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The liquid-liquid phase equilibrium of mixtures of the room temperature ionic liquid 1-n-butyl-3-methylimida-
zolium hexafluorophosphate, [bmim][PF6], and three single alkanols (ethanol, 1-propanol, and 1-butanol) was
investigated over the entire composition range at ambient pressure. The experiments were conducted from 262 K
to the vicinity of the critical solution temperature of the binary mixture (at maximum 362 K) by two different
methods, namely, synthetic cloud-point measurements and analytical UV spectroscopy. The cloud-point method
was mainly applied for the [bmim][PF6]-rich liquid, whereas UV spectroscopy was used to determine the very
small concentrations of [bmim][PF6] in the alkanols, since under these conditions the cloud-point method is no
longer applicable. All three systems show an upper critical solution temperature. With increasing chain length of
the alcohol, that temperature rises and simultaneously the biphasic region becomes larger. Inspired by recent
publications, the liquid-liquid equilibrium of these three binary systems was predicted by applying the COSMO-
RS method. Calculations resulted in predictions of a miscibility gap, but the calculated miscibility gap strongly
differs from the experimental results. A far better representation of the experimental data was accomplished via
a UNIQUAC-based correlation.

Introduction

The novel and successful introduction of industrial processes
where an ionic liquid is formed during an acid scavenging step1,2

opens up new prospects for the application of ionic liquids.
When an ionic liquid is formed during that particular step,
conditions can be set to separate it as a clear liquid phase from
the product, avoiding an inconvenient salt suspension. If a
process for acid scavenging that works without producing solids
becomes viable, it will certainly rule out similar processes that
produce solid waste, especially on a larger, industrial scale. The
only thermodynamic premise is the existence of a liquid-liquid
equilibrium. But before such a process can be put into operation,
of course, reliable data for the encountered thermodynamic
properties are required.

The existence of partial miscibility in the binary ionic
liquid + alkanol system has opened the door to the application
of ionic liquids in liquid-liquid separation and extraction.
Which ionic liquid and which alkanol would make for the ideal
combination? 1-n-Butyl-3-methylimidazolium hexafluorophos-
phate [bmim][PF6] is the first ionic liquid subjected to sys-
tematic investigations of its thermophysical properties. However,
[bmim][PF6] is nowadays outdated as it is less stable than
previously assumed.3 Nevertheless, it may further serve as a
model substance for developing and testing thermodynamic
models. Since a considerable data pool on liquid-liquid phase
behavior of this particular substance with alcohols is available,4-12

we investigated the liquid-liquid equilibrium for [bmim][PF6]
in different alkanols at atmospheric pressure and different
temperatures to test/confirm that data.

The knowledge of mutual solubility of ionic liquids especially
with alcohols is of great importance. Generally, in a binary ionic

liquid + alkanol extraction system, varying the alkanol can result
in a significantly different phase behavior. On the other hand,
a different ionic liquid, however, can assert a higher toxicity
risk. For example, a trend of increasing toxicity with increasing
alkyl chain length was observed.13

The IL-rich branch of the binodal curve determines the
solubility of reactants or products in the ionic liquid, whereas
the solvent-rich branch determines the amount of ionic liquid
in the organic phase that has to be recovered. One striking
characteristic of the data available so far is that there are only
very few data published for the solubility of an ionic liquid in
an organic solvent, in particular for systems where that solubility
is small. This is also because under these conditions the synthetic
cloud-point method becomes increasingly inaccurate. As the
[bmim]+ cation reveals UV activity, UV spectroscopy was
applied in the present work to determine the concentration of
the ionic liquid in the solvent-rich phase, particularly in those
regions where the cloud-point method fails.

