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Both hydrophobic and hydrophilic room-temperature ionic
liquids can be separated from aqueous solutions with
relatively low-pressure gaseous carbon dioxide.

Room-temperature ionic liquids (ILs) are being aggressively
investigated for use as replacement solvents for a variety of
reactions and extractions.!'~* One of their major advantages is
their lack of volatility which would make them attractive for
industrial implementation. However, successful commerciali-
zation may be frustrated by difficulties in separating ILs from
organic and inorganic solutions. Since the ILs are non-volatile,
evaporation or distillation of the other components in the
mixture is an attractive option. However, this may not be
practical for high-boiling or thermally labile compounds or
when the IL is the minor component in the mixture. Liquid—
liquid extraction is a viable option but if one aims to eliminate
the use of volatile organic solvents then the choice of extraction
solvent is seriously limited. Previously, our group has shown3-¢
that supercritical carbon dioxide, which is usually considered to
be an environmentally benign solvent, can be used to extract
even relatively non-volatile compounds from ILs without any
extraction of the ILs themselves. We found that many ILs
dissolve a considerable amount of CO,.57 Subsequently, a
number of researchers have adopted the use of CO,/IL biphasic
reaction/separation systems.8-14 Rogers and coworkers!> have
shown that a large number of compounds can be extracted from
hydrophobic ILs (ones that are not completely miscible with
water) with water. However, this may present further down-
stream separation issues due to finite IL solubility in the
aqueous phase.

Recently, we have shown that relatively low-pressure
gaseous CO, can be used to separate ILs from organic
mixtures.!® The dissolved CO; induces a phase separation, with
the most likely mechanism being the expansion of the organic
liquid phase by the CO,, which decreases the dielectric
constant, forcing a significant amount of the IL into a separate
liquid phase. This type of separation would be most useful when
the IL is the minor component of the mixture and is, thus, a
complement to supercritical fluid extraction.>-6

Here we show that the introduction of gaseous or liquid CO,
can also cause the separation of both ‘hydrophobic’ and
hydrophilic ILs from aqueous solutions. We demonstrate that
solutions of water and ILs can be induced to form three phases
in the presence of CO,. One liquid phase is rich in IL, one is rich
in water and the vapor phase is mostly CO, with a small amount
of dissolved water. This interesting phase behavior has
mechanistic and practical implications for both reaction and
separation systems using ILs with water.

In this communication, mixtures of water and the hydrophilic
ILs, 1-butyl-3-methylimidazolium tetrafluoroborate
([C4mim][BF,4]) and 1-butyl-3-methylimidazolium trifluorome-
thanesulfonate ([Cymim][CF3;SO3]), and the ‘hydrophobic’ ILs
1-butyl-3-methylimidazolium hexafluorophosphate
([C4mim][PF¢]) and 1-propyl-2,3-dimethylimidazolium bis(tri-
fluoromethylsulfonylimide) ([PDmim][NTf,]) are shown to
phase split in the presence of gaseous CO,.

Water and the hydrophilic ILs are completely miscible in all
proportions at ambient conditions. Whereas, the ‘hydrophobic’
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ILs (e.g. [C4ymim][PF¢] and [PDmim][NTf,]) have only a slight
solubility in water (see Table 1). However, if a pressure of CO,
is placed upon a mixture of the IL and water, a second liquid
phase can appear, as shown schematically in Fig. 1. The most-
dense liquid is rich in IL (labeled L), the next phase is rich in
water (L) and the third vapor phase (V) is mostly CO, (with a
small amount of dissolved water). At a given temperature and
initial concentration of IL in water, the applied CO, pressure at
which the second liquid phase appears, is called the lower
critical endpoint (LCEP).

Table 2 illustrates the conditions at which the LCEP forms for
each of the IL/water mixtures investigated. As expected the
LCEP depends on the temperature and the concentration of IL.
The experimental measurements were made with a stirred,
thermostatted, high-pressure, view-cell, where known amounts
of CO, can be accurately metered into the cell. A detailed
description of the apparatus and procedure can be found
elsewhere.!8

In this study we were particularly interested in determining
whether ILs could be separated from water using CO, at
ambient temperatures. Therefore, experiments were conducted
between 15 and 25 °C. The results indicate that ILs can be
separated from water using CO, close to ambient temperatures
and the pressure required to achieve each of the phase splits is
below 5.2 MPa. For example, [C4ymim][PFs] can be separated
from a IL saturated aqueous solution at 20 °C and at a CO,
pressure of 4.93 MPa. Similarly, [PDmim][NTf,] can be

Table 1 Solubility of ILs in water at ambient conditions

Solubility in
Tonic liquid Abbreviation water [mole %]

1-Butyl-3-methylimidazolium
hexafluorophosphate [C4mim][PF¢] 0.12917
1-Propyl-2,3-dimethylimidazolium
bis(trifluoromethylsulfonylimide) [PDmim][NTf,] 0.0474
1-Butyl-3-methylimidazolium

tetrafluoroborate [C4mim][BF,4] miscible
1-Butyl-3-methylimidazolium
trifluoromethanesulfonate [C4mim][CF3SO3] miscible

@ Solubility was determined as per the procedure described by Anthony et
al.\7

LCEP
VLE
(L1 =L2-V)

