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Abstract

The recovery of lithium from brines is a major field of study with an increase in lithium-ion
batteries consumption and the subsequent growth of lithium consumption. The recovery of
lithium from shale gas produced water is promising since these sources could contain non-
negligible concentrations of lithium. In this study, lithium extraction was investigated using
solvent extraction with a bifunctional ionic liquid (IL) as an extracting agent diluted in n-
dodecane. The components of these IL are cheap and commercially available products,
namely  Aliquat-336  (methyltrioctylammonium  chloride) and DEHPA  (di-(2-
ethylhexyl)phosphoric acid), and its synthesis is straightforward. Lithium extraction was
optimized by studying several experimental parameters (mixing time, agueous phase acidity,
IL concentration in the solvent phase, aqueous lithium concentration). The mechanism of
extraction was detailed, and the stripping was shown to be complete with 0.5 mol.L™ of HCI.
A two stages strategy was defined to recover lithium from synthetic brine. In the first stage,
divalent metals are removed using five successive cycles of extraction with DEHPA (1 mol.L?)
dissolved in n-dodecane. In the second stage, the IL extracting agent [Aliquat-336][DEHPA] (1
mol.L) allowed to remove 83% of lithium in one cycle of extraction, which is higher than
reported solvent extraction results with conventional extracting molecules.

Keywords: Lithium; Solvent extraction; lonic liquid; Aliquat-336; DEHPA
Introduction

Lithium consumption increased abruptly in the last decade, mainly due to its utilization for
the manufacture of rechargeable lithium-ion batteries. Consequently, many studies focused
on the extraction of lithium from primary and secondary aqueous sources [1].

Many techniques were applied to achieve this goal, from membrane-based processes ([2])
and sorbent materials ([3]) to ion exchange resins [4]. To produce lithium-ion batteries, two
main solid compounds are used, namely lithium hydroxide and lithium carbonate [5].

The precipitation of lithium carbonate from aqueous sources is frequently found in lithium
production process [6], [7]. Using saturated sodium carbonate solutions, lithium carbonate
solubility decreases with temperature, while sodium carbonate solubility increases, allowing
to obtain solid lithium. However, the solubility of lithium carbonate is still relatively high
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even for high temperatures (0.8 g.L™* at 100°C, [8]). Thus, techniques allowing the recovery
of lithium from low concentrated aqueous solutions (containing less than 1g.L* of Li) and its
pre-concentration are needed.

This method is therefore unpractical for water resources containing low amounts of lithium
such as brines or geothermal waters. Recently, brines obtained from shale oil and shale gas
production have attracted attention. These brines contain non-negligible amounts of lithium
(around 100 mg.L?), together with alkaline-earth elements (around 10 g.L™! of calcium and
around 1-2 g.L'? of magnesium, strontium, and barium) and other alkalis (more than 20 g.L*!
of sodium) [9], [10]. The recovery of the valuable metals could help reinforce the profitability
of the installations but enlighten the need for robust and cheap recovery and separation
techniques [11].

Solvent extraction has many advantages to extract metal ions such as low operational costs,
high selectivity, and the possibility to treat low concentrated solutions [12]. Many works
focused on the solvent extraction of lithium [13], [14], [15]. Despite the numerous solvent
extraction systems developed recently, the extraction of lithium is still challenging,
particularly due to its low oxidation state (+I), high hydrophilicity and similar physico-
chemical properties than competing metal ions such as magnesium and sodium

The most efficient system is a synergistic system made of an acidic extractant (such as beta-
diketones and phosphoric acids) and a solvating reagent (tri-n-octylphosphine oxide is
frequently used) [16], [17], [18], [19]. This system allows to extract lithium with a high
selectivity towards other alkali metals. However, the extraction is possible when the acidic
molecule is deprotonated, which requires alkaline pH in the agueous phase.

