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Abstract — The use of an lonic Liquid for metal separation in
various areas of human life. Although ionic liquids (ILs) have
excellent properties, their use as extracts in solvent extraction
hasn't eliminated the problems associated with the use of
organic solvents. The efficiency and selectivity of metal
extraction from industrial wastewater using ionic liquids
composed of various cations and anions are prioritized.
Aqueous two-phase system (ATPS) is a liquid-liquid
fractionation technique that has garnered attention in industry
and academia due to its high possibilities for the extraction,
separation, purification, and betterment of proteins,
membranes, viruses, enzymes, nucleic acids, and other
biomolecules. However, the method's partition behavior is
complex and difficult to predict. According to an ongoing
study, it has also been employed successfully in the detection
of veterinary drug residues in food, the separation of precious
metals, sewage treatment, and a wide range of other
applications.-The-ATPS-has-a highrecovery yield and is
simple to scale up. It is also a very cost-effective and
ecologically friendly method. The purpose of this article is to
provide an overview of ATPS basics, enhancement, and
applications.

Keywords: Aqueous Two-Phase System, Metal Extraction,
Solvent Extraction, lonic Liquid

I. INTRODUCTION

Martinus Willem Beijerinck discovered the ATPS by
accident in 1896 while mixing an aqueous solution of starch
and gelatin. Perke Albertsson, notwithstanding, unearthed its
true application [1,2]. The ATPS has been used for a variety
of functions since then. These systems can be created by
combining various components in water. However, two-
polymer and polymer-salt (e.g., phosphate, sulfate, or citrate)
systems have developed rapidly, and much research has been
conducted using all these types of ATPSs. This method has
advantages over traditional extraction techniques such as
being environmentally friendly, relatively cheap, capable of
continuous operation, easy to scale up, and efficient for a
variety of experiments, particularly the concentration and
purification of biomolecules. Because ATPS is a primary-
stage recovery technique, the use of affinity ligands could
indeed result in higher recovery yields and purification folds
of biological products. Polymers could be covalently attached
to affinity ligands, or polymers can be modified with
hydrophobic groups. Readers interested in agueous two-

phase affinity partitioning (ATPAP) should read Ruiz-Ruiz
et's extensive evaluation [3].

The most common approach to separating metal ions
is solvent extraction. This method involves combining an
aqueous phase containing a metal salt with an organic phase
that usually contains an extraction agent (extraction)[4]. A
significant advantage of solvent extraction is the ease with
which the parameters controlling extraction, such as the pH
of the aqueous solution, extractants, and diluent, can be
changed. It is not, however, environmentally friendly because
it requires a large volume of organic solvents, which are
frequently toxic and/or flammable. With their excellent
properties such as near-zero vapor pressure, good thermal and
chemical stability, and the ability to tune their
physicochemical properties by changing the alternative
groups, ILs may be used to solve the issues associated with
organic solvents[5,6].

Furthermore, due to the extremely high viscosity of
ILs, the use of organic solvent as a diluent is unavoidable.
However, the use of ILs as an extractant in conventional
solvent extraction has not eliminated the drawbacks
associated with the use of organic solvents as diluents. These
drawbacks can be overcome by using an IL-based aqueous
two-phase system (ATPS). This chapter summarises the
application of an IL-based ATPS for metal separation. Metals
are widely used in many aspects of human life, and their
presence in high concentrations in the environment is cause
for concern. To gain a better understanding of this topic, we
will first go over ILs and ATPSs.

A. Types of ATPS

The most prevalent biphasic systems are made up of two
polymers (usually PEG and dextran) or a polymer and a salt
(e.g., phosphate, sulfate, or citrate) which are shown in Table
no 1. lonic liquids and short-chain alcohols are two other
types. lonic and/or non-ionic surfactants are also used in the
formation of micellar and reverse micellar ATPSs.
Polymer/salt systems have been studied for over five decades.
Polymer-polymer systems are preferred for the separation,
recovery, and purification of ionic-sensitive solutes due to
their low ionic strength. Mixed micellar systems are
becoming popular for demonstrating selectivity. ATPSs
based on ionic liquids (ILs) have recently been developed.
Poly-phase systems (three or four polymer phases) have also
been developed for separation.[5,8]

Types of ATPS

Representative Examples

Composition of ATPS

Products Results

PEG — dextran

Partitioning of chitinase

Chitinase towards bottom phase

Polymer — polymer
PEG — dextran

Nanospheres, nanowires
and DNA derivatized
nanowires

In situ binding Au nanospheres
with Au nanowires
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PEG - K;HPO4