Additionally, the experimentally obtained liquid-liquid equi-
librium data were compared to predictions from the COSMO-
therm software package. That software package is based on
quantum chemical methods and allows us to predict thermo-
physical properties.14,15Recently, the improved performance and
the enlarged applicability of quantum chemical calculations
resulted in many applications in the field of chemical engineer-
ing.16,17 Ideally, the employment of packages such as COSMO-
therm shall help to substitute experiments, preferably those
which are time-consuming and expensive. Since most ionic
liquids are still rather expensive (notably high-purity ionic
liquids), such calculations can serve at least for screening various
ionic liquids for their ability to be employed in applications.
Ultimately, we also employed the classical UNIQUAC-GE

approach of Abrams and Prausnitz18 to correlate the experi-
mental results for the liquid-liquid equilibrium.
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Experimental Investigation of the Liquid-Liquid
Phase Equilibrium

Among the variety of methods to determine the liquid-liquid
equilibrium of a mixture (to map the binodal curve onto a
temperature versus composition diagram) the visual “cloud-point
method” is one of the most simple while also most reliable ones.
In such investigations, the cloud point determines the transition
from a single-phase to a two-phase system (or vice versa). That
transition is either observed visually or, for example, by optical
light scattering devices. At the transition from a homogeneous
to a heterogeneous phase the solution becomes turbid. The two
ways that are usually applied in that method are illustrated in
Figure 1: either the stepwise addition of defined portions of
one component (always followed by vigorous mixing) at
constant temperature until the liquid stays cloudy or slowly
changing the temperature of a homogeneous mixture of known
composition until the cloud point is reached.

The particular advantages of that method for the systems
investigated here are as follows. The large differences in the
densities of the ionic liquid [bmim][PF6] (1.37 kg‚dm-3 at T )
297.7 K)19 and an alkanol (from 0.79 kg‚dm-3 for ethanol to
0.81 kg‚dm-3 for 1-butanol at around room temperature) lead
to a fast and well-defined phase separation. The cloud-point
method allows the detection of the phase boundary directly
without any calibration. The method can be realized in a rather
simple equipment, for example, as a small thermostated glass
cell connected with a thermostat and a stirring option, together
with an analytical precision balance. Although rather often some
optical equipment is used to detect the light scattering,20 in most
cases the human eye is well-suited to detect the cloud point.
The accuracy depends on the uncertainty the masses of liquids
added are afflicted with, the number of additions, and the amount
of substance of the last addition (i.e., the addition that induces
the cloud point in the isothermal experiment), or on the accuracy
of temperature determination when the composition is fixed and
the temperature varied. When the binodal curve extends to one
(or both) of the pure components (cf. Figure 1), the cloud-point
method becomes impracticable. Here, this happens at low
temperatures where one of the coexisting liquids consists of
almost the pure alkanol. Then the cloud-point method is
confronted with an outsized error margin that is related to the
disproportionate ratio between solvent and ionic liquid (atT )
constant) or the very steep slope of the binodal (atx ) constant).
A stepwise addition of ionic liquid in an isothermal experiment,
for example, by a microsyringe, will hardly be possible with
sufficient accuracy. Furthermore, the typically high density and

high viscosity of an ionic liquid also hampers the handling of
such small amounts of ionic liquid. For these reasons, we
employed an analytical method. The imidazolium ring of the
ionic liquid [bmim][PF6] is UV active and shows a maximum
absorbance at 213 nm both in alkanols and in water.21,22 The
proposed cutoff for analytical UV spectroscopy in alkanols is
located at approximately this wavelength (210 nm for ethanol,
210 nm for 1-propanol, 215 nm for 1-butanol, and 185 nm for
water). These circumstances allow us to record the UV spectra
of solutions of [bmim][PF6] with known composition in these
solvents in calibration experiments and to establish a reliable
correlation between the maximum absorptivity (or peak area
within a defined wavelength range) and the concentration of
the ionic liquid. A problem might arise when the solubility is
extremely small. However, then it is often possible to take
another, better solvent as long as the molar absorption coef-
ficients of the solute in both solvents do not differ significantly.
In supercritical fluid spectroscopy, for example, hexane was used
as a “reference solvent” for CO2,23 which means solubility of a
UV/VIS-active substance in supercritical CO2 can be analyzed
via a calibration where the solute is dissolved in liquid hexane.