To extract lithium from acidic aqueous solutions, one can use saponified organophosphorus
extracting molecules, which make them able to treat acidic solutions [15]. However, the
sodium salts of these extractants are somewhat soluble in water, which necessitates the
costly treatment of wastewaters after the solvent extraction steps and leads to the
production of large volumes of polluted waters [20].

Another well studied system is based on the addition of iron chloride and the extraction of
the LiFeCls species by tri-butyl phosphate (TBP) alone or combined with organic synergists
like methyl-isobutyl ketone, malonamides or di-(2-ethylhexyl) phosphoric acid (DEHPA) [21],
[22], [23]. The extraction of iron chloride species allows to reach high selectivity for lithium
towards magnesium and sodium, making this solution very convenient for the extraction of
lithium from brines. However, the formation of the anionic FeCls species is mandatory
before lithium extraction, which requires a high concentration of chloride anion (> 4 mol.L?)
and addition of hydrochloric acid. Thus, this system is only relevant if the aqueous phase
contains a high chloride ion amount.

To avoid the addition of iron chloride, Shi et al. demonstrated the possibility to use TBP in
combination with imidazolium-based ionic liquids [24], [25]. In this case, lithium is extracted
by TBP by exchange with the ionic liquid cation, and the use of fluorinated hydrophobic



anions helps to reinforce the extraction efficiency by allowing to form ion pairs with the
extracted metal [26]. Despite some merits (extraction efficiency >80%, selectivity towards
magnesium), the use of a fluorinated ionic liquid, as well as the cation exchange mechanism,
is detrimental from the environmental point of view. The high cost of the ionic liquid and its
physicochemical properties (high viscosity, hygroscopicity..) makes the large-scale
application of this system difficult.

However, some ionic liquids (ILs) have interesting properties and can be useful for the design
of relevant solvent extraction systems, such as non-fluorinated ionic liquids based on
commercial extractants DEHPA or bis-(trimethylpentyl)phosphinic acid (HBTMPP; [27], [28])
as an anion. These ionic liquids were proven to be efficient and selective for lithium ions
among other alkali metals. However, the method of synthesis of these ILs was based on a
multistep strategy and used dichloromethane, which is unfavorable due to the toxicity of
this molecular solvent.

In this work, our main objective is to design an affordable and simple solvent extraction
system for the lithium ions with a bifunctional ionic liquid. The ionic liquid is made with
cheap and available cation and anion, Aliquat-336 ([29]), and DEHPA, respectively. A simple
and straightforward synthesis of this IL is used. Dodecane is selected as a diluent since it is a
well-known and commonly used for solvent extraction. The solvent phase containing ionic
liquid dissolved in the diluent fulfills the requirements of the current solvent extraction
equipment (low viscosity, lower density than water...). In the second part of this work, we
design a solvent extraction strategy to separate the valuable metals (alkaline earth metals
and lithium) from a simulated brine obtained from shale gas production.

2. Materials and methods
2.1. Reagents

The ionic liqguid methyl tri(octyllammonium chloride (Aliquat-336, purity> 97%) was
purchased from Sigma Aldrich. The extractant molecules, namely di-(2-
ethylhexyl)phosphoric acid (DEHPA, 95%) was obtained from Alfa Aesar. The diluent n-
dodecane (99%) was obtained from Sigma Aldrich. The metal salts as well as hydrochloric
acid were either purchased from Prolabo or Sigma Aldrich and are of the highest purity
available. All of these chemicals were used as received. Deionized water (18.2 MQ.cm) is
obtained with a Purelab Option Q apparatus.

