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The relatively hydrophobic ionic liquid 1-butyl-3-methylimi-
dazolium hexafluorophosphate has been found to be totally
miscible with aqueous ethanol between 0.5 and 0.9 mol
fraction ethanol, whereas the ionic liquid is only partially
miscible with either pure water or absolute ethanol; the
ability to dissolve 1-butyl-3-methylimidazolium hexafluoro-
phosphate in a ‘green’ aqueous solvent system has important
implications for cleaning, purification, and separations
using ionic liquids.

Current interest in ionic liquids1,2 (IL) stems primarily from the
heightened awareness of the potential applications for IL in
Green Chemistry3 and the associated emphasis on clean
manufacturing processes. We have investigated IL as clean,
environmentally benign solvents as replacements for VOCs in
liquid/liquid separations and extraction processes.4–9 From the
‘green’ perspective, an issue of primary importance is the
separation and recovery of products from reaction systems, as
well as the potential to recycle and reuse the reaction/
separations media without generating secondary waste. There is
concern about how to address issues such as cleaning and
removal of non-volatile IL from surfaces or from solid products
without using VOCs. For example, the commonly used
‘hydrophobic’ IL 1-butyl-3-methylimidazolium hexafluoro-
phosphate, [C4mim][PF6],† is readily soluble in many common
organic solvents but is relatively insoluble in most green
solvents including water and sc-CO2. Here, we demonstrate that
[C4mim][PF6] can be solubilized in a green aqueous solvent
system–ethanol/water.

In a traditional liquid/liquid separation processes, the princi-
ple of ‘like dissolves like’ forms the basis for the partitioning of
solutes between the two phases; the less water-soluble the
solute, the higher its affinity for the hydrophobic extracting
phase. The partitioning of organic solutes in IL/water systems
shows a correlation with the octan-1-ol/water partition coeffi-
cient.6 This is consistent with solvatochromatic studies10,11

which appear to show that IL have solvent characteristics
similar to moderately polar organic molecules, but with some
important and inherent differences.12 The solvent parameters
determined for IL can vary significantly depending on the
experimental probe used, and depend upon the contributions
from specific interactions between IL and solutes. Volume and
hydrogen-bond acceptor terms appear to be most important to
the overall solvating environment. In light of this, it is important
to note that PF6

2 is a poor hydrogen-bond acceptor and
consequently ethanol and water should not partition in sig-
nificant concentrations to [C4mim][PF6].

Dullius et al.13 have shown that tetrafluoroborate-containing
IL display miscibility curves with water typical of a partially
miscible two-component system with an upper thermal critical
point and, at lower temperatures, the formation of a two-phase
system containing IL-rich and aqueous-rich layers. Work by
Friberg et al.14 has highlighted the complexity of the co-
miscibility/solvation profile in [C4mim][PF6]/water/nonionic

surfactant systems and also noted that the IL exhibited only
partial miscibility with hydrated ethanol.

During partitioning studies, we were intrigued by the
variation in miscibility of IL with molecular solvents we had
observed from simple bench tests, and in particular, the
observation that [C4mim][PF6] was totally miscible with 80%
aqueous ethanol and yet formed biphasic mixtures with both
pure water and pure ethanol. This prompted a more detailed
investigation of the phase behavior.

The ternary phase diagram for [C4mim][PF6] in contact with
ethanol and water was determined by cloud-point titration15 at
25 °C and is shown in Fig. 1. [C4mim][PF6] is partially miscible
with both pure water and with pure ethanol. Regions of biphasic
coexistence extend along the [C4mim][PF6]/H2O and
[C4mim][PF6]/ethanol axes, respectively. The solubility limit of
absolute ethanol in the IL was determined to be 10.1 wt% and
the solubility of water was 1.2 wt%. The water content of
saturated [C4mim][PF6] has been reported in the literature
ranging from 1.2 to 2.3 wt%,7,16,17 corresponding to a mol
fraction between 0.16 to 0.27. The region of complete
miscibility of the three components, water, ethanol, and
[C4mim][PF6], is shown between the two binodal curves and
extends from the EtOH/H2O axis.

