one composed of TBP/1-octanol, as a matter of comparison
(Figure 2). On the other hand, two different aqueous phases (HCl or HNO; solutions) were
used to study the effect of the counter-ion present in the aqueous phase. The extractant
dependency data for lithium extraction is shown in Figure 2. The lithium extraction with neat
TBP (100%), neat IL ([C,mim][Tf,N]) or TBP diluted in 1-octanol is negligible whatever the
counter-ion present in the aqueous phase. Therefore, the extraction of neutral species

composed of LiCl and TBP molecules could be excluded.

A significant lithium extraction was observed only when [C,mim][Tf,N] IL was
introduced in the system with TBP. High distribution ratios of lithium were obtained when

TBP concentration was above 40 vol. % whatever the kind of the aqueous media,



hydrochloric or nitric. This means that the extraction of lithium ions is not governed by the
type of counter-ion present in the aqueous phase. The extraction efficiency reached a
maximum when the TBP concentration is between 80 vol.% and 90 vol.%. Further increase of
TBP concentration in the organic phase leads to an exponential drop of the lithium extraction
efficiency, and the appearance of a third phase when TBP concentration is higher than 95
vol.%. These observations show that both compounds, TBP and [C,mim][Tf,N] are
necessary to the efficient extraction of Li. Gao et al. [16] proposed as mechanism of
extraction solvation of LiCl by TIBP. Shi et al [11] [14] [9], proposed a cation exchange
mechanism, in which the lithium ion is complexed by TBP and transferred into the organic
phase, while the IL cation is exchanged and back-transferred into the aqueous phase.

In order to follow the variation of each constituent IL ion ([Tf;N~],4 and
[C;mim*],,) in the aqueous phase as a function of lithium extraction, their concentrations in
the case of LiCl / HCI //TBP/[C,mim][Tf,N] (Figure 2) were measured and the results are
presented in Figure 3. To make the difference between variations related to lithium extraction
and variations related to TBP/[C,mim][Tf,N] volume ratio, the same experiment was
repeated with and without lithium in the aqueous phase. Results revealed that by increasing
TBP concentration, the C,mim* aqueous solubility remains approximately stable and
decrease above around 50 vol. % of TBP. On the other hand, an increase in TBP
concentration is accompanied by a gradually decrease of Tf,N™ aqueous solubility. It shows
also that [C;mim™ ], is higher in the presence of lithium rather than without lithium, but the
opposite trend is observed for [Tf,N7],q. The IL parts aqueous concentrations at high TBP
concentrations are not equal even without lithium and the electro-neutrality is not respected.
This means that some phenomenon happens at high TBP concentrations, which we are not yet
capable to describe here. The influence of increasing TBP concentration on IL cation

solubility has already been studied by Rickert and coworkers [22] and Gaillard and coworkers
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[23]. Rickert found that when using HNO; (1M) as aqueous phase, increasing neutral
organophosphorus reagent concentration in [Csmim][Tf,N] leads to an increase of the
Csmim* aqueous-phase concentrations. Gaillard found also that the C,mim* aqueous-phase
concentrations in 3.7 M HNO3 solution at equilibrium increases as a function of the TBP

concentration in [C,mim][Tf,N].

Effect of Aqueous Phase pH
The effect of the initial pH of the aqueous solution on the extraction of lithium by
TBP/[C,mim][Tf,N], was investigated. Three types of acidic media were tested, namely
hydrochloric, nitric and bistriflimic (HTf2N) acid. As illustrated in Figure 4, the distribution
ratio of lithium depends on the aqueous pH. It is interesting to notice that a small variation of
the lithium distribution ratio is observed using neither chloride nor nitrate as counter-ion. It
seems that the counter-ion has a slight influence on the extraction of lithium. When using the
rather lipophilic nitrate anion as counter-ion, the distribution ratio of lithium is a little bit
higher than with C1™ anion. That means that NO; ™, in contrast to Cl™, contribute by a small
proportion to the extraction of lithium. Using HTf,N , It seems that it is difficult to compare
the effect of Tf,N™ with that of NO;~ or Cl™, because Tf,N™ is an IL constituent. In fact, as
we will see bellow, the IL solubility decreases due to the presence of Tf,N~ in the aqueous
phase, according to Le Chatelier's principle. The cation exchange mechanism is less probable
in this system, but we observe an extraction of lithium, probably due to the extraction of the
neutral species (LiTf,N) by TBP.

