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Abstract: Ionic liquids are a distinct sub-set of liquids, comprising only of cations and anions, often with neg-

ligible vapor pressure. As a result of the low or non-volatility of these fluids, ionic liquids are often consid-

ered in liquid/liquid separation schemes where the goal is to replace volatile organic solvents. Unfortunately,

it is often not yet recognized that the ionic nature of these solvents can result in a variety of extraction

mechanisms, including solvent ion-pair extraction, ion exchange, and simultaneous combinations of these. 

This paper discusses current ionic liquid-based separations research where the effects of the nature of the 

solvent ions, ligands, and metal ion species were studied in order to be able to understand the nature of the

challenges in utilizing ionic liquids for practical applications.
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Introduction 

Ionic liquids (ILs) are proving to be increasingly inter-
esting fluids for application in soft-matter materials
systems from electrochemistry to energetic materials,
and are also studied as potential solvents in separation
processes[1-19]. Properties, including low melting points,
wide liquid ranges, and negligible vapor-pressure, have
encouraged researchers to explore the uses of ILs to 
replace volatile organic solvents (VOCs).

Seddon[20] has remarked that over 1018 simple or-
ganic salts that might be potential ILs could be pre-
pared by varying the substitution patterns and anion

choices, even just within imidazolium and pyridinium
systems. High symmetry pseudo-spherical, non-
coordinating anions are commonly regarded as optimal
for formation of ILs. Common examples of cations and
anions which have been most widely investigated with
regard to ionic  liquid phase formation are shown in
Fig. 1. Common anions that yield ILs include
hexafluorophosphate ([PF6] ), tetrafluoroborate
([BF4] ), bis(trifyl)imide ([(SO2CF3)2N]  or [Tf2N] ),
and chloride (Cl ).
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Fig. 1 Examples of IL cations and anions. 
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Differences in solvent behavior of ILs and conven-
tional organic solvents, especially for hydrophobic ILs,
have been manifested in different and enhanced distri-
bution of metal extractant complexes in two phase sys-
tems. The presence of two charged species from the
ionic solvent itself, in an IL/aqueous biphasic system,
makes metal ion separation a much more complex
process than in traditional solvents. This does not nec-
essary mean that ILs are not suitable for separation 
processes (although for some ILs that is the case), but
one needs to find the right combination of IL and
ligand to obtain similar behavior as in organic solvents
or one needs to use the differences from organic sol-
vents for achieving more advantageous separations.

The first investigations of metal ion extraction in
IL/aqueous systems showed extremely high metal ion
partitioning to the IL phase[8,16]. It was the success of 
these initial studies that led to conjecture that ILs could
also be used for the removal of hazardous actinide ions 

and fission products from aqueous media. Further stud-
ies of different IL-based separation systems followed 
to elucidate the cause of the very high distribution ra-
tios for metal ions. Dietz showed that the high distribu-
tions in IL/aqueous systems were due to a change in
extraction equilibria in comparison to the oc-
tanol/aqueous system[17]. In octanol, Sr2+ is extracted
as a strontium nitrato-crown ether complex (Fig. 2, Eq.
(3)), whereas in ILs, the two axial bound nitrates are
substituted with two water molecules bound to the
metal ion, and the charged Sr(CE)(H2O)2

2+ species,
where CE is dicyclohexano-18-crown-6-ether, is trans-
ferred to the IL phase[18]. The neutrality of the system
is maintained through the migration of two imida-
zolium cations to the aqueous phase for each extracted
metal ion. The loss of the IL components in the aque-
ous phase would be a major limitation for practical ap-
plications of ILs in separations (Fig. 2, Eq. (1)). 

Equilibrium reaction for Mn+ separation in ILs Equilibrium reaction for Mn+ separation in molecular solvents

L = Dicyclohexyl-18-crown-6 

(1) Sr2+
aq + LIL + 2[C5mim]+

IL + 2H2O  [(SrL)(H2O)2]2+
IL + 

2[C5mim]+
aq

[17]

or
(2) Sr2+

aq + L3 aq2NO IL  [SrL]·(NO3)2 IL
[21]

(3) Sr2+
aq + Lorg +  [Sr(NO3 aq2NO 3)2L]org

[17]

L = CMPO 

(4) UO2
2+

aq + [Cnmim]+
IL + L3aqNO IL  [(UO2)NO3]L]+

IL + 

[Cnmim]+
aq

[22]

2
2 aq(5) UO 3 aq2NO 2Lorg  [(UO2)(NO3)2L2]org

[22]

L = Htta 

(6) Ln3+
aq + 4HLIL + [C4mim][Tf2N]IL  [C4mim]+ [LnL4] IL + 

4H+
aq + [Tf2N] aq

[23]

(7) Ln(H2O)n
3+

aq + 3HLorg  [LnL3(H2O)n 6] org + 3H+
aq

+ 6H2Oaq
[23]

and
(8) Ln(H2O)n

3+
aq + 4HLorg  LnL3  HL org +3H+

aq

+ nH2Oaq
[23]

Fig. 2 Extraction mechanisms in IL/aqueous vs. organic/aqueous biphasic systems. 
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Further investigations on the same system, but using
the more liphophilic IL, [C10mim][Tf2N], demonstrated
that the extraction mechanism in ILs can be the same
as in octanol (Fig. 2, Eq. (2)). However, the coordina-
tion environment of the metal ion was found to be dif-
ferent from that observed in 1-octanol/water biphasic
systems with nitrate ions lying outside of the metal
ion’s inner coordination sphere[21].

