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Abstract

Although ionic liquids (ILs) have excellent properties, their use as extractants in solvent
extraction has not completely overcome the problems encountered when organic sol-
vents are used. In conventional solvent extraction, a hydrophobic IL should be used to
establish an IL/water biphasic system to replace the conventional organic solvent with
ILs. However, the number of water-immiscible ILs is currently limited, and most contain
fluorinated anions which are expensive and environmentally nonbenign. Furthermore,
the use of an organic solvent as a diluent agent cannot be avoided because of the very
high viscosity of ILs. An IL-based aqueous two-phase system (ATPS) can overcome these
drawbacks. This chapter summarizes the use of an IL-based ATPS for the separation of
metals used in various areas of human life.

Keywords: aqueous two-phase system, metal extraction, solvent extraction, ionic liquid

1. Introduction

Solvent extraction is the most commonly used method to separate metal ions. This tech-
nique is performed by mixing the aqueous phase containing metal salt with an organic
phase containing an extraction agent (extractant) [1]. The simplicity with which the param-
eters controlling extraction, such as pH of the aqueous solution, extractants and diluent, can
be changed is a major advantage of solvent extraction [2]. However, it is not environmen-
tally friendly as it requires a large volume of organic solvents which are often toxic and/
or flammable. Using ILs, with their excellent properties such as near-zero vapor pressure,
good chemical and thermal stability and the tunability of their physicochemical properties
by altering the substitutive groups, may overcome the problems of organic solvents [3].
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In conventional solvent extraction, a hydrophobic IL should be used to create an IL/water
biphasic system to replace the conventional organic solvent with ILs. However the number
of water-immiscible ILs is currently limited, and most contain fluorinated anions which are
expensive and environmentally nonbenign, such as PF_~, which can decompose to a danger-
ous HF gas in the presence of water [4]. Furthermore, the use of organic solvent as a dilu-
ent cannot be avoided because of the very high viscosity of ILs [5]. On the other hand, the
use of ILs as an extractant in conventional solvent extraction has not completely resolved
the drawbacks encountered when organic solvents are used as diluents. An IL-based aque-
ous two-phase system (ATPS) can overcome these disadvantages. This chapter summarizes
the use of an IL-based ATPS for the separation of metals. Metals are widely used in many
aspects of human life, and their existence in the environment at high concentrations is a
cause for concern. For a better understanding of this topic, we will begin with a brief discus-
sion of ILs and ATPSs.

2. Extraction of metal ions

Metal ion extraction is a hot topic and is important economically and environmentally. Metals
are obtained from ores or scraps through metallurgical processes and then manufactured into
final products used by humans, either directly or indirectly. The processing of raw materials
into final products produces waste containing metal ions. These products are utilized and
later discarded as waste. Metal ion extraction is an effort to recover the metal ions both from
ores and from waste due to their limited availability in nature. In addition, metal ion extrac-
tion from metal-containing waste can reduce the level of environmental pollution. Therefore,
an effective, efficient, economic and environmentally friendly method for the recovery of
metal ions from ores and waste is an absolute necessity.

A number of processes have been explored for metal ion recovery, such as precipitation [6],
reverse osmosis [7], adsorption [8], ion exchange [9] and solvent extraction using organic sol-
vents [10]. Solvent extraction (liquid-liquid extraction) is the most commonly used method for
the separation of metal ions [2]. In this technique, the aqueous solution of metal salt is mixed
with an organic solvent containing an extraction agent (extractant). The metal ions form a
hydrophobic complex with the extractant and migrate to the organic phase. The migration of
complexes from the aqueous to the organic phase is driven by the difference of the complexes’
affinity towards the aqueous phase and organic phase, as well as the relative solubility of the
complexes in both phases. Solvent extraction can be implemented in a continuous mode and
is suitable for the processing of high metal feed concentrations. However, the main disadvan-
tage of this method is that it uses a large amount of organic solvents, such as kerosene, tolu-
ene, dichloromethane or diethyl ether, which are often toxic and/or flammable and therefore
environmentally unfriendly [2]. Not only are their volatility and flammability an issue, but
these organic solvents also have a negative impact on human health if their vapors are emit-
ted into the air. ILs can be used to solve the problem faced when organic solvents are used as
extractants in conventional liquid-liquid extraction.
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3. Ionic liquid and aqueous two-phase system