However, this method is more susceptible to the propagation
of experimental errors than the cloud-point method. First, the
calibration requires several stock solutions where small quanti-
ties of ionic liquid are dissolved in a rather large amount of
solvent. Second, a series of UV spectra must be recorded for
each sample and the peaks analyzed. The spectral analysis is
done at room temperature. Consequently, when taking the
sample from the biphasic mixture, it is necessary to dilute it
with the pure solvent to ensure a homogeneous phase as well
as to remain within the detection range of the spectrophotometer.

Materials and Methods

The ionic liquid [bmim][PF6] (C8H15F6PN2, M ) 284.18
g‚mol-1, purissimum, mass fractiong 99 %) was supplied by
Solvent Innovation GmbH, Cologne, Germany. Prior to the
experiment, the samples were degassed and dried under vacuum
in the same way as described previously for gas solubility
experiments.19 The water content of the ionic liquid was
frequently determined by Karl Fischer titration using a Metrohm
701 KF Titrino (Deutsche Metrohm GmbH & Co. KG,
Filderstadt, Germany) titrator. Before being dried, the water
mass fraction of the [bmim][PF6] samples was as large as 0.65
%. It was reduced in the drying step to about 0.04 %. That
water mass fraction is compared with the water content of
samples investigated by other authors. Rogers and co-workers
reported a water mass fraction of 0.059 % for dried [bmim]-
[PF6].4,5,24 Marsh and co-workers6,8 estimated the water mass
fraction of their ionic liquid samples (from NMR and mass
spectroscopy) to 0.01 %. Najdanovic-Visak et al.7,10also applied
NMR analysis and reported a water mass fraction of 0.15 %.

The alkanol samples of the present work were of “pro analysi”
quality. They were used as supplied by Carl Roth GmbH,
Karlsruhe, Germany (ethanol, mass fractiong 99.8 %, water
mass fraction< 0.1 %); by Merck KGaA, Darmstadt, Germany
(1-propanol, mass fractiong 99.5 %, water mass fraction<
0.05 %); and by Riedel-de Hae¨n GmbH, Seelze, Germany (1-
butanol, mass fractiong 99.5 %, water mass fraction< 0.1
%).

Cloud-Point Method.Vials of 13 mL were half-filled with
known amounts of either the ionic liquid (1) or the alkanol (2)
at room temperature. They were closed by a screw cap with a
Teflon sealing inside. The vials were immersed in a temperature-
controlled water bath equipped with a turnover mixing device

Figure 1. Typical (T, x) phase diagram for systems ionic liquid+ alkanol
showing an upper critical solution temperature (UCST).
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at preset temperature. The temperature was monitored by
platinum resistance thermometers (Conatex Pt100/B/4, L. Colbus
GmbH, St. Wendel, Germany, with an uncertainty below( 0.1
K). The cloud points were determined visually after adding
stepwise small portions of either ionic liquid or alkanol at
constant temperature by a microsyringe. The syringe was
weighed before and after the addition to determine the mass of
the portions (Mettler Toledo PR2003 Comparator, Mettler
Toledo GmbH, Giessen, Germany). The amount of mass of an
addition was usually between (0.01 and 2.5) g. After each
addition, the vials were carefully shaken and placed back into
the thermostat for about (15 to 20) min. When the sample was
judged to be turbid the vial was shortly removed from the
thermostat (for a few seconds at most) for visual inspection.
The size of the last portion that induces the phase split also
determines the uncertainty of the experimental results for the
composition of the coexisting liquid mixture. To determine the
cloud point more accurately, the experiment was repeated but
started with a mixture already close to the phase boundary and
reducing the amounts of mass added. After such an experiment
was completed, the turbid mixture was heated to a somewhat
higher temperature, and the procedure (addition of more
substance) was started again (cf. Figure 1).