Recovery yield =90 %
Purification factor =4

B-phycoerythin

Polymer — salt - -
Purification = 53 fold
_ 0 -
PEG 4000 — sulfate + 8.8 %  NaCl a-Amylase Purity = 86 %
i B . Recovery yield =99 %
Alcohol — salt 2-propanol — KzHPO. Lipase Purificationfactor = 13.5

Ethanol — K:HPO,

2,3-butanediol Recovery yield= >98 %

Micellar/reverse n-Decyl tetra (ethylene oxide)

Bacteriophages Partitioning towards micelle

micellar ATPS

poor phase
Isooctane/ethylhgxanol/m_ethyltrloctyl Plasmid DNA purification of DNA and RNA
ammoniumchloride removal

1-Butyl-3-methylimidazolium

lonic liquids (ILs) chloride — salt

Recovery yield= >90 %

Codeine and papaverine (codeine), >99 % (papaverine)

—based ATPS Imidazolium — K;HPO,

Extraction yield =96 %
Purity= >51 %

Curcuminoids

Table 1: Types of ATPs

Il. EXTRACTION OF METAL IONS

The extraction of one or more ions from a liquid phase,
usually an aqueous phase, to another phase, which can be
solid or liquid, is referred to as "ion extraction." This same
overall goal is to separate ions from a native solution or
concentrate ions to manage lesser amounts. The phrase "ion
separation” is utilized when various sorts of ions must be
managed- to recover from-their mixture, i.e., performing a
preferential extraction of each ion. Metal ion extraction via
complex formation with an-organic soluble ligand is a widely
employed technique in the hydrometallurgy industry for
metal separation, purification, as well as recovery. Metal ion
extraction is a hot topic that is both economically and
ecologically significant. Metals are extracted from ores or
scraps via metallurgical processes and then processed into
final products used by humans, either directly or indirectly.
Metal ions are produced during the processing of raw
materials into finished products. These items are used and
then thrown away as trash. Metal ion recovery processes have
included precipitation, reverse osmosis, adsorption, ion
exchange, and solvent extraction using organic solvents. The
most typical way for separating metal ions is solvent
extraction (liquid-liquid extraction). Solvent extraction can
be done in a continuous mode and is appropriate for
processing high metal feed concentrations. The primary
drawback of this method is that it utilizes a large number of
organic solvents, like kerosene, toluene, dichloromethane, or
diethyl ether, which are often toxic or flammable and thus

harmful to the environment. These organic solvents too are
hazardous to human health if their vapors are released into the
environment. When organic solvents are used as an extract in
conventional liquid-liquid extraction, ILs can be used to
resolve the issue.

I11.  IONIC LIQUID AND AQUEOUS TWO-PHASE SYSTEM

According to the widely accepted definition, ionic liquids
(ILs) are molten salts below 100°C. The most studied ILs
seem to be organic cations such as imidazolium, pyridinium,
pyrrolidinium,  phosphonium, and ammonium, with
counterions that can be either inorganic (e.g.
Tetrafluoroborate, hexafluorophosphate, chloride) or organic
(e.g. Trifluoromethylsulfonate, bis[(trifluoromethyl) sulfonyl
Low vapor pressure, high thermal stability, high viscosity,
good solvation ability, wide electrochemical windows, wide
liquid range, and controllable polarity are just a few of the
unique physicochemical properties of ILs. The ability to tune
these properties by combining cations and anions makes ILs
unique compounds with diverse applications. The use of ILs
in metal ion extraction is extremely promising. The biggest
problem is their aqueous phase solubility, which can reduce
extraction efficiency. An ATPS can resolve the issues
associated with the hydrophobic properties and high viscosity
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
2.

Acronym Chemical name Molecule structure
L Bro__
|
TABA Tetrabutylammonium bromide A
= 0
CF;
\'_(, 50
[Chol][NTf2] Choline bis(trifluoromethylsulfonyl) wot | N
0=5$=0
CFy
e odoa
[Hbet][NTf2] Betainium bis (trifluoromethylsulfonyl) N ¥
L 0=8=0
2] |
CFa
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{
Y cl
{
[P44414][CI] Tributyltetradecyl phosphonium chloride WP)W‘-A/‘\/»«
)
/"-»-_/ \N/\\\.Nt =
[C6CLIm][C12S03] 1-Hexyl-3-methyl imidazolium dodecyl sulfonate .5

o =
[Nxyzhcm][NTf2] (Hydrazinocarbonylmethyl) trimethylammonium /L_N/NH O_Ns"_o
Girard’s T cation bis(trifluoromethylsulfonyl)imide et o—%—o
“h e CFs
T
[Phcm] [NTT2] (Hydrazinocarbonylmethyl) N gl J ¢
Girard’s P cation Pyridiniumbis AL a=8=2