The nature of the IL is not the only factor which de-
termines the metal extraction pathway; ligand type also
has a very important contribution. Lanthanide(III) salts
were shown to follow an anion exchange mechanism
(Fig. 2, Eq. (6)) when extracted in an IL/aqueous sys-
tem using Htta; in contrast to the cation exchange ob-
served in molecular solvents (Fig. 2, Eqs. (7) and
(8))[23]. Here, changing the lipophilicity of the IL did
not change the partitioning mechanism.

Another example of different behavior of metal ion
extraction in ILs was observed by Visser et al. who
showed that the high extraction of UO2

2+ with the well
studied CMPO ligand to an IL phase, was due to a dif-
ferent mechanism (Fig. 2, Eqs. (4) and (5)) than ob-
served in molecular organic solvents[22]. Further, it was 
demonstrated that the metal ion coordination environ-
ment in the extracted species was also different from
that observed in organic solvents. The coordination
environment of uranyl nitrate with CMPO and TBP in
a series of hydrophobic ILs was probed using both ul-
tra-violet and visible (UV/Vis) spectroscopy and ex-
tended X-ray absorption fine structure (EXAFS) spec-
troscopy. Differences in UV/Vis peak location and in-
tensity patterns (Fig. 3) in ILs vs. dodecane illustrated
their inequivalence.

Fig. 3 Absorption spectra of dodecane and 
[C4mim][PF6] solutions containing 0.1 mol/L CMPO 
and 1 mol/L TBP, after contact with 20 mmol/L 
UO2(NO3)2 in 1 mol/L HNO3 from Ref. [22].

The coordination environment around the metal ion
in each instance was further clarified using EXAFS 
(Fig. 4). The EXAFS data for the uranyl-CMPO
complex in dodecane was consistent with a hexagonal
bipyramidal UO2(NO3)2(CMPO)2 complex, while the
data in [C4mim][PF6] and [C8mim][Tf2N] suggested an
average equatorial coordination number of 4.5,
yielding a net stoichiometry of UO2(NO3)(CMPO)+.
The differences observed between the two types of
solvents (ILs and molecular) illustrated the importance
of elucidating the unique coordination interactions that
occur in the ILs to optimize separations performance.

Fig. 4 Fourier transform magnitude of the k3 
weighted  L3  EXAFS  of  the  UO2

2+  complexes   in 
dodecane,  [C4mim][PF6],  and   [C8mim][Tf2N]   from 
Ref. [22]. 

Clearly, coordination, speciation, and extraction
mechanism can and do vary from those in conventional
solvent systems. The challenge is now to use the dif-
ferences from traditional solvents efficiently and de-
velop unique and more advantageous separation
schemes, or to find the combinations of ILs and 
ligands which behave in an identical manner to mo-
lecular organic solvents. In our current work, we have
studied a range of separation schemes in order to gain
a better understanding of the relative roles and impor-
tance of complexant, metal, and IL ions to achieve
these tasks. Here, we review some of the preliminary
data coming from these studies.

1 Results and Discussion 
1.1 Ligand assisted metal ion partitioning 

We have investigated Cyanex-923 as an extractant for 
actinide ions in liquid/liquid separations using the
hydrophobic IL [C10mim][Tf2N] as the extracting
phase. mixture of tri-alkyl-phosphine oxides of varying
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mixture of tri-alkyl-phosphine oxides of varying chain
lengths (hexyl- and octyl-) and has been used for acti-
nide extraction into molecular solvents[24]. Distribution
ratio measurements for Pu4+ and Am3+ showed little
acid dependency (HNO3) for Pu4+, but strong acid de-
pendency for the trivalent actinide. In addition, ligand
dependency studies seem to support 1:1 metal-to-
ligand binding for Pu4+, but significantly different
binding ratios for Am3+, again supporting the notion
that  ILs can   provide   different  coordination
environments.

The high distribution ratios for Pu4+ and lack of acid
dependency (Fig. 5) preclude stripping using a pH or 
concentration swing. Since oxalate has a high affinity
for tetravalent actinides such as plutonium, forming
hydrophobic anion complexes, the ability to strip ex-
tracted Pu4+ from the IL using oxalate as a stripping
agent was investigated. The stripping of Pu4+ from do-
decane system (85%) was more efficient than in the IL 
(70%) (Fig. 6), although conditions were not optimized.

Fig. 5 Distribution of Pu4+ to 0.10 mol/L Cyanex-923 
in [C10mim][Tf2N] ( ), 0.10 mol/L Cyanex-923 in do-
decane ( ), and [C10mim][Tf2N] blank ( ) versus 
[HNO3]. 