In highly acidic media (pH <1) the lithium extraction is low in all acidic solutions.
This has been observed in several similar systems using imidazolium ionic liquids associated
to tributyl phosphate [ 14, 17]. In the case of hydrochloric and nitric acid solutions, it could be
attributed to a strong competition between the extraction of lithium and the extraction of
protons by TBP. Indeed, at high acidic medium, there is a considerable quantity of protons
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moved to the organic phase as can be seen in Figure 5. In the case of HTf,N acid solution,
HTf,N is transferred into the organic solution, thus reducing the amount of Tf,N™ anions
available in the aqueous phase to form ion pairs with lithium. At medium and low acidic
solutions, the distribution coefficient of lithium increased significantly, because there are
fewer protons in the feed solution and therefore less protons extracted to the organic phase.
For each pH value, the concentrations of the IL constituent ions in the equilibrium
aqueous solutions were measured and presented in Figure 6. It was observed that the C,mim*
solubility in HCl and HNOs is high in highly acidic solutions, probably due to an exchange
with protons extracted to the organic phase. It could also be due to the high concentration of
the conjugated bases (NO3~, ClI7). The higher their concentration, the easier for the IL anion
(Tf,N7) to be exchanged. It generates [C,mim][X], which is more hydrophilic and leads to
an increase of the imidazolium cation concentration in the aqueous phase. Then, C,mim™*
solubility decreases considerably by increasing the pH, until it reaches a plateau at a pH near
to 3. In the case of HTf, N, the IL solubility is low in highly acidic solution due to the presence
of high concentration of Tf, N~ in the aqueous phase, according to Le Chatelier's principle. On
the other hand, the opposite trend is observed for Tf,N~ . Its aqueous concentration is low in
highly acidic solutions and increases with the pH. This effect was already observed [24] and
explained by the fact that Tf,N~ associates with H" and return to the organic phase (the
conditional extraction constant of HTF,;N is Kyrg,n = 14100 [25]). The change of ILs ions
solubility as a function of the aqueous phase acidity was already studied [23]. This trend was
observed even in the absence of TBP in organic phase, and it seems that the introduction of

TBP enhanced these phenomena.
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Loading of Lithium

The extraction of lithium was examined with various initial concentrations of lithium in the
aqueous solution, ranging from about 3 mmol.L! to 518 mmol.L". TBP concentration in
[Comim][Tf,N] used in this experiment was 40 vol. %, and a neutral solution was used as
aqueous phase, in order to avoid competition between lithium cations and protons. As it is
shown in Figure 7a, even if the absolute amount of lithium ion transferred into the organic
phase increased the lithium distribution ratio decreased significantly with an increase in
lithium initial concentration. In parallel, the aqueous concentrations of the IL constituents
were measured. Results are displayed as a function of the initial lithium concentration on
Figure 7b. This figure shows that by increasing the initial lithium concentration, the
equilibrium aqueous concentration of C,mim™ increased, and that of Tf,N~ decreased. This
is most likely due to the occurrence of two reactions upon extraction of lithium by TBP
dissolved in the ionic liquid. The first one is cation exchange, where C,mim™ substitutes
charged Lit* species in the aqueous phase, to ensure electrical neutrality. The second one is
ion pair transfer process, where Tf,N~ initially solubilized in the aqueous phase acts as
counter-ion and is extracted with Li* from the aqueous phase.