There are mainly two types of experimental uncertainties:
The uncertainty for the mole fraction of the added solute and
the uncertainty for the cloud-point temperature. The experi-
mental uncertainty for the mole fraction of the added solute is
estimated from two contributions, namely, the accumulated
weighing error caused by the number of mass portions and the
tolerance limit for accurate determination of turbidity. For the
system ([bmim][PF6] + ethanol), the average absolute (and
relative) uncertainties for the mole fraction of the alkanol in
the ionic liquid-rich phase (∆x2 and∆x2/x2, respectively) and
for the mole fraction of the ionic liquid in the alkanol-rich phase
(∆x1 and ∆x1/x1, respectively) amount to 0.0038 (0.7 %) and
0.0008 (8.7 %), respectively. For the system ([bmim][PF6] +
1-propanol), those uncertainties amount to 0.0022 (0.5 %) and
0.0011 (8.2 %), respectively. For the system ([bmim][PF6] +
1-butanol), those uncertainties amount to 0.0017 (0.7 %) and
0.0003 (2.3 %), respectively. The uncertainty for the cloud-
point temperature is estimated from the uncertainty of measuring
the temperature (( 0.1 K) and the effect of traces of water in
the ionic liquid and the alkanol. This latter uncertainty was
estimated from the known water mass fractions of the substances
(as given before) and experimental data by Heintz et al.25 on
the influence of water on the liquid-liquid equilibrium of
systems of (ionic liquid+ alkanol). It is assumed that for the
investigations of the present work this uncertainty is well below
1 K. The overall experimental uncertainty for the cloud-point
temperature is therefore estimated not to surmount( 1 K.

UV Spectroscopy.UV spectroscopy was mainly applied to
determine the mole fraction of [bmim][PF6] in the alkanol-rich
liquid mixture that coexists with an ionic liquid-rich solution.
For such an analysis, about (15 to 20) mL of a biphasic mixture
(containing a mole fraction of about 5 % of theionic liquid)
was equilibrated in a vial in a temperature-controlled thermo-
stated bath (thermostat: Lauda RSC6, Lauda Dr. R. Wobser
GmbH & Co. KG, Lauda-Ko¨nigshofen, Germany). The vial was
sealed with a glass plug through which a platinum resistance
thermometer (Conatex Pt100/B/4) was immersed in the sample
for temperature measurement. The vessel also contained a
Teflon-coated magnetic rod to enable stirring. After equilibration
and phase separation were completed, a sample was pipetted
from the alkanol-rich phase and instantaneously dispensed into

a vial that already contained a known amount of the alkanol.
When working at temperatures above room temperature, the
pipet was preheated to avoid a phase split. The sample size was
between (0.05 and 0.6) mL, and the volume of diluting solvent
was allotted between (10 and 15) mL. The masses of both the
sample and the diluent were determined by a high-precision
balance (Mettler Toledo AE 240). A quartz cuvette (path length
10 mm) was filled with the diluted alkanol-rich phase, and the
UV spectrum was recorded between (185 and 350) nm with a
double-beam, double-monochromator UV/VIS spectrophotom-
eter (Perkin-Elmer Lambda 18, Perkin-Elmer Life and Analytical
Sciences, Inc., Wellesley, MA). The reference cuvette was filled
with the respective alkanol. The area of the peak half covering
the wavelength distance from the absorption maximum (213
nm for ethanol and 1-propanol and 212 nm for 1-butanol) to
240 nm was taken for the composition analysis. Prior to the
measurement, calibration experiments were performed. The UV
spectra of [bmim][PF6] in the three alkanols are almost equal,
but ethanol is by far the best solvent. Due to the extremely poor
solubility of [bmim][PF6] in 1-propanol and 1-butanol, ethanol
was always used as the solvent in the calibration procedure.
The average absolute and relative uncertainties for the mole
fraction of the ionic liquid in the alkanol-rich phase (∆x1 and
∆x1/x1, respectively) were calculated from the standard deviation
for the calibration curve in the spectrophotometric analysis and
amount to 0.0015 (16.3 %) for the system ([bmim][PF6] +
ethanol), 0.0002 (15.4 %) for the system ([bmim][PF6] +
1-propanol), and 0.0002 (15.3 %) for the system ([bmim][PF6]
+ 1-butanol). The overall experimental uncertainty for the
demixing temperature is adherent to the water content and
estimated to be( 1 K at the utmost (see previous section). A
spectroscopic analysis of the ionic liquid-rich phase is possible,
but due to the necessity of extreme dilution, the error becomes
so high that this method was not applied here.