2.2. Preparation of the bi-functional ionic liquid

The bi-functional ionic liquid is prepared according to the straightforward method described
by Sastre et al. ([30], [31]). In brief, an equimolar mixture of Aliquat-336 and the extracting
molecule are mixed in n-dodecane and vigorously shaken, allowing to form the ionic liquid.
This organic mixture is then mixed several times with an aqueous solution of NaHCOs (0.5
mol.L?), allowing to wash the hydrochloric acid formed during the reaction. These two steps
can be presented by the following equations [31]:



NR,Cl + HDEHPA <> NR,CIHDEHPA (1)
NR,CIHDEHPA + NaHCO5; <> NR,DEHPA + NaCl+ CO, + H,0 (2)

NR,Cl referring to the ionic liquid Aliquat-336, HDEHPA being the protonated form of the
DEHPA molecule. The second step is repeated until all the excess chloride is washed from
the organic phase, which is evidenced by the silver nitrate test. The organic phase is then
repeatedly washed with water.

2.3. Solvent extraction

The exact mass of metal salt is weighed with a Sartorius BP 221S balance (precision +0.01
mg) and dissolved in deionized water to prepare the aqueous phase. The acidity of this
solution is adjusted by adding aliquots of hydrochloric acid. The organic phase is made of
extracting ionic liquid dissolved in dodecane. These two immiscible phases are then shaken
at 1400 rpm at 25°C with a Biosan TS-100 Thermoshaker apparatus, to promote phase
mixing. The two phases are then centrifugated at 9500 rpm for 2 minutes with a VWR
Microstar apparatus to promote phase disengagement. The concentration of metal ions in
the aqueous phase before ([M]pefore) and after extraction ([M]gf¢er) is determined by ICP-
OES with a Varian 720 ES apparatus. The distribution ratio for the metal (Dw) is calculated
with the following equation:
Dz[M]org vorg _ [M]before_[M]afterXVOTg

[Mlag Vaq (Mlafter Vaq

(3)

[M]org and [M],, being the metal concentration in the organic and aqueous phase after

extraction, respectively. Vorg and Vaq are the volume of an organic and aqueous phase,
respectively. The organic to aqueous volume ratio is maintained at one in our trials unless
otherwise stated. The distribution ratio values reflect the affinity of the metal for the organic
phase and allow to estimate the extraction efficiency (E, %):

prorg

(4)
The stripping efficiency (S, %) is calculated with the following equation [22]:

Szwxloo

[M]org
(5)

Where [M],,g4s is the concentration in the organic phase after stripping of the metal from

the loaded organic phase.

3. Results and discussion



3.1. Optimization of lithium extraction
3.1.1. Extraction parameters

The effect of the mixing time on the distribution ratio values for the target metal is an
important feature when using the solvent extraction technique. The results of the kinetics of
lithium extraction with [Aliquat][DEHPA] ionic liquid dissolved in n-dodecane are reported in
Fig. 1.
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Figure 1. D;; depending on the mixing time. Aqueous phase: LiCl (250 mg.L?), pH=5. Organic phase: LI
Aliquat-DEHPA (1 mol.L?) diluted in dodecane. Lines are drawn for clarification purposes.

It can be seen that lithium distribution ratio is increasing in the first few minutes until it
reaches a plateau for mixing times of ten minutes and longer. Thus, an equilibrium is
reached with ten minutes of mixing. A mixing time of 30 minutes is retained for further
experiments to ensure that the equilibrium is reached whatever the chemical conditions
prevailing in the aqueous phase.

To prove the higher efficiency of the bi-functional [Aliquat][DEHPA] IL, it was compared with
that of both its components, namely Aliquat-336 and DEHPA, used individually in the same
diluent (Fig. 2).
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Figure 2. D,; depending on the composition of the organic phase used. Aqueous phase: LiCl (250 mg.L
1), pH=5. Organic phase: 1 mol.L? of Aliquat-336 alone, DEHPA alone, or IL Aliquat-DEHPA diluted in
dodecane. Lines are drawn for clarification purposes.