Ionicliquids (ILs), according to the widely accepted definition, are molten salts under 100°C. The
most investigated ILs are comprised of organic cation such as imidazolium, pyridinium, pyr-
rolidinium, phosphonium and ammonium, and their counterions can be either inorganic (e.g.
tetrafluoroborate, hexafluorophosphate, chloride) or organic (e.g. trifluoromethylsulfonate,
bis[(trifluoromethyl) sulfonyl]imide) anions [11]. ILs possess many unique physicochemical
properties such as low vapor pressure, high thermal stability, high viscosity, good solvation
ability, wide electrochemical windows, wide liquid range and tunable polarity [3, 12]. Tuning
of these properties by combining the cations and anions makes ILs unique compounds for
applications in different areas [13]. With these properties, using ILs instead of organic solvents
as extractants in solvent extraction can reduce the negative impact on the environment.

The application of ILs in metal ion extraction is very promising. The main problem is their solu-
bility in the aqueous phase, which can decrease the extraction efficiency. To overcome this issue,
a hydrophobic IL can be used. However, hydrophobic ILs are partly soluble in the acidic aque-
ous solutions from which metal ions are extracted, which results in a costly undesirable loss [14].
In addition, hydrophobic ILs are still limited, and most contain fluorinated anions which can
be expensive and environmentally nonbenign [5, 15]. Due to the very high viscosity of ILs, the
diffusion of solute from the aqueous to the organic phase probably is slow, thus requiring either
a longer stirring time [16] or an organic solvent which can be flammable and toxic as diluent
agent. An ATPS can resolve the issues associated with the hydrophobic properties and high vis-
cosity limitations. By using the ATPS, a more hydrophilic IL can be employed as the extractant
because this technique needs a water-soluble IL. The ILs used in the ATPS are listed in Table 1.

The ATPS was accidentally discovered by Martinus Willem Beijerinck (1896) whilst mixing an
aqueous solution of starch and gelatin. However, its real application was developed by Per-Ake

Acronym Chemical name Molecule structure

TBAB Tetrabutylammonium bromide H\ Br- (b) (c)
Ni_/_
CFs

[Chol][NT{,] Choline bis(trifluoromethylsulfonyl) [ (a) (d)
imide ,L+_o:?zo
HO—/_| N
O:?:O
CF3
[Hbet][NTI,] Betainium bis(trifluoromethylsulfonyl) | . (|:F3 (a) (d)
i —N—  0=S=0
imide |
']‘_
0 0=S=0

HO |
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Acronym Chemical name Molecule structure
[P,,..JICl] Tributyltetradecyl phosphonium 5 or (b) (d)
chloride TSN
NN §
[C.C,im][C,,SO.] 1-Hexyl-3-methyl imidazolium /\/\/\N/\N"/ (b) (c)
dodecyl sulfonate —
O —
% :O
~ NSNS o
[Nxyzhem][NTf,] (Hydrazinocarbonylmethyl) o (|:F3 (b) (d)
Girard’s T cation trimethylammonium NH O:?:O
bis(trifluoromethylsulfonyl)imide -2 N
- H |
N 0=8S=0
2N I
CF3
[Phem] [NTf)] (Hydrazinocarbonylmethyl)pyridinium 0 C|)F3 (b) (d)
Girard’s P cation bis(trifluoromethylsulfonyl)imide NRO—=5=©
N2
H N
N |
| AN O:?:O
— CFs
[C,C,im]Cl 1-Butyl-3-methylimidazolium chloride /\/\N AN*/ (b) ()
cr- \:/
[C,C,im][NO,] 1,3-Dihexylimidazolium nitrate /\/\/\N/%"“\/\/\ (b) (d)
NOs
[P,,E[DEHP] Tri-n-butyl-2- § (b) (d)
methoxyethylphosphonium bis(2- O, o O

ethylhexyl)phosphate g (;,P \O/D/\A

Tri-n-butyl[2-(2-methoxyethoxy)
ethyl]phosphonium bis(2-ethylhexyl) PO 0 O

phosphate ; o O/j/\/\

Tri-n-butyl-{2-[2-(2-methoxyethoxy)
ethoxy]ethyl}phosphonium bis(2- PO O

o 9
ethylhexyl) phosphate g oy‘Oj/\/\

Table 1. Ionic liquids employed in ATPS for separation of metal ions with (a) or without (b) an extra extractant other than
IL, with (c) or without (d) a salting-out agent.