To further our characterization of the ethanol/water solubility
in [C4mim][PF6], the distribution of ethanol and water to the IL
was determined (Fig. 2). Samples containing 2 mL of IL were
contacted with an equal volume of aqueous ethanol solution
labeled with a 14C-ethanol tracer.12 The distribution of ethanol
was determined from the radiotracer partitioning, and the water
content of the IL phase was measured by Karl Fischer
titration.12 In the biphasic regions, the distribution of ethanol is

Fig. 1 Triangular phase diagram for ternary compositions of [C4mim][PF6],
ethanol, and water determined at 25 °C and plotted as mol fraction. The
region to the left of the binodal line, ñ is biphasic with water- and
[C4mim][PF6]-rich phases; the region to the right of  the line ò is biphasic
comprising ethanol- and [C4mim][PF6]-rich phases. In the central region,
the three components are totally miscible and form a single monophasic
solution.
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less than 1, which indicates the tendency for ethanol to remain
in the aqueous phase. For the two-component [C4mim][PF6]/
water system, the distribution ratio for the ethanol tracer
between the IL and water is only 0.16. Successive increases in
the mol fraction of ethanol cause an increase in ethanol
distribution ratios up to a maximum of 0.61 at 0.5 mol fraction
of ethanol in water. In the range 0.4–0.5 mol fraction, the
distribution of ethanol to [C4mim][PF6] and the water content of
the IL increases dramatically, and for 0.5–0.9 mol fraction the
system is monophasic, shown by the vertical lines in Fig. 2.
Above 0.9 mol fraction, a biphasic mixture is once again
obtained.

The solubility of both ethanol and water in the IL phase
increases in the presence of the other component, leading to the
large homogeneous region in the phase diagram. The DEtOH and
water content data shown in Fig. 2 indicate that ethanol and
water are dissolved together in the IL. Both the DEtOH and water
content increase linearly with XEtOH from 0 to 0.40, where a
sharp rise in both is maintained until the miscibility region. At
XEtOH = 0.90 a biphasic region is again observed and DEtOH and
water content decrease with the addition of ethanol.

The liquid structure and association in ethanol/water compo-
sitions has been the subject of extensive study;18 when XEtOH <
0.2, ethanol molecules cluster with the ethyl chains forming a
hydrophobic core surrounded by water molecules. At 0.2 <
XEtOH < 0.8, a sandwich-type cluster containing extended
chains of hydrogen-bonded ethanol and water occurs. The
interactions that could occur between the water/ethanol clusters
and the IL to lead to the total miscibility region is not yet clear.
Free-volume cavities, or void space within the IL matrix17 may
allow ethanol and water to be dissolved together, whilst
maintaining the bulk ethanol/water hydrogen-bonding structure
with only weak interactions between the alkyl-groups of the IL
and the hydrophobic ethyl-substituents of the water/ethanol
chains.

A comparison of the vapor phase compositions above the
[C4mim][PF6]/water/ethanol mixtures with ethanol/water mix-
tures only was made using SPME/GC. No discernable differ-
ences in the ethanol/water composition of the gas vapor phase
was observed. This adds to our supposition that ethanol/water
compositions mix with the IL whilst maintaining the bulk
ethanol/water hydrogen-bonded structure.

The observation that [C4mim][PF6], regarded as a hydro-
phobic IL, can be dissolved in a ‘green’ aqueous solvent system
has important implications for purification and separations from
IL. As shown here, the addition of a solute or combination of
solutes dramatically affects the solution behavior of IL,
highlighting the need to fully understand these systems and
instances in which their solution chemistry may vary from that
of traditional organic solvents. At a practical level, these results
show a method by which [C4mim][PF6] can be dissolved and

cleaned from, for example, a reaction vessel or a solid product
without using volatile chlorinated organic solvents. The IL can
be recovered by distilling the water/ethanol azeotrope or by
changing the solution composition to form a biphasic system.
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Fig. 2 The distribution ratios at 25 °C of ethanol (DEtOH = ò) and water
content of the IL phase (ÿ) in 1+1 volume mixtures of [C4mim][PF6] and
aqueous ethanol as a function of initial mol fraction of ethanol in the
aqueous phase prior to contact with the IL phase. The monophasic region is
bounded by the vertical dashed lines.
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