The distribution ratio values for lithium obtained with Aliquat-336 are negligible, which
evidence that this extracting molecule has no affinity for the lithium ion. The distribution
ratio values obtained with DEHPA alone are significant but remain low (D.i<0.1), which
indicates that DEHPA can coordinate with the lithium ion [32], [19]. However, the acidic form
of DEHPA is involved in the formation of dimers in the organic phase (Fig. 3) [33]. When the
IL Aliquat-DEHPA is used as an extracting agent, DEHPA is under its ionized which reduces
the hydrogen bonding ability and enhances its complexation ability towards the lithium ion
([27], [28]), thus leading to the inner synergistic effect [34]. As evidenced in Fig. 2, the
distribution ratio for lithium is much higher when the IL Aliquat-DEHPA is used (D.=5.4+0.3).
Thus, the IL-based on DEHPA is much efficient than DEHPA alone and can be used without
increasing the pH of the aqueous phase. The effect of the aqueous phase pH on the lithium
extraction was investigated in Fig. 4.
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Figure 3. Dimeric structure of DEHPA (top) and structure of the ionic liquid Aliquat-DEHPA (down).
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Figure 4. D, depending on the hydrochloric acid concentration in the aqueous phase.

Aqueous phase:



LiCl (250 mg.L?), pH variable. Organic phase: LI Aliquat-DEHPA (1 mol.L?) diluted in dodecane. Lines
are drawn for clarification purposes.

The higher distribution ratio is obtained without mineral acid in the agueous phase. DEHPA is
an acidic extractant which gets easily protonated, which can explain the trend of the
decrease of the distribution ratio with the increase of acid content in the aqueous phase
since protons are extracted more efficiently than lithium [27]. With 1 mol.L'! of HCl or more
in the aqueous phase, lithium extraction is almost negligible (D1i<0.1). The acidity of the
aqueous phase is a major feature of this solvent extraction system, but the extraction of
lithium from low acidic or neutral solutions remains feasible.

The effect of the initial lithium concentration in the agueous phase is also important and was
investigated in Fig. 5.
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Figure 5. D;; depending on the lithium initial content in the aqueous phase. Aqueous phase: LiCl
(variable), pH=5. Organic phase: LI Aliquat-DEHPA (1 mol.L}) in dodecane. Lines are drawn for
clarification purpose

It can be seen that the lithium distribution ratio is high when lithium concentration is low
(Du>1 for [Li]<10% mol.LY). The lithium distribution ratio is gradually decreasing with an
increase of initial lithium concentration in the aqueous phase, which could be explained by
the loading capacity of the IL. Thus, this solvent extraction system is particularly indicated for
low concentrated lithium solutions.



3.1.2. Mechanism of extraction

The mechanism of extraction was investigated using the slope analysis method. It can be
seen from Fig. 6 that the lithium distribution ratio values are increasing linearly by increasing
the concentration of IL extracting agent in the organic phase.
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Figure 6. Di; depending on the IL content on the organic phase. Aqueous phase: LiCl (250 mg.L?),
pH=5. Organic phase: LI Aliquat-DEHPA (variable) diluted in dodecane.

The extraction of lithium by the bifunctionnal IL from the aqueous phase can be written as follows,
assuming that DEHPA is responsible for the extraction of the lithium ion:

Lif{q + n(DEHPA‘)OrgH(Li+ * DEHPAY) org

(6)

Where the subscripts “ag” and “org” refer to the agueous and organic phase, respectively.
DEHP The extraction constant (K,,) can be expressed as follows:

[Li*«DEHPARlorg Dy

€% [Lif4l[DEHPA™1},;  [DEHPA~ |3y,
(7)

The logarithmic expression of Eq. (7) gives:

log D;; = nlog[DEHPA™ ]y + 10g Key
(8)



The variation of log D;; as a function of log[DEHPA™ |4 is shown in Fig. 7. This plot should
give a straight line, the value of the slope being “n” (number of DEHPA molecules involved
for the extraction of the lithium ion), and the intercept being the value of log K,,. It should
be noticed that [DEHPA™ ]org refers to the concentration of free DEHPA™ in the organic
phase. Since the initial concentration of lithium in the aqueous phase is low, the free DEHPA
concentration is considered as the same as the initial concentration of DEHPA introduced in
the organic phase.
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Figure 7. LogDy; versus log [Aliquat-DEHPA]. Aqueous phase: LiCl (250 mg.L), pH=5. Organic phase: LI
Aliquat-DEHPA (variable) diluted in dodecane.