Albertsson [17]. Under specific thermodynamic conditions, an ATPS is spontaneously formed
by mixing the aqueous solutions of two chemically different hydrophilic polymers or by
combining the aqueous solutions of a polymer and an electrolyte, which in turn separate
two immiscible aqueous phases in equilibrium-a polymer-enriched top phase and a polymer
or an electrolyte-enriched bottom phase [18]. The phase separation of the polymer-polymer



Metal Extraction with lonic Liquids-Based Aqueous Two-Phase System
http://dx.doi.org/10.5772/intechopen.77286

system is derived by the steric exclusion of large aggregates generated by the interaction
between the polymer and water. With a polymer-salt ATPS, the salt absorbs a large amount
of water, and the similar steric exclusion occurs [19].

Conventional polymer-based ATPSs have been largely exploited since the 1980s and mainly
consist of mixtures of two incompatible polymers or a polymer and a salt that induces salting
out. However, the use of polymer-based ATPS for separation is restricted by the similarity
in the polarities of the two phases. By using ILs instead of polymer, it is easier to adjust the
polarity phases by changing the substitutive groups of ILs [15, 20].

In the past few years, research on biphasic systems with ILs has received crucial attention
for the development of novel and more efficient separation processes [21]. The phase separa-
tion of systems composed of ILs and water can be induced by temperature. These systems
are characterized by either an upper critical solution temperature (UCST) or a lower critical
solution temperature (LCST). At a temperature higher than the UCST, the organic phase (ILs)
is completely miscible with water, and a homogeneous solution is obtained. Application of
this method for metal ion separation allows the reaction between the metal complex and ILs
to occur at the entire volume of the solution and does not depend on the metal complex’
diffusion from the aqueous to the organic phase, which is slower due to the high viscosity
of ILs. Therefore, mixture stirring and organic solvents are unnecessary. In other words, the
reaction rate is only determined by the kinetics of the chemical reactions [22]. Upon cooling,
the phases separate, and the metal complex is extracted to the organic phase. In a system
with an LCST, a homogeneous mixture is formed at temperatures below the LCST, and it
returns to a two-phase system when its temperature is higher than the LCST. These temper-
ature-dependent phase transitions, known as homogeneous liquid-liquid extraction (HLLE),
coalescence extraction or phase-transition extraction, have proven to be highly advantageous
in the selective separation of metals [23]. Because HLLE is composed mainly of water and no
organic solvent is needed, which is a feature of the classical ATPS, we believe that HLLE can
be categorized as a more recent ATPS. In HLLE, a salting-out agent is not needed because
phase separation is induced by temperature (temperature-dependent separation). In the next
section, we will discuss several articles reporting the extraction of metals using an ATPS com-
posed of ILs with and without a salting-out agent.

4. IL-based ATPS for metal separation

4.1. ATPS with salting-out agent

As with ATPSs in general, an ATPS composed of ILs and a salting-out agent has a unique
phase diagram under a particular set of conditions, such as pH and temperature (Figure 1).
This phase diagram, known as a binodal curve, is like a fingerprint identifying the potential
working area of the ATPS. In this example (Figure 1), the total composition of the mixture, the
composition of each phase and the critical point are defined as M, D, B and C, respectively.
The total mixture compositions above the binodal curve fall into the biphasic regime, whereas
mixture compositions below the solubility curve are homogeneous [15]. The salting-out agent
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Figure 1. Phase diagram for a hypothetical system composed of polymer + inorganic salt + water (weight fraction units).

in ATPS is employed to separate the more hydrophobic agents from the more hydrophilic
one. The general salting-out agents used in combination with ILs include inorganic salt [24],
carbohydrates [25] and polymer [26]. However, to the best of our knowledge, carbohydrates
have not been used as salting-out agents for metal ion extraction in combination with ILs.