It is quite known that salts influence the solubility of ILs [26, 27]. To ensure that the
observed IL constituents solubility variation is indeed due to the extraction of lithium and not
to the lithium chloride “salting-out” effect, a pure IL phase (without TBP) was agitated with
different lithium salt concentrations in the aqueous phase. Then, the IL cation concentration
was measured, and it was found that the ionic liquid solubility was not affected significantly
by the Li ion concentration in aqueous phase. That is to say, the IL solubility variation seen in

the Figure 7b is due to the extraction of lithium by TBP.
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Therefore, in the system of LiCl/ HCl /TBP/[C,mim][Tf,N] lithium ion extraction
could be described by an ion-exchange, according to the equation (6), and by ion pair transfer

process according to equation (7):

Lizq + nTBPys + szim+Org @ [Li.nTBP]%¢ + szieralq (6)
LiZq + mTBPyyg + Tf,N3q @ [Li. mTBP. TE,N] o 7)

Where, n and m represent the number of TBP molecules involved to complex with lithium ion
according to an ion-exchange mechanism or a neutral extraction mechanism, respectively.
Furthermore, if and only if these two reactions are involved in the extraction of

lithium, due to the charge balance, the following equation must be verified:
[szim+]aq,ext + [TfZN_]org,ext = [Li+]org = [Li+]aq,init - [Li+]aq (8)

The subscripts “aq,ext” and “aq,sol” are used to make the difference between C;mim™* qext

concentration found due to the exchange with Li*, and the concentration found due to the IL

solubility ([C,mim™],qs01) in the aqueous phase according to the following reaction:

[szim][szN]org g szim+ + TfZN_aq,sol (9)

ag,sol
The global [C;mim*],4 and [Tf,N~],4 aqueous concentrations will be as follows:

[szim+]aq = [szim+]aq,sol + [szim+]aq,ext (10)
And similarly:

[TfZN_]aq = [TfZN_]aq,sol - [TfZN_]org,ext (11)

Where [Tf,N~]q« is the IL anion concentration transferred to the organic phase under the
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form of an ion pair with the lithium ion. The IL solubility corresponding to [Comim™*],q 501
and [Tf,N™],4 501 concentrations, was measured at equilibrium using aqueous phases without
lithium (first point in Table 1). These values were used to calculate [Cmim*],q ex and

[Tf,N~] eyt as follows:
[szim+]aq,ext = [szim+]aq - [CZmim-l-]aq'SOl (12)

[TfZN_]org,ext = [TfZN_]aq,sol - [TfZN_]aq (13)

[Comim™],q . [Tf,N7],q are values that were measured at equilibrium for every sample as a

q

function of the initial concentration of lithium in the aqueous phase. All data are presented in
Table 1, where we can see that the equation (8) is approximately verified. Hamamoto and
coworkers [28] used the same approach, based on the solubility measurements and balance
charge of the system, in order to find the laws that govern the extraction of cations from water
to ILs without chelating agents. They studied the extraction of mono- and divalent
alkylpyridinium cations from aqueous solutions into ten hydrophobic ILs of 1-butyl-3-
methylimidazolium-based or bis (trifluoromethanesulfonyl) amide-based salts. They found
that the extraction is going through two different mechanisms, an ion exchange with the IL
constituent cation and an ion pair transfers with the IL anion.

The extraction equilibrium constants (K, K,) and the distribution ratios (D;, D)

referring to the reactions (6) and (7) respectively, can be written as:

[LimTBP*]org.[Comim*],q

Kl - [Li+]aqx[TBP]grg-[CZmim+]org (14)
_ [LiTf,N.mTBP] org
K, = [Li*]aq[TBP]Bg .[TE2N"lag (15)
D1 _ [Lilorg _ [Li'nTBP+]org — Kl- [TBP]grg-[szim+]org (16)

- [Li]aq - [Li+]aq [szim+]aq,ext
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_ [Lilorg _ [LiTf,N.mTBP] org _
Do = == = Ko [TBPIgg [TEN o 17)

Based on the data presented on the Table 1, we can suppose that:

[LiTf,N.mTBP] ;g = [Tf;N7]exe and [Li- nTBP*]g = [Comim™]oq ext

Based on the previous assumption, it is possible to determine the equilibrium constant
for each reaction involved in the extraction of lithium, and the number of TBP molecules in
the lithium ion coordination sphere for both mechanisms. First, an isotherm of extraction is
plotted for each reaction based on experimental data. Then, a theoretical curve is traced and
adjusted to the experimental curve.