The plot given in Fig. 7 gives a slope approximately equal to one (0.920), indicating that one
DEHPA molecule is involved in the extraction of lithium. The intercept value (-0.688) allows to
calculate the value of Kgy which is estimated to be equal to 0.20. The mechanism of
extraction does not involve an exchange of part of the ionic liquid with the extracted metal,
which limits the contamination of the aqueous phase.

3.1.3. Selectivity and stripping studies

After extraction of the target metal, it has to be recovered from the loaded organic phase.
This stripping step has to be efficient and advantageous with a low volume of the aqueous
phase to reduce the consumption of mineral acid and water. According to Fig. 3, an acidic
aqueous solution can be used to recover the metal in the aqueous phase. The amount of Li
stripped (S, %) from the loaded organic phase is plotted in Fig. 8, for various concentrations
of HCI.
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Figure 8. Amount of Li stripped from the loaded organic phase (1 mol.L'’? IL in dodecane) depending
on the aqueous HCl concentration. O/A=2

As evidenced in Fig. 4, protons compete with lithium ions in the organic phase for the DEHPA
molecule. The stripping efficiency is higher with a high concentration of HCl in the aqueous
phase. With a HCl concentration of 0.5 mol.L'! a good stripping efficiency is obtained
(92.1+3.1%). The stripping is complete with a higher concentration of acid. For HClI=1 mol.L!
the stripping efficiency reaches 99.1+2.2%. These parameters allow to limit the consumption
of both water and acid since the organic to aqueous phase volume ratio is 2.

The selectivity of the solvent extraction system was studied. Since the interaction between
lithium and DEHPA is electrostatic by nature, the metals with the highest charge density will
be extracted priorly, as shown in Fig. 9 where the distribution ratios of cobalt(ll), nickel(ll)
and lithium(l) are compared.
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Figure 9. Dy, Dco and Dni. Aqueous phase: LiCl, CoCl, and NiCl, (250 mg.L? of each), pH=5. Organic
phase: IL Aliquat-DEHPA (1 mol.Lt)diluted in dodecane.

The distribution ratios of cobalt and nickel are higher than Dy, since DEHPA has a higher
affinity for the divalent metals rather than the monovalent lithium ion. These divalent metals
have a negative influence on lithium distribution ratio since lithium extraction is much lower
when the aqueous phase is made of the three metals. Thus, the extraction of lithium from
metals of higher valency is compromised, but this solvent extraction system can be used to
separate lithium from metals with a lower charge density such as sodium (Table 1).

Table 1. Di; depending on the initial sodium/lithium molar ratio. Aqueous phase: LiCl and NaCl (250
mg.L? of Li, sodium variable), pH=5. Organic phase: IL Aliquat-DEHPA (1 mol.L?) diluted in dodecane.

Na/Li (mol/mol) Dui
0.1 3.2+0.4
1 1.7+0.2
2 1.0+0.1

Table 1 shows that the lithium distribution ratio is affected by the initial sodium content in
the aqueous phase. Dij drops from 3.2+0.4 to 1.0+0.1 when the Na/Li molar ratio is increased
from 0.1 to 2. Thus, the separation of these two elements is favorable and this solvent
extraction system is particularly indicated for a solution containing low levels of lithium
together with a high content of sodium. However, we observed an increase of the sodium
content in the aqueous phase which could come from the excess sodium used for the
synthesis of the IL. It is possible that part of DEHPA is saponified during the synthesis of the

12



IL. This saponification leads to the release of Na* ions during the extraction of the metals
[35]. The distribution ratios obtained for Li are much lower than those obtained with
saponified DEHPA [14], and are closer to the distribution ratios obtained with bifunctional ILs
[27], [28]. Neither emulsification nor volume variation was observed during the solvent
extraction experiment. Thus, even if partial saponification cannot be neglected, the
extraction of lithium is more likely related to the inner synergism of the IL.