Ammonium sulphate was used as a salting-out agent incorporated with tetrabutylammo-
nium bromide (TBAB) for Cr (VI) separation. The results showed that the extraction of Cr (VI)
was influenced by pH due to the existence of HCrO, as the predominant species at pH 5.5.
Therefore, Cr (VI) was satisfactorily extracted into the upper phase at pH 5, where its extrac-
tion percentage was found to be 93-98% with the following extraction mechanism:

cro; + H' + TBA" = HCro;TBA"

On the other hand, the extraction percentage of Cr (III) was below 1.0% in all cases, indicating
that this system was very selective when used for separating Cr (VI) from Cr (III). The (NH,),SO,
increase resulted in an increase in the extraction of Cr (VI) attributed to the progressive increase
in the hydrophobicity of upper phase [27]. This system was also used to separate cadmium
from cobalt, copper, iron (III) and zinc. The upper phase permitted the complete extraction of
Cd* over the widest possible ranges of pH (1-10) with recovery in the range of 91-99%. Almost
complete extraction of Cd* was obtained even though the concentration of Cd* in the mixture
was far lower (20 pg) than the concentration of Co*, Cu*, Fe** and Zn* (2 mg for each) which
coexisted with Cd*. The proposed method also successfully detected trace Cd in zinc nitrate
[28]. In collaboration with tributyl(tetradecyl)phosphonium chloride [P, ,][C]], a certain con-
centration of sodium chloride also underwent temperature-induced phase separation (TIPS);
thus it can be considered a thermomorphic mixture applicable to HLLE (IL-ABS-HLLE).

A system composed of 40% [P,,, ,][Cl] and lower than 11% NaCl showed the LCST and there-
fore has been used to separate Co (II) and Ni (II). Ni (II) was only poorly extracted to the
IL-rich phase (distribution ratio, D = 0.1), and extraction did not improve with increased NaCl
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content in the mixture up to 11 wt%. On the other hand, Co (II) extraction improved, with D
values up to 100 at 11 wt% NaCl. This is because Co (II) easily forms extractable anionic chlo-
ride complexes, whilst Ni (II) does not, even at high chloride concentrations [29].

In the case of polymer salting out, Zheng et al. reported the use of polyethylene glycol (PEG)
incorporated with 1-hexyl-3-methyl imidazolium dodecyl sulfonate ([C.C,im][C ,SO,]) IL for
the extraction of gold (III) from an aqueous solution. Gold (III) was quantitatively extracted to
the IL phase in the range of pH 1.13-1.90 with extraction percentages of 97.56% (PEG 6000),
76.60% (PEG 4000) and 71.83% (PEG 2000) in 5 min, and thereafter the extraction was not
related to vibration time. It was also confirmed that the extractability of gold (III) was derived
by the reaction between the cation of IL with the gold chloro complex anion [30].

An IL-based ATPS with a salting-out agent was also successfully applied to the separation of
radioactive elements. An ATPS composed of 1-butyl-3-methylimidazolium chloride, [C,C,im]Cl
and K, HPO, separated no-carrier-added (NCA) '”Cd which was produced by irradiation of the
ntAg target with a a-particle from bulk Ag. The salt-rich phase was predominantly alkaline as a
result of the hydrolysis of K, HPO, to produce KOH and H.PO,. Therefore, both Ag* and Cd* were
in anionic form, i.e., Ag(OH),” and Cd(OH),* which then reacted with the cation of IL. However,
the affinity of Ag(OH),” to the IL cation is greater than Cd(OH),*; thus, the extractability
of bulk Ag was higher. Under optimum conditions, the extraction percentage of both the bulk
Ag and NCA 'Cd in the IL phase reached 87% for bulk Ag and 4% for NCA '*Cd, respectively,
and an overall separation of 91% NCA '"”Cd free from bulk Ag was finally achieved by re-
extraction twice with 0.1 mL IL to free from the bulk Ag of the salt-rich phase [31].