V = CO, +Water

V =CO; “ L = Water+ CO, + IL

L=IL+ L, =IL + CO; + Water
Water J

Increasing Pressure

Fig. 1 Phase behavior of IL/water/CO, mixture at increasing pressure at
near-ambient temperatures.
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Table 2 Lower critical endpoints of IL/water systems with CO,

IL Concentration CO, Solubility

in water Pressure  in H,O“
Tonic liquid [mole %] T,°C [MPa] [mole %]
[C4mim][PF] 0.1 20 493 24
[PDmim][NTf;] 0.047 25 3.15 1.6
[C4mim][BF,] 24.6 25 —

9.3 25 5.11 2.1

1.58 20 5.53 2.53

0.2 25 —

0.1 25 —
[C4mim][CF5S0,] 9.36 158 494 2.6
[C4mim][CI] 9.29 25 —

 Interpolated CO, solubility in pure H,O at the conditions of the LCEP of
the ternary mixture from the experimental data of Wiebe22 and Houghton et
al?

recovered from water saturated with this IL at even lower
pressure of CO,, just 3.15 MPa. On the other hand, it is more
difficult to remove hydrophilic ILs from water. For example,
hydrophilic ILs at very low concentrations cannot be removed
from water using CO, at ambient temperatures. Specifically,
[C4mim][BF,4] can be separated from water at ambient tem-
peratures when the concentration of the IL is between 1.58 and
9.3 mole%, but no separation is observed for lower concentra-
tions, even when the pressure is increased to 6.41 MPa (i.e., the
vapor pressure of pure CO, at 25 °C; further increases in
pressure result in the formation of a liquid CO, phase). From
these results one can conclude that it is easier to separate
hydrophobic ILs from water using CO, than hydrophilic ILs.

All the pressures at which we were successful in achieving
phase separation are below the saturation (vapor) pressure of
pure CO; at room temperature. CO, is usually sold in cylinders
at its vapor pressure, thus practical laboratory separations could
be performed with no special heating or pumping systems to
induce separation. Interestingly, at a IL loading of 24.6 mole%
of [C4mim][BF,] in water, a phase split does not appear. It
should be noted that 24.6 mole% of IL in water is 80.4 weight
percent IL so this is a situation in which it might be easier to
remove the water by supercritical fluid extraction.>-¢ Also, at
low concentrations of the [C,mim][BF,], such as 0.1 and 0.2
mole%, phase separation is not observed at moderate tem-
peratures and pressures, i.e. 15 °C to 25 °C and below the vapor
pressure of pure CO,, which is between 5.07 and 6.41 MPa for
this temperature range. This represents the limit of using vapor
CO, to induce phase split. Higher pressure liquid CO, could be
used to increase the solubility of CO, but at the cost of high
pressure requirements. It should be noted that even though
much of the IL is separated from water at the LCEP, there will
still be some finite amount of IL in the water rich phase. The
concentration of IL in the water rich phase and the pressure at
which most of the IL is removed from the water is currently
under investigation.

The mechanism for this phase behavior seems much different
than for organic solutions containing ILs.!® For organic
solutions, CO, solubility is high, resulting in a large volume
expansion and the concomitant dramatic reduction in the
dielectric constant of the mixture, which forces the IL from
solution. As a result, with organic solutions, ethane (which has
high solubility in many organics) is also effective at inducing a
phase split. However, as seen in Table 2, the solubility of CO,
in pure water at the pressures of the observed LCEP is very low,
roughly 0.02 mole fraction, which does not result in any
noticeable volume expansion. Interestingly, neither ethane (to
its vapor pressure of 3.7 MPa) nor nitrogen (to 8.2 MPa) was
capable of separating the IL from a 0.1 mole% solution of
[C4mim][PFg] in water at 20 °C. The solubilities of these gases
in water are also low, estimated at 0.00145 and 0.00085 mole
fraction, respectively,!9-20 at the highest pressures investigated.

Thus, with aqueous solutions containing ILs, we have so far
found that only CO, is capable of causing a phase separation.

A possible explanation for the observed phase behavior might
be the chemical interactions between water and CO,. CO, reacts
with water to form carbonic acid and its dissociation products,
thus lowering the pH. The pH of the water/CO, system at 25 °C
to 40 °C and 7.0 MPa is about 2.8.2! Perhaps this change in pH
contributes to the changes in solution equilibrium between the
IL and water that lead to the separation of ILs from water using
CO,. The observed behavior could also be due to a slight
decrease in dielectric constant upon addition of CO,. We tested
these possibilities by adding HCl and acetone to a
[C4mim][PF¢] saturated water solution to decrease pH and
dielectric constant, respectively. Neither addition led to a phase
separation, indicating that the observed behavior is not due
solely to either of these effects.

This unusual phase behavior has a number of practical
implications for designing processes with ILs. Since aqueous
waste streams are the most likely avenue for ILs to enter the
environment, IL. contamination of aqueous streams is a major
issue. Removing water from aqueous solutions dilute in IL
using distillation would be a very energy intensive process.
Anthony et al.l7 found that activated carbon can remove
[C4min][PF¢] from water but not very efficiently. In this work
we have shown that one can use relatively low pressure CO,, an
environmentally benign solvent, for the removal of several
different ILs from aqueous solutions.

This work was funded by the NSF under grant number
CTS99-87627. We would like to thank Covalent Associates for
their generous gift of the [PDmim][NTf,] sample.
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