3.2. Solvent extraction scheme for the extraction of lithium from simulated brine
3.2.1. Removal of alkaline earth-elements

A two-steps solvent extraction strategy was designed to recover lithium from a synthetic
brine obtained after shale gas production. The pH value and chemical composition of the
simulated brine studied in the present work are given below.

Table 2. Chemical composition and pH value of the synthetic brine used in this work compared
to the properties of brines reported in the literature.

Element Synthetic brine used in Synthetic produced water Synthetic brine used in
this work, mg.L? studied in ref. [10], mg.L? ref. [9], mg.L?
pH 6.2 5.86-6.8 5.6-6.3
CaCOs 0.3 7-8 -
Ca(ll) 480 10310-12710 10985-11796
Sr(l1) 98 2301-2601 2277-2412
Ba(ll) 78 1780-1924 1825-1973
Mg(I1) 36 856-947 869-919
Li(1) 6 97.7-106 90.7-98.1
Na(l) 1230 24320-39780 25868-27950

A typical brine contains large amounts of divalent cations and other metals. To reduce the
number of extraction steps, a 25-fold dilution of the synthetic brine can be applied [10].
Before lithium extraction, the divalent metals have to be removed, which can be done with
the DEHPA extractant alone, which is known to have a high affinity to these metals. The
extraction efficiency for some alkaline-earth and alkali metals from the diluted brine with
DEHPA diluted in dodecane is given in Fig. 10 over several cycles of extraction.
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Figure 10. The extraction efficiency for several metals over several cycles of solvent extraction.
Organic phase: DEHPA (1 mol.L?) dissolved in dodecane. Aqueous phase: synthetic brine (see Table 1
for more details).

It can be seen from Fig. 10, most of the alkaline earth elements are removed from the
synthetic brine with several cycles of extraction with DEHPA. The extraction selectivity order
follows the trend Ca(ll) > Sr(Il) > Ba(ll) > Mg(Il) > Li(l) >Na(l). Calcium is completely removed
from the aqueous solution after the first step. The other metals required at least five
consecutive extraction steps to be removed quantitatively. After 5 repetitions of extraction,
more than 80% of Sr(ll) and Ba(ll) are extracted, and there are less than 10 mg.L? of divalent
elements left in the solution. Lithium mostly remains in the aqueous phase since 22+7% of
lithium is extracted by DEHPA. No discernable amount of sodium is removed from the
aqueous phase.

3.2.2. Lithium separation from sodium

Since the aqueous concentration of divalent metals is lower than 10 mg.L?, the further
solvent extraction of lithium ions and the separation lithium-sodium with the IL
[Aliquat][DEHPA] should be possible. The experimental results of the extraction for lithium
and sodium ions depending on the IL [Aliquat][DEHPA] concentration in the solvent phase
can be seen in Fig. 11.

14
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Figure 11. The extraction efficiency of lithium and sodium over several cycles of extraction. Organic
phase: IL [Aliquat][DEHPA] (variable) dissolved in dodecane. Aqueous phase: Synthetic brine after the
removal of alkaline-earths elements (see Table 2 and Fig. 11). pH=6.2

The extraction of lithium is highly dependent on the concentration of IL extractant in the
organic phase. The extraction efficiency of lithium is only 20+2% with 0.1 mol.L'* of IL in
dodecane, and it reaches 83+4% with 1 mol.L? of IL. The extraction of sodium appears to be
negative since sodium content increases in the aqueous phase due to the release of sodium
ions from the organic phase. The presence of sodium is probably related to a partial
saponification occurring during the synthesis of the IL, which could be avoided by using a
different synthesis strategy [20]. The results obtained are compared with the literature data
in the following table.