Thus far in our search, an ATPS with a salting-out agent for metal ion separation is still lim-
ited. However, the application of ILs in collaboration with a salting-out agent reported in
the above studies confirms that an ATPS consisting of ILs and a salting-out agent is a highly
efficient and selective means of separating metal ions.

4.2. ATPS without salting-out agent (HLLE)

Chemical separation methods aim to simplify and miniaturize sample preparation proce-
dures to consume fewer solvents and reagents and drastically reduce laboratory waste [32].
Unconventional liquid-liquid extractions such as HLLE have been developed with this intent
[33]. Probably because HLLE does not require a salting-out agent, this method is more often
used in metal ion separation than an ATPS with a salting-out agent. IL is mixed with an aqueous
solution of metal ions and heated to a temperature higher than the UCST (for mixtures with a
UCST) or cooled to lower than the LCST (for mixtures with an LCST) to obtain a homogeneous
solution. The temperature of the solution is then returned to its original temperature allowing
for phase separation. This technique sometimes requires an extra extractant in addition to the
ILs in order to increase the extraction percentage. In this case, the IL only acts as a separator
agent. Choline hexafluoroacetylacetonate and betaine, whose structures are shown in Figure 2,
have been widely applied as extractants for metal ion separation using the HLLE technique.

Choline bis(trifluoromethylsulfonyl)imide [Chol][Tf,N], in combination with choline hexa-
fluoroacetylacetonate [Chol][hfac] as specific chelating agents mixed with water that displays
thermomorphic behaviour with a UCST of 72°C, has been employed for neodymium (III)
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Figure 2. Molecule structures of the extractants applied in HLLE for metal ion extraction.

extraction. The results demonstrate that the heating temperature of mixture greatly influences
the extraction percentage. Under heating temperature lower than 45°C, almost no Nd (III) was
extracted. The extraction of Nd (III) was less than 50% at 60°C due to decreasing viscosity, and
by heating the mixture to 80°C (higher than the UCST), almost 100% of Nd (III) was extracted
after shaking for 5 s when 60 mmol kg™ [Chol][hfac] was contained in the organic phase. Nd
(IIT) was extracted at pH 5.5 and sharply decreased to pH 3-5 because of the protonation of
[hfac]” anion. Extraction stoichiometry was confirmed by slope analysis, revealing that Nd
(IIT) was extracted by [Chol][hfac] in a 1:4 ratio [34].

Unlike the variation of the temperaturebelow the UCST, the application of different temperatures
around and above the UCST had no influence on the extraction equilibrium and the percentage
extraction of Nd (III) by a HLLE system composed of betainium bis(trifluoromethylsulfonyl)
imide [Hbet][NTf,] as the organic phase and betaine as the extractant with a UCST of 55°C. As
with the heating temperature, settling temperature tested at 6-50°C had no effect on the
extractability. The complex formed during extraction can be described as [Ndz(bet)3(HzO)y]3*.

Electrical neutrality can be achieved by bis(trifluoromethylsulfonyl)imide (or chloride or
nitrate) counterions [5]. This similar system was also applied to metal ion separation includ-
ing La*, Pr**, Nd*, Dy*, Ho*, Er*, Y**, Sc¢*, Ga*, In*, Mn*, Ni*, Cu*, Zn*" and Ag®, Sc**, Ga*
and In*" were almost completely extracted to the organic phase, and the distribution ratios
of Mn*, Ni*, Zn** and Ag" are very low (almost no extraction). Cu** was reasonably well
extracted to the IL phase, indicating the possibility of separating Cu* from Ni*, Zn* and
Mn?. The distribution ratios for lanthanide ions were about 10 with no significant differences
between the different lanthanide ions [16].