A second class of complexants that we are currently 
investigating are closely related to siderophores.
Siderophores are molecules produced by bacteria to
bind Fe3+ in iron-deficient environments. The binding
constants for Fe3+ can be as high as 1052 in some cases 
and their relative affinities for a series of metals is 
based on  charge-to-size ratio.  Due to the similarities
in charge-to-size ratio between Fe3+ and Pu4+,
siderophores  can be  highly effective sequestering

Fig. 6 Pu4+ stripping from 0.1 mol/L Cyanex-923 in 
dodecane ( ) and [C10mim][Tf2N] ( ). 

agents for Pu4+ from solution. The siderophore-derived
molecule, 1-hydroxy-6-N-octylcarboxamide-2(1H)-
pyridinone (octyl-1,2-HOPO), has been studied by
Raymond for the extraction of plutonium species from
acidic media into octanol[25].

We have studied the partitioning of Pu4+ with octyl-
1,2-HOPO in IL/aqueous systems incorporating the
hydrophobic ILs [C4mim][Tf2N] and [C8mim][Tf2N]
(Fig. 7). Effects of cation hydrophobicity and lipo-
philicity (controlled by variation in the length of the
alkyl-chain substituents) could be observed and can be 
related to changes in extraction mechanism following
the observations made by Dietz et al.[21]

Interestingly, the IL with the butyl chain (least lipo-
philic) resulted in Pu4+ distribution ratios which were
nearly acid independent, whereas the IL with the octyl
chain showed extraction behavior that was strongly
acid dependent; the latter most closely paralleled the 
distribution ratios obtained from the octanol system. In
both ILs, however, the ligand dependency observed
was significantly different from those in octanol. In oc-
tanol, four octyl-1,2-HOPO ligands are bound to each
Pu4+ ion in the extracting phase, whereas in the IL, a
lower ligand:metal ratio was observed, with, presuma-
bly, nitrate anions filling the remainder of the pluto-
nium coordination sphere.

Most importantly, it can be seen that the IL envi-
ronment can greatly affect the degree to which an ex-
tractant molecule interacts with a metal ion, thus sup-
porting the need for more targeted studies aimed at
elucidating  the nuances  of  IL coordination chemistry
for  the ultimate design of   better,  tailored   ILs   for
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Fig. 7 Pu4+ distribution ratios for 0.003 mol/L octyl-
1,2-HOPO in [C4mim][Tf2N] and [C8mim][Tf2N] ver-
sus [HNO3]. 

application to more complex systems. These studies
are now underway.

1.2 Hydrophilic ILs in liquid/liquid separation 

Hydrophobic ILs are not the only choice for liq-
uid/liquid IL-based separation of metal ions. We re-
cently showed that hydrophilic ILs such as 1-butyl-3-
methylimidazolium chloride ([C4mim]Cl), can also be 
induced to form biphasic systems that are wholly 
aqueous in nature via the addition of concentrated
aqueous solutions of water-structuring salts such as
K3PO4 (Fig. 8)[26]. These aqueous biphasic systems
(ABS) can be formed from a wide range of IL types,
including imidazolium-, pyridinium-, phosphonium-,
and ammonium-based salts, as well as, with a variety
of inorganic salts including phosphates, carbonates,
hydroxides, and sulfates. These systems contain two
aqueous phases: the upper phase is more lipophilic
(containing organic cations), whereas the lower, more
dense phase consists of a concentrated inorganic salt
solution.

Fig. 8 The mutual coexistence curve for the aqueous 
[C4mim]Cl/K3PO4 system from Ref. [26]. System com-
positions below the binodal are monophasic, composi-
tions above the binodal are biphasic. 

It is important to note that many of these inorganic
salts are present in large amounts in nuclear tank
wastes. As a result, these salt-salt biphasic systems are
excellent models to critically investigate the behavior
and sustainability of ILs with regard to stability and
ion exchange under tank waste conditions. For exam-
ple, it was found that distribution ratios for TcO4 from
a concentrated K3PO4 solution to the IL-rich phase will
exceed 700 and increase with increasing tie line length,
without the need for an extractant. This is similar to 
polyethylene glycol-based aqueous biphasic systems
where TcO4  was found to partition to the polyethylene
glycol-rich phase[27]. This offers the potential to re-
move TcO4  from tank waste using IL technology. In
addition, further studies of the role of the IL anion and
cation in these systems will aid in developing new ILs 
that are better suited for tank waste applications.

2 Conclusions 

Separations utilizing ILs as the extracting phase are
much more complex that those with simple molecular
organic solvents. However, understanding the IL sys-
tems and choosing appropriate conditions to design
targeted extractions is possible. One can either take
advantage of the different extraction mechanisms
which ILs afford, or one can find those separations,
ligands, and ILs which afford identical behavior to mo-
lecular solvents. Our preliminary results show that
separation schemes in ILs can indeed utilize the same
extraction mechanism while preserving the same metal
ion coordination found in traditional solvents, but only
when an appropriate metal ion/ligand/IL system is used. 
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This argues once again, for a more complete funda-
mental understanding of IL systems in general.
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