Table 3. Comparison of the results obtained in this work with literature data. TBP: Tri-butyl phosphate

Aqueous phase Organic phase Results Reference
Diluted (x25) Aliquat-DEHPAIL (1  83% of Li extracted This work
synthetic brine (see  mol.L!) in dodecane in one cycle of
Table 2) extraction
Diluted (x25) DEHPA (1.5 mol.LY)  41% of Li extracted [10]

synthetic brine (see
Table 2)

Synthetic brine (see
Table 2)

and TBP (0.3 mol.L)
in kerosene

DEHPA (1.5 mol.L?)
and TBP (0.3 mol.L)
in kerosene

after 10 cycles of
extraction

Around 40% of Li
extracted after 8
cycles of extraction

[9]
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The studies by Jang et al. and Lee et al. ([9], [10]) evidenced the synergism between DEHPA
and TBP extractants diluted in kerosene for the extraction of lithium. However, the recovery
rates are low, with around 40% of lithium extracted after several cycles of extraction. Using
the Aliquat-DEHPA IL, 83% of Li could be recovered in only one cycle of extraction, after the
removal of divalent elements. This performance could be due to the ionic character of the
extracting agent which increases the extraction ability of DEHPA. However, Lee et al. showed
that this kind of brines contained some organic compounds that could interfere with lithium
extraction. One should pay attention to the presence of impurities other than metallic
species that could interfere with lithium extraction. The hydrometallurgical scheme
proposed for the recovery of lithium is given in Fig. 12.

Mg; Ca; Sr; Ba;
I Stripping and regeneration : HCI I Li; Na

DEHPA (1M) in
dodecane

Stripping and regeneration : HCl and NaHCO,

—

Aliquat-DEHPA
(1M) in dodecane

=

Figure 12. The hydrometallurgical scheme proposed for the recovery of lithium from shale gas
produced water.

The proposed scheme consists of two stages of extraction. In the first stage, the divalent
metals are removed by using several extraction cycles with DEHPA diluted in dodecane. At
least 5 cycles are needed to remove more than 80% of Mg(ll), Ca(ll), Sr(ll), and Ba(ll) which
could interfere during the lithium extraction stage. Then, metals can be stripped and DEHPA
regenerated with acidic solutions. The separation of alkaline earth metals from each other
could be interesting [36]. Less than 25% of lithium is removed during this first stage. On the
second stage, lithium is separated from sodium using the IL [Aliquat][DEHPA], which allowed
to extract 83% of lithium in one single cycle. Lithium can be then stripped by aqueous HCI
solution and the IL extractant regenerated using NaHCOs.

4, Conclusions

The extraction of lithium from shale gas produced water was studied. The IL Aliquat-DEHPA
was used since it can be made from cheap and commercially available products with a
straightforward synthesis. The experimental parameters affecting lithium extraction were
detailed. Low acidity and sufficiently high IL extractant content is mandatory to provide
efficient lithium extraction. The underlying mechanism of extraction was outlined, and it was
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showed that extraction occurs via coordination of DEHPA to the lithium ion. The presence of
divalent metals, as well as sodium, reduces lithium extraction efficiency. However, lithium
extraction from low concentrated solutions and its separation from sodium is feasible. A
two-stage strategy was used to recover lithium from synthetic shale gas produced water. In
the first stage, the divalent metals were removed using DEHPA. 5 successive cycles are
needed to remove at least 80% of the divalent metals. In the second stage, lithium is
extracted with the Aliquat-DEHPA IL. While DEHPA alone can extract 40% of lithium after 10
cycles of extraction, 83% of lithium can be recovered in one step with the IL. The brine has to
be diluted but no modification of the pH is required, and the mechanism of extraction does
not lead to contamination of the aqueous phase, which could avoid costly wastewater
treatment after solvent extraction.
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