[C4Clim]CI

A S
N N
1-Butyl-3-methylimidazolium chloride /\/c.\ Y/

[C6C6im][NO3]

1,3-Dihexylimidazolium nitrate

[P444E][DEHP]

Tri-n-butyl-2methoxyethylphosphonium
bis(2ethylhexyl)phosphate
Tri-n-butyl[2-(2-methoxyethoxy) ethyl]phosphoniumbis(2-
ethylhexyl) phosphate
Tri-n-butyl-{2-[2-(2-methoxyethoxy)
ethoxy]ethyl}phosphonium bis(2ethylhexyl) phosphate

Table 2: lonic Liquid and Aqueous Two-Phase System

Martinus Willem Beijerinck (1896) discovered the
ATPS by accident while mixing an aqueous solution of starch
and gelatin. However, Per-ke Molecule gives capital its true
implementation.  Albertsson. An  ATPS is formed
spontaneously under particular thermodynamic
circumstances by mixing the aqueous solutions of two
chemically different hydrophilic polymers or by combining
the aqueous solutions of a polymer and an electrolyte, which
separates two immiscible agqueous phases in equilibrium-a
polymer-enriched top phase and a polymer or an electrolyte-
enriched bottom phase[2,3]. The steric exclusion of large
aggregates generated by the interaction of the polymer and
water results in the phase separation of the polymer-polymer
system. A polymer-salt ATPS absorbs a large amount of
water and exhibits similar steric exclusion occurs.

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. These systems are
characterized by either an upper critical solution temperature
(UCST) or a lower critical solution temperature (LCST). Ata
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. As a result, stirring the mixture and using organic
solvents are unnecessary. Temperature-dependent phase
changes, also known as homogeneous liquid-liquid extraction
(HLLE), coalescence extraction, or phase-transition
extraction, have been shown to be extremely useful in metal
separation. Researchers assume that HLLE could be
classified as a more recent ATPS because it is primarily
composed of water and does not require an organic solvent,
which is a feature of the classical ATPS. A salting-out agent
also isn't required in HLLE even though temperature causes
phase separation (temperature-dependent separation). In the
following section, we will look at numerous articles that
review metal extraction using an ATPS composed of ILs with
and without a salting-out agent.

IV. EXAMPLE OF IL AND ATPS

Figure 1 depicts the use of polymer-based or IL-based ATPSs
for separations, which is heavily reliant on the molecule's
selective segmentation placed above a white background.
Impeller agitation is commonly used to speed up equilibrium
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partitioning. To isolate the liquid phase usually contains the
molecule of interest, physical separation can be as simple as
sedimentation or as complex as industrial centrifugation.
Even though centrifugation is commonly used after
fermentation to separate API from cells and cell debris, it is
becoming exceedingly complex as scale multiplies from the
bench (50 mL) to industrial (1,000 L) (6). As a consequence,
advanced scalable separation processes that retain yield for a
single-step extraction are required to be investigated.
Although polymer-based ATPSs show promise for a wide
range of commercially valuable molecules, their adaptability
makes them difficult to implement. Willauer et al. (2002)
investigated the principles governing high-value molecule
partitioning, and the use of such toolboxes to aid in ATPS
research and development (43,44) is strongly encouraged.

Another factor limiting the appeal of polymer-
polymer ATPSs is the high industrial cost of high molecular
weight polymers (59). As a result, cheaper phosphate or
sulfate salts are more appealing as polymer-polymer ATPS
replacements for polymer-salt ATPSs. Higher yield and
expandability of these polymer-salt ATPSs from bench to
industrial scale have been demonstrated [37,5,6].

& vouin ey
A

Fig. 1: Polymer-Based ATPS
Although polymer-based ATPSs show promise for a
wide range of commercially valuable molecules, their
adaptability makes implementation difficult. Willauer et al.
(2002) investigated the principles governing high-value
molecule partitioning, and the use of such toolboxes to aid in
ATPS research and development is actively urged (14,35,38).
The high industrial cost of high molecular-weight polymers
is another factor limiting the appeal of polymer-polymer
ATPSs (59). As a result, phosphate or less expensive sulfate
salts are more appealing as polymer-polymer. ATPS
substitutes for polymer-salt ATPSs These polymer-salt
ATPSs have shown higher yield and expandability from
bench to industrial level. (37). An osmotic pressure issue
arose when a high molecular weight polymer was replaced
with salt, limiting ATPS application in some cellular and
biomolecular recoveries (40,41,42). Despite this, ATPSs
have helped in expanding in only certain products that offer
high returns, especially with the lower prices of polymer-salt
ATPSs and IL-ATPSs. [59].