The equation of each extraction isotherm can be written as follows:

Cation exchange:

. _ Ky [TBP] ., [
[Li*]org = [Li.nTBP*]org = e

[Comim*],q

Cz mim+]org,eq -[Li+]aq

(18)

lon pair transfer:

[Li*]org = [LITE,N.mTBP] org = Ky . [TBP]Sg . [THNToq [Litlag  (19)

Where [szim+] = [szim+]0rg,init - [szim+]a and [TBP]org = [TBP]org,init -

org,eq q

(0.67 X n + 0.33 X m). [Li*]4g, because, from the Table 1, we can supposed that two-thirds

of the lithium in the organic phase is extracted by cationic exchange ([Comim™*],q ext =
g([Lﬁ]org)), while the other one-third is extracted by ion pair extraction ([Tf,N™]axt =

= ([Li*]org)).

It can be seen from Figure 8§ that the calculated and the experimental data are in good
agreement. The equilibrium constants (Ki and K2) and the stoichiometric coefficients (n and

m) retained are values presented in Table 2. There are around 3 and 4 molecules of TBP
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coordinated to Li* ion, forming two complexes by two different mechanisms, the cation
exchange and the ion pair transfer, respectively. Taking into account the small size of lithium,
the ligand to metal ratios found could be considered high, but in the same time, it might be
reasonable, considering that the lithium ion is usually highly coordinated [29]. Gao et al. in
two different studies, proposed 2LiCl. 3TIBP, and Li. 2TIBP™ as structural formulas of lithium
complexes. Shi et al, proposed also two different complexes Li. 2TIBP* [10] and Li. 1TIBP*
[14] to extract one lithium ion. These results can also explain the low extraction efficiency in
highly acidic media seen in Figure 4. Indeed, the high acidic medium favors the dissolution of
C,mim™ , thus shifting the equilibrium of extraction by cation exchange (equation (6)) in the
opposite way. The high acidic medium decreases also the free Tf,N~ ions, therefore, the
lithium extraction by ion pair transfer decreases. Dietz et al [30] studied the strontium transfer
into room-temperature ionic liquids containing crown ethers, and he proposed only the ion-
exchange as mechanism, neglecting the ion pair transfer and postulating that if an extraction
of a complex incorporating Tf,N~ counterions is indeed occurring, conditions that increase
the aqueous concentration of the anion like higher acidity are expected to yield the highest
distribution ratios. However, this is not the case because higher acidity doesn’t increase the
aqueous concentration of IL anion as can be seen in Figure 6b.

The global distribution ratio can be written in the following form:

Thus, by using the equilibrium constants and stoichiometric values found in the
previous part and the IL constituents concentrations presented in the figure 3, it is possible to
develop a mathematical model to predict the global distribution ratio of lithium as a function

of the TBP concentration.
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[TBP]grg.[Comim™]

D = Ky~ ET ot 4 Ky [TBP 3y [TF,Nlag 21)
[TBP]gr -[szim+]or —
D = 0.0 x TR 8 4 330 x [TBPdrg. [THN ag (22)

[TBP] org, is the free TBP content at equilibrium in the organic phase. It can be considered
equal to the TBP initial concentration, given that the initial lithium concentration is much
lower compared to it. Thus, the global distribution of lithium was calculated using the
equation (22) and compared to experimental results (Figure 2). At low initial TBP
concentration (< 50 vol. %), good agreement is observed between calculated and experimental
D. At high TBP concentration, high deviations are observed. This is probably related to the
variations of the IL constituents concentrations at high TBP concentration, or due to change of
the coordination number at high TBP concentration or the formation of TBP aggregates. This
is because the coordination numbers used for calculations were found at 40 vol.% of TBP
concentration. It is known also that TBP can form aggregates in applied separations, which

lead sometimes to the formation of a third phase [31, 32].