Another study of this system specifically focused on scandium (III) extraction from red mud
leachates. Individual study on Sc (III) extraction indicates that the distribution of the Sc (III)-
[Hbet][NTf,] complex is solely controlled by the difference in solubility in the aqueous phase
and the IL phase. Red mud consists of the major elements iron, aluminum, titanium, calcium,
sodium and silicon and some minor constituents including scandium and other rare-earth
elements. Therefore, the tested metal ions include the rare-earth elements Y (III), La (III), Ce
(IIT), Nd (III), and Dy (III) and the major elements Al (III), Fe (III), Ca (II), Ti (IV) and Na (I)
and were compared to the extraction of Sc (III). A high affinity for Sc (III) (extraction percent-
age, %E >90%) as compared to the other rare-earth metal ions (%E between 4% and 12% at an
initial pH of 3, depending on the rare-earth element) was shown by [Hbet][NT{,], as well as a
very low affinity for almost all the major elements present in red mud, except for Fe(IlI), which
is very similar to the %E of Sc (III). The higher %E for Fe (IIT) and Sc (III) was derived by the
smaller ionic radius, and thus there are higher charge densities than the trivalent lanthanide
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ions and Y (III). Furthermore, the ATR-FTIR spectra of the IL phase of the extraction mixture,
loaded with varying amounts of scandium, showed that coordination of the IL to the scan-
dium ion occurs via the carboxylic acid function of the cation. Sc(IIl) was extracted in a ligand-
to-metal ratio of 3:1, as suggested from the calculations based on the maximum loading [35].

Another mixture having thermomorphic properties with the UCST is demonstrated by the IL
analogues of Girard’s reagents ([N, hem][NTL,]), in which hem is hydrazinocarbonylmethyl.
[N,,,hcm][NTf ] was selected as the extractant for extraction of four common metal ions, viz.,
[Ni(OH,) ", [Co(OH,),J**, [Cu(OH,),J** and [Cr(OH,),]*". To create a homogeneous solution, the
mixture of IL and aqueous solution of metal ions was heated at 60°C for 20 min. The order of
distribution coefficients was Cu (II) (28586)> > Ni (II) (767) > Co (II) (36) > Cr (5.4), which reflects
the well-known Irving-Williams series [36]. Nitrate IL (1,3-dihexylimidazolium nitrate, [C,C,im]
[NO,]) was used in metal ion separation for the first time. Most extraction experiments were
performed with an aqueous phase containing 6 M NaNO,, wherein the solubility of IL. was much
lower (<0.5 wt%). IL presaturated with a 6 M NaNO, solution had a slightly higher viscosity than
a water-saturated sample, but the viscosity was still lower than 50 mPa's at room temperature,
which is far lower than water-saturated trihexyltetradecylphosphonium nitrate (265 mPa-s). First-
row transition metals were far less efficiently extracted than the rare earths. Among the tested
transition metals, no clear trend could be observed; all percentage extractions were around 30%.
For the rare earths, as the charge density increased (La* < Nd* < Sm?" < Sc*), the %E decreased.

This system was also applied to Sm (III)/Co (II) separation to mimic a SmCo, magnet. The
higher the molar concentration of NaNQO,, the more Sm (III) was extracted, facilitated by the
inner salting-out effect. At 6 M NaNO,, nearly 100% of the Sm (III) was extracted. However,
there was also a significant co-extraction of Co (II), of about 30%. The extraction was not
affected by the shaking time or the pH of the aqueous solution. La (III)/Ni (II) pairs were
investigated to mimic nickel metal hydride batteries. A synthetic solution of 9.6 g L™ La (III)
and 35.4 g L™ Ni (II) was prepared. La (III) was fully extracted, and only 15% of Ni(II) was
co-extracted into the IL phase [37].

HLLE with a UCST has been also applied to U (VI) extraction, which has a strong radioactive
nature from the aqueous HNO, solution. In this system, betainium bis(trifluoromethylsulfonyl)
imide ionic liquid [Hbet][Tf,N] does not only act as a solvent but also as an extractant with
an extraction percentage of 60%. The D value in both HLLE and conventional liquid-liquid
extraction decreased with an increase in the initial [HNO,] and were almost consistent with
each other. That the carboxyl group of [Hbet]" takes part in the extraction of U (VI) has been
confirmed by the fact that the D value clearly decreases with an increase in [H']; the plot
seems to follow a linear relationship with a slope of 1.2; it is independent of [NO,]. The
decrease in D value was derived by decreasing the deprotonated carboxyl group due to the
increase in [H']. This mechanism was also confirmed by the fact that the D values were almost
zero using an unfunctionalized IL ([TMPA][Tf N]) [38].