V. IL-BASED ATPS FOR METAL SEPARATION

A. ATPS with Salting-Out Agent

Under certain conditions, such as pH and temperature, an
ATPS composed of ILs and a salting-out agent, like all

ATPSs, exhibits a distinct phase transition (Figure 1). This
phase is known as a binodal curve, and it serves as a
fingerprint, indicating the ATPS's possible working area. The
total composition of the mixture, the composition of each
phase, and the critical point are denoted as M, D, B, and C,
including both, in this example (Figure 1). Balancing
configurations are biphasic just above the binodal curve,
whereas mixture compositions below the given liquid are
homogeneous [6,7].

ATPS separates the more hydrophobic agents from
the more hydrophilic ones using a salting-out agent. Salting-
out agents commonly in use in conjunction with ILs include

inorganic salt, carbohydrates, andpolymers [8,9].
— 0.4

03

[lonic liquid] / (w/w

0.1+ c

B A

0.0 T T
0 0.1 0.2 03 0.4

[Inorganic Salt] / (w/w)
Figure 2. Phase diagram for a hypothetical system composed
of polymer + inorganic salt + water (weight fraction units).
(4,5)

An ATPS composed of ILs and a salting-out agent,
like all ATPSs, exhibits a distinct phase transition in certain
conditions such as pH and temperature (Figure 1). This phase
is known as a binodal curve, and it acts as a thumbprint,
implying the potential working area of the ATPS. Inside this
example, the total composition of the mixture, the
composition of each phase, and the critical point are denoted
as M, D, B, and C, respectively (Figure 1). Immediately
above the binodal curve, trying to balance configurations
arebiphasic, whereas mixture compositions below the given
liquid are homogeneous[29,30].

ATPS uses a salting-out agent to detach the much
more hydrophobic agents from the more hydrophilic ones.
Inorganic salt, carbohydrates, and polymers are common
salting-out agents used in conjunction with ILs. To the finest
of our knowledge, carbohydrates have never been used as
salting-out agents for metal ion extraction in conjunction with
ILs.

Ammonium sulfate was used as a salting-out agent
in conjunction with tetrabutylammonium bromide for Cr (V1)
separation (TBAB). The results showed that pH influenced
Cr (V1) extraction because HCrO4 was the dominant species
at pH 55. As a consequence, that used the very next
extraction procedure, Cr (V1) was successfully extracted into
the upper phase at pH 5, with an extraction percentage of 93-
98%.

CrO42- + H+ + TBA+ = HCrO-4TBA+

On the other hand, the extraction percentage of Cr
(11) was below 1.0% in all cases, indicating that this system
was very selective when used for separating Cr (V1) from Cr
(11). The upper phase permitted the complete extraction of
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Cd2+ over the widest possible ranges of pH (1-10) with
recovery in the range of 91-99% [19,20]. The proposed
method also successfully detected trace Cd in zinc nitrate. In
collaboration with tributyl(tetradecyl)phosphonium chloride
[P44414][Cl], a certain concentration of sodium chloride also
underwent temperature-induced phase separation (TIPS);
thus it can be considered a theriomorphic mixture applicable
to HLLE (IL-ABS-HLLE)[39,40].

A system containing 40% [P44414][CI] and less
than 11% NaCl demonstrated the LCST and has thus been
used to separate Co (I1) and Ni (I1). Ni (II) extraction to the
IL-rich phase was only marginal (distribution ratio, D = 0.1),
and extraction did not improve with increasing NaCl content
in the mixture up to 11 wt%. Co (Il) extraction, on the other
hand, improved, with D values reaching 100 at 11 wt% NaCl.
This is because Co (llI) forms easily extractable anionic
chloride complexes, whereas Ni (1) does not, even at high
chloride concentrations [25,26].

Thus far in our search, an ATPS with a salting-out
agent for metal ion separation is still limited. 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.

B. ATPS without Salting-Out Agent (HLLE)

Chemical separation methods aim to simplify and miniaturize
sample preparation-procedures-to consume fewer solvents
and reagents and drastically reduce laboratory waste.
Unconventional liquid-liquid extractions such as HLLE have
been developed with this intent [54,53]. 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 a 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[52].
This technique sometimes requires an extra extractant in
addition to the ILs 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[49,51].