Extraction of Lithium using Tf, N~ as Counter-ion

It is now well recognized and that the ILs are not inert solvents and that they are involved in
the extraction process of metallic ions, as demonstrated above. Thus, we decided to study the
behavior of lithium in an aqueous phase containing LiTf,N salt contacted with two different
organic phase composed of: TBP/l-octanol and TBP/[Cgmim][Tf,N] (Figure 10a).
[Cgmim][Tf,N] is an imidazolium-based IL with an alkyl chain longer than that of
[Comim][Tf,N] which makes it more hydrophobic. The low solubility of [Cgmim][Tf,N] in
aqueous phases prohibits the extraction of lithium by cation exchange. The metal by IL cation
extraction leads to the loss of the IL and the contamination of the aqueous phase. Gao et al.

studied the effect of the alkyl chain length from C, to Cq in [C,mim][PFg], on the extraction
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of lithium using TIBP mixed with kerosene. They found that the lithium ion extraction
decreases significantly when increasing the alkyl chain length of the IL cation. From the
Figure 10a, it appears that whatever diluent used, firstly, the presence of Tf,N™ anions in
aqueous solution leads to an enhancement of lithium ion extraction with TBP. Secondly, the
distribution ratio of lithium increases as the TBP concentration in the extraction system
increases. The lithium extraction efficiency is in the following order: 1-octanol
> [Cgmim][Tf,N]. This is probably because the lithium complex extracted with TBP is more
soluble in 1-octanol than in [Cgmim][Tf,N]. It is important to remember that TBP/1-octanol
system has not been able to extract lithium when Cl~ was used as counter-ion (Figure 2).

The ion pair transfer (equation (7)) seems to be the only mechanism by which lithium ions
were extracted in this system. Taking the logarithm of both sides of the extraction constant

equation (17), the following equation is obtained:

logD = m.log[TBP] g + log[Tf,N7],q + logK (23)

Considering that [Tf,N™],q = [Lil»q, the equation (23) can be written as follows:

logD - log[Li]aq = M.log[TBP] g +log K (24)

[TBP] org is the free TBP content at equilibrium in the organic phase. It can be considered
equal to the TBP initial concentration, given that the initial lithium concentration is much
lower compared to it. (logD - log[Li],q) for the two diluents plotted as a function of
log[TBP] 4rg, can be seen in Figure 10b. Results show that the diluent affects the coordination

number (m), and that this coordination number increases at high TBP concentrations. In the
case of TBP/[Cgmim][Tf,N], a slope of 4 at TBP concentrations below 60 vol.% indicates
that 1:4 (a lithium ion to four TBP molecules) complexes are formed, while, at high TBP

concentrations a slope of 8 indicates that probably aggregates are formed. This supports our
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hypothesis previously issued to explain the poor agreement between the calculated and
experimental D at high TBP concentration seen in Figure 9.

The ‘critical’ concentration at which this change of stoichiometry happens, change
from one diluent to another. In the case of TBP/1-octanol, 1:3 complexes are formed bellow
40 vol.% of TBP. In the system LiCl / HCl //TBP/[C,mim][Tf,N], from the Figure 9, this
‘critical’ concentration is probably around 50 vol.% of TBP.

By using the equation (21) and varying n and m, we tried to verify if we can obtain a
good agreement between the calculated and experimental D at high TBP concentration. As
seen in Figure 11, it is possible to obtain a much better agreement between calculated and
experimental D than that observed previously. The stoichiometric values that show the best
agreement are n =4 and m =4 for 60 vol. % < TBP <80 vol. % and n =4.5 and m =5 for

TBP > 80 vol.%.