Results and Discussion

Liquid-Liquid Equilibrium Measurements.The experimen-
tal results for the binodal curves of the three binary systems
{[bmim][PF6] + (ethanol or 1-propanol or 1-butanol)} are given
in Tables 1 to 3 and shown in Figures 2 to 4. The liquid-
liquid equilibria of all three systems investigated show the
typical behavior of a partially miscible system with an upper
critical solution temperature (UCST). The temperature of the
UCST rises with increasing chain length of the alkanol, and
simultaneously the biphasic concentration region becomes larger.
Although several experiments were carried out at temperatures
below the melting point of pure [bmim][PF6] (Tfus([bmim][PF6])
) 276.4 K),26 no solid phases were observed. These findings
agree with previous work by Marsh and co-workers6,8,12 and
Wagner et al.9 (which focuses on critical points only) as well
with the results published by Heintz et al.20 and Crosthwaite et
al.27 for other binary mixtures of an ionic liquid and an alkanol.
Marsh et al. found that methanol is completely miscible with
[bmim][PF6] at room temperature.6 However, it was also
observed that by pressurization with carbon dioxide a liquid
mixture of ([bmim][PF6] + methanol) can be split into two
liquid phases.28-30

[bmim][PF6] (1) + Ethanol (2).The new experimental results
for the liquid-liquid equilibrium are compared in Figure 2 to
three data sets taken from the literature.3,4,7,10,11 The new
experimental results for the composition of the ionic liquid-
rich phase reveal slightly lower mole fractions of ethanol when
compared with the data reported by Marsh et al.6 and Na-
jdanovic-Visak et al.7,10These two data sets, however, coincide
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very well. In the temperature interval between (288 and 320)
K, the average absolute and relative deviation (∆x2 and∆x2/x2,
respectively) between our and Marsh’s data amount to 0.020
(3.4 %). Only Marsh et al.6 reported experimental results at
higher temperatures. While the discrepancy between the new
results and those by Marsh et al.6 decrease toward lower
temperatures, the deviation becomes larger in the vicinity of
the UCST. From the new results, the critical temperature is
estimated (from the UNIQUAC correlation; cf. the following
section) to be at approximately 330 K, whereas both other data
sets indicate that temperature to be about 325 K. Crosthwaite
et al.27 assumed that already small contaminations of water shift
the UCST to lower temperatures. Heintz et al.25 supported that
finding.

The solubility of [bmim][PF6] (1) in ethanol (2) is much
smaller than the solubility of ethanol in [bmim][PF6]; for
example, at 300 Kx1 ≈ 0.009 whereasx2 ≈ 0.56. Therefore,
two different composition scales are used in Figure 2 (as well
as in Figures 3 and 4). The mole fraction of the ionic liquid in
ethanol reported by Najdanovic-Visak et al.7,10 at T ) 298.6 K
differs from the new experimental results by the UV method
(at T ) 298.8 K) by∆x1 ) 0.0001 (∆x1/x1 ) 1.2 %). Looking
in the same way at the data of Marsh et al.6 gives∆x1 ) 0.0014
(∆x1/x1) 26.2 %) atT ) 291.0 K and∆x1 ) 0.0007 (∆x1/x1)
4.4 %) atT ) 310.5 K.