The results demonstrate that the heating temperature
of the mixture greatly influences the extraction percentage.
Under a heating temperature lower than 45°C, almost no Nd
(111) was extracted. The extraction of Nd (l11) 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
(IIT) was extracted after shaking for 5 s when 60 mmol kg—1
[Chol][hfac] was contained in the organic phase. Nd (I11) 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 (I11) was
extracted by [Chol][hfac] in a 1:4 ratio.

Unlike the variation of the temperature below the
UCST, the application of different temperatures around and
above the UCST did not influence the extraction equilibrium
and the percentage extraction of Nd (111) by an HLLE system

composed of betainium bis(trifluoromethylsulfonyl) imide
[Hbet][NTf2] as the organic phase and betaine as the
extractant with a UCST of 55°C. As with the heating
temperature, the settling temperature tested at 6-50°C did not
affect the extractability. The complex formed during
extraction can be described as [Nd2(bet)3(H20)y]3+.[56, 57]

HLLE with a UCST has been also applied to U (VI)
extraction, which has a strong radioactive nature from the
aqueous HNO3 solution. In this system, betainium
bis(trifluoromethylsulfonyl) imide ionic liquid [Hbet][Tf2N]
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 [HNO3] and was almost consistent with
each other [57]. That the carboxyl group of [Hbet]+ takes part
in the extraction of U (V1) has been confirmed by the fact that
the D value decreases with an increase in [H+]; the plot seems
to follow a linear relationship with a slope of 1.2; it is
independent of [NO3—]. 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][Tf2N]) [57,59].

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. reported the formation of a two-phase system by mixing
concentrated hydrochloric acid with tributyl(tetradecyl)
phosphonium chloride ([P44414][CI]), 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 (I11), Pt (IV), Ni (1), and Co (I1).[58,59] After
stirring in a rotator for 2 hours until complete dissolution, the
mixture was then placed in a heating bath for 6 hours until
phase separation. Fe (Ill) and Pt (IV) were close to
quantitatively extracted towards the IL-rich phase for all
experimental mixtures for temperatures of all systems. Co (1)
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 (1) remained in the HCI-rich phase.
The extraction mechanism was derived by the anion
exchange between a metalchlorocomplex with Cl— of
IL[56,55,57]. The selectivity of this system was evaluated
towards Co (Il) and Mn (Il), which is relevant for the
recycling of NiMH batteries. Mixtures containing 17.8% IL,
25.9% HCI, 56.3% H20 and 18.1% IL, 20.8% HCI and
61.1% H20 at 50°C yielded a nearly pure Co(ll) in the IL-
rich phase, with a separation factor of 400 and 376,
respectively. These promising results demonstrate that an
acidic aqueous biphasic system can be used simply and
efficiently for the critical separation of Co (I1) and Ni (II)
directly from the HCI leachates of NiMH batteries[49].

VI. CONCLUSION

This paper evaluates several articles on the use of an IL-based
ATPS for metal ion extraction. Due to its efficiency,
selectivity, and environmental friendliness, an ATPS
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composed of ILs and a salting-out agent is ideal for metal ion
separation. Because of the temperature dependence of an IL-
water mixture, it has been manipulated for metal ion
extraction known as homogeneous liquid-liquid extraction
(HLLE). In some cases, ILs in HLLE serves as both an
extraction and a separating agent. In other cases, the IL only
serves as a separator. As a consequence, extraction should be
added to the system to increase the percentage of metal ions
extracted. In addition, HLLE demonstrated high efficiency
and selectivity in metal ion extraction. Metal ions, including
transition metals, rare-earth elements, and radioactive
substances, can be extracted using both an ATPS and an
HLLE. ATPS is a promising separation technique that is
simple, selective, and low in cost. Because of its ease of
virtualization, this method is ideal for use in extraction
processes by industry sectors. Even so, it hasn't been widely
utilized in mass production. The reasons for this reluctance
could be numerous, but a lack of understanding of the
partition mechanism involved in the ATPS will always come
to the fore. Without hesitation, investigating and sorting out
the partition mechanisms that govern ATPS will result in a
revolution in separation science. More advanced applications
would result from new types of ATPSs and a greater
understanding of phase-forming components. The integration
of ATPS with other promising tools will also be a game
changer in the recovery of elevated goods. Furthermore, the
high intrinsic electrical conductivity of ionic liquids prevents
static - charge accumulation, which is risky due to the
possibility of ignition. The key drawbacks of ionic liquids,
particularly those with long alkyl chains, are their
significantly higher viscosity, sluggish phase separation than
molecular extraction solvent, and increased price.
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