Previous applications of an IL-based HLLE have been a mixture of ILs with water with a
UCST. Some ILs that form a homogeneous phase below the critical solution temperature were
also applied in metal ion separation. Gras et al. [39] reported the formation of a two-phase
system by mixing concentrated hydrochloric acid with tributyl(tetradecyl) phosphonium
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chloride ([P,,,,,][Cl]), which is water miscible below the critical solution temperature. The
use of concentrated hydrochloric acid allows for the simultaneous leaching and extraction of
metal ions. This system was used to separate Fe (III), Pt (IV), Ni (II) and Co (II). After stirring
in a rotator for 2 hours until complete dissolution, the mixture was then placed in a heat-
ing bath for 6 hours until phase separation. Fe (III) and Pt (IV) were close to quantitatively
extracted towards the IL-rich phase for all experimental mixtures for temperatures of all sys-
tem. Co (II) was also efficiently extracted from 75 to 97% in mixtures composed of 10.2% IL,
19% HCl and 70.8% water and 18.6% IL and 15.7% HCI and 65.7% water, respectively, at 50°C,
whilst the majority of Ni (II) remained in the HCl-rich phase. The extraction mechanism was
derived by the anion exchange between a metalchlorocomplex with CI of IL. The selectivity
of this system was evaluated towards Co (II) and Mn (II), which is relevant for the recycling
of NiMH batteries. Mixtures containing 17.8% IL, 25.9% HClI, 56.3% H,O and 18.1% IL, 20.8%
HCl and 61.1% H,O at 50°C yielded a nearly pure Co(Il) in the IL-rich phase, with a separation
factor of 400 and 376, respectively. These promising results demonstrate that an acidic aque-
ous biphasic system can be used simply and efficiently for the critical separation of Co (II) and
Ni (II) directly from the HCl leachates of NiMH batteries [39].

Another system, composed of IL-water with a dependent temperature homogeneous below
the critical solution temperature, was obtained by mixing ether-functionalized ILs with
bis(2-ethylhexyl)phosphate (DEHP), which is well known as a metal extractant anion with
water. The cations investigated were tri-n-butyl-2-methoxyethylphosphonium ([P, E.]), tri-
n-butyl[2-(2-methoxyethoxy) ethyl]phosphonium ([P,,,E ]) and tri-n-butyl-{2-[2-(2-methoxye-
thoxy)ethoxy]Jethyl} phosphonium ([P, E.]). All synthesized chloride ILs ([P, E]Cl) were
fully miscible with water, whilst all synthesized DEHP ILs [P, ,E][DEHP] displayed LCST-
phase behaviour. To determine the distribution ratios, four different aqueous solutions of
approximately 5000 ppm of the metal (CoCl,, CuCl,, NiCl, and ZnCl,) at a pH of around 3.5
were mixed with the IL [P, E ][DEHP] in the homogeneous phase. The distribution ratio of
Co (II), Ni (II), Cu (II) and Zn (II) were 4.4, 19, 34 and 25, respectively, which meets the Irving-
Williams series. Indium and some rare earths formed the precipitation with the IL probably

due to the strong complexation with the anion of IL [40].

5. Conclusion

This chapter reviewed several articles discussing the use of an IL-based ATPS for metal ion
extraction. In general, an ATPS composed of ILs and a salting-out agent is excellent for metal
ion separation because of its efficiency, selectivity and environmental friendliness. Due to the
temperature dependence of a mixture comprised of ILs with water, it has been manipulated
for metal ion extraction known as homogeneous liquid-liquid extraction (HLLE). With this
technique, a salting-out agent is not necessary. In some cases, ILs in HLLE act as both an
extractant and separator agent simultaneously. In other cases, the IL acts only as a separator
agent. Therefore, an extractant should be added to the system in order to increase the extrac-
tion percentage of metal ions. HLLE also showed high efficiency and selectivity in the metal
ion extraction. Metal ions can be extracted by both an ATPS and HLLE, including transition
metals, rare-earth elements and radioactive substances.
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