Conclusion

In this work, it was confirmed that TBP can extract efficiently lithium from hydrochloric or
nitric acid media, when mixed with [C,mim][Tf,N]. Increasing the acidity of the aqueous
solution decreases the extraction efficiency. Using analysis based on measurements of IL
constituents concentrations in aqueous phases, two mechanisms of the lithium extraction were
proposed. Each one involves one IL ion. The IL cation (C,mim*) substitute Li* in the
aqueous phase, and the IL anion (Tf,N™) initially dissolved in the aqueous phase, is back-
transferred to the organic phase with the TBP-Litcomplex. The role of IL constituents is
therefore to ensure the electro-neutrality of the system since TBP is a neutral extractant. It
was also evidenced that TBP can extract lithium even when diluted in a molecular diluent (1-
octanol), in a highly hydrophobic IL ([Cgmim][Tf,N]) but only if Tf,N~ is used as counter-
ion. This is due to the high hydrophobicity of this anion. These results are a proof that
complex incorporating Tf,N~is indeed occurring in the TBP/[[C,mim][Tf,N] system.
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Industrially speaking, the system of TBP/[C,mim][Tf,N] is not attractive for the extraction of
lithium, because of the partitioning of the IL cation into the aqueous phase and the need of
using high TBP concentrations to reach high lithium extraction efficiency. However, the use
of TBP diluted in [Cgmim][Tf,N] with the presence of Tf,N~ in the aqueous phase has
shown satisfying extraction efficiency for lithium. In such a system, it is unnecessary to
sacrifice IL cations. The complete and detailed understanding of the mechanism(s) of
extraction in IL media could help to improve both the extraction efficiency and the selectivity
for lithium using solvent extraction. The design of a lithium selective solvent extraction
process could be inspired by the unusual extraction efficiency observed in IL media.
However, future work should be focused on the use of cheaper and more environmentally

friendly products.
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1-Alkyl-3-Alkylimidazolium bis(trifluoromethylsulfonyl)imide
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Figure 1. Chemical structure of imidazolium-based ionic liquids used in this study
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Figure 2. Effect of TBP volume concentration mixed with two diluents,
([C,mim][Tf,N] and 1-octanol) on the lithium extraction from aqueous acidic solutions,

HCI or HNOj3. pHinitial = 2 and [Li*],qinit = 15.4 £ 0.8 mmol.L™".



] I ] B o ] ] )
50 - . - 50
< 40- L 40
= =
L E
— 30 - -30 g
+ =
E =
(o]
EN 20 - [C2mim]aq (With Li) | 20 ‘E
8 o [Comim]aq.sol
A [TfaNIaq (With Li)
10K & [TfaN]ag,sol =10
0 T T T v T v T v T v T 0
0 20 40 60 80 100

TBP/vol.%

Figure 3. Equilibrium aqueous concentrations of IL ions (C,mim™ ,Tf,N™ ) as a
function of TBP volume concentration in [Comim][Tf2N] with and without lithium in

the aqueous phase (pHinitiat= 2, [Li*]aqinit =15.4 £ 0.8 or [Li*]aqinit = 0.0 mmol.L™).
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Figure 4. Effect of the initial aqueous pH of acidic solutions (HCl, DNO5; and HTf,N)
on the extraction of lithium with 40 vol.% TBP/[C,mim][Tf,N] mixture. Initial lithium

concentration in all aqueous phases was 14 + 4 mmol.L™.
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Figure 5. Proton concentration extracted to the organic phase as a function of the initial

aqueous phase pH. Organic phase: 40 vol.% TBP/[C,mim][Tf,N].
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Figure 6. Equilibrium concentrations of [C,mim* ] (a) and [Tf2N-] (b) in the aqueous
solutions (HCl and DNO5) as a function of the initial pH. Organic phase: 40 vol.%
TBP/[C,mim][Tf,N].
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Figure 7. Effect of the initial lithtum concentration in the aqueous phase on its
extraction by 40 vol.% TBP/[C,mim][Tf,N]: (a) Distribution ratio of Li ions and its
concentration in the organic phase and (b) Equilibrium concentration of the IL
constituents in aqueous solution. Aqueous phase: LiCl/Deionized water.
Table 1. Equilibrium concentration of lithium ions in the organic phase and of IL
constituents (C,mim* , Tf,N7) in aqueous phase as a function of the initial lithium ion
concentration. Verification of the equation (8).
[szim+]aq,ext
[Li+]aq,init [szim+]aq [TfZN_]aq [szim+]aq,e> [TfZN_]org,ex + [TfZN_]org,ext [Li+]org
(mM) (mM) (mM) (mM) (mM) (mM) (mM)
0 37.7£1.9 38.7£19 | - - - 0
3.12+0.16 39.44+2.0 38.4£1.9 | 1.744+0.09 0.24+0.01 | 1.98+0.10 2.13+0.11
7.66+£0.38 41.6+2.1 37.9£1.9 | 3.96+0.20 0.82+0.04 | 4.8+0.2 5.2+0.3
15.3+0.8 44.5+2.2 36.8£1.8 | 6.86+0.34 1.9+0.1 8.7+0.4 10.0+0.5
29.6x1.5 49.5+£2.5 32.8+1.6 | 11.8+0.6 5.8+0.3 17.6+0.9 18.2+0.9
46.0+£2.3 54.1£2.7 30.2+1.5 | 16.5+0.8 8.5+0.4 24.9+1.2 27.0+1.4
61.0+3.1 61.1£3.1 29.0+1.5 | 23.5¢1.2 9.7+0.5 33.1+1.7 33.4+1.7
75.0+£3.8 67.2+3.4 27.3+1.4 | 29.5¢1.5 11.3+0.6 40.94+2.0 37.1+1.9




122+6 77.7£3.9 24.4+1.2 | 40.1£2.0 14.3+0.7 54.3+2.7 54.1£2.7
17248 87.9+4 .4 22.3+1.1 | 50.3£2.5 16.4+0.8 66.6+3.3 66.1+£3.3
210£10 97.9+4.9 20.2+1.0 | 60.2+£3.0 18.4+£0.9 78.6£3.9 75.7£3.8
518426 136+6.8 16.2+0.8 | 98.5+4.9 22.4+1.1 121+6 116+6
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Figure 8. Experimental and calculated equilibrium isotherms for the extraction of
lithium from water by both mechanisms (cation exchange and ion pair extraction) using

40 vol.% TBP/[C,mim][Tf,N]. The concentrations are expressed in moles per liter.




Table 2. Equilibrium constants and stoichiometric coefficients values, for both lithium

extraction mechanisms by TBP/[C,mim][Tf,N].

Cation exchange Ion pair transfer

Stoichiometry n=3 m=4

Equilibrium constant | Ki=0.010 + 0.003 K2=3.30+0.09

R? 0.98 0.98
[ " [ " 1 N [
oy — D, calculated i
] D, experimental
25] L. eXper 5
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Figure 9. Experimental and calculated distribution ratios of lithium in the case of LiCl
/ HC1 //TBP/[Comim][Tf,N] (pH=2 and [Li*],qnit =15.4 + 0.8 mmol.L™"). The

concentrations are expressed in moles per liter.
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Figure 10. (a): Effect of TBP concentration on the extraction of lithium ions and (b):

Plot of (logDLi- [Tf;N™],q) versus log [TBP] (aqueous phase: pure DI water with

[Li*]agqinit = 72.6 + 3.6 mmol.L™).
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Figure 11. Experimental and calculated distribution ratios of lithium in the case of LiCl

/ HC1 //TBP/[C,mim][Tf,N] (pH=2 and [Li*],qinit =15.4 + 0.8 mmoL.L").