[bmim][PF6] (1) + 1-Propanol (2).The new experimental
data for the liquid-liquid equilibrium are shown in Figure 3
for comparison with the data reported by Marsh et al.6 The

Table 1. Liquid-Liquid Equilibria for [bmim][PF 6] (1) + Ethanol (2) at p ) 0.1 MPaa

[bmim][PF6]-rich phase ethanol-rich phase

T/K x2 ( ∆x2 w2 ( ∆w2 x1 ( ∆x1 w1 ( ∆w1

288.2 0.4835( 0.0038 0.1318( 0.0019 CP 0.0047( 0.0008 0.0285( 0.0021 CP
288.2 0.4789( 0.0038 0.1297( 0.0019 CP 0.0047( 0.0008 0.0285( 0.0021 CP
288.2 0.4837( 0.0038 0.1318( 0.0019 CP
293.2 0.5048( 0.0038 0.1418( 0.0019 CP 0.0063( 0.0008 0.0375( 0.0021 CP
293.2 0.5090( 0.0038 0.1439( 0.0019 CP 0.0065( 0.0008 0.0389( 0.0021 CP
295.2 0.5180( 0.0038 0.1484( 0.0019 CP
295.2 0.5255( 0.0038 0.1522( 0.0019 CP
298.2 0.5489( 0.0038 0.1648( 0.0019 CP 0.0071( 0.0008 0.0423( 0.0021 CP
298.2 0.5459( 0.0038 0.1631( 0.0019 CP 0.0070( 0.0008 0.0416( 0.0021 CP
308.1 0.6320( 0.0038 0.2178( 0.0019 CP 0.0112( 0.0008 0.0696( 0.0021 CP
308.1 0.6329( 0.0038 0.2185( 0.0019 CP 0.0127( 0.0008 0.0737( 0.0021 CP
318.1 0.7149( 0.0038 0.2890( 0.0019 CP 0.0231( 0.0008 0.1273( 0.0021 CP
318.1 0.7141( 0.0038 0.2882( 0.0019 CP 0.0234( 0.0008 0.1288( 0.0021 CP
328.0 0.8279( 0.0038 0.4382( 0.0019 CP 0.0636( 0.0008 0.2951( 0.0021 CP
328.0 0.8267( 0.0038 0.4361( 0.0019 CP 0.0644( 0.0008 0.2982( 0.0021 CP
279.1 0.0041( 0.0007 0.0249( 0.0038 UV
279.1 0.0039( 0.0007 0.0233( 0.0036 UV
279.1 0.0040( 0.0006 0.0241( 0.0037 UV
279.1 0.0039( 0.0006 0.0234( 0.0036 UV
279.1 0.0037( 0.0006 0.0222( 0.0034 UV
279.1 0.0039( 0.0006 0.0236( 0.0036 UV
284.0 0.0045( 0.0007 0.0271( 0.0042 UV
284.0 0.0049( 0.0008 0.0297( 0.0046 UV
284.0 0.0046( 0.0007 0.0276( 0.0043 UV
284.0 0.0048( 0.0008 0.0288( 0.0044 UV
284.0 0.0048( 0.0008 0.0288( 0.0045 UV
284.0 0.0047( 0.0007 0.0283( 0.0044 UV
289.0 0.0056( 0.0009 0.0335( 0.0052 UV
289.0 0.0057( 0.0009 0.0339( 0.0052 UV
289.0 0.0061( 0.0010 0.0366( 0.0057 UV
289.0 0.0060( 0.0010 0.0358( 0.0055 UV
289.0 0.0060( 0.0010 0.0360( 0.0055 UV
289.0 0.0058( 0.0009 0.0350( 0.0054 UV
293.9 0.0066( 0.0011 0.0395( 0.0061 UV
293.9 0.0066( 0.0011 0.0392( 0.0060 UV
293.9 0.0068( 0.0011 0.0402( 0.0062 UV
298.8 0.0083( 0.0014 0.0493( 0.0076 UV
298.8 0.0080( 0.0013 0.0472( 0.0073 UV
298.8 0.0083( 0.0014 0.0492( 0.0076 UV
303.9 0.0099( 0.0016 0.0580( 0.0090 UV
303.9 0.0099( 0.0016 0.0581( 0.0090 UV
303.9 0.0100( 0.0016 0.0584( 0.0090 UV
308.8 0.0162( 0.0027 0.0919( 0.014 UV
308.8 0.0167( 0.0028 0.0949( 0.015 UV
308.8 0.0154( 0.0026 0.0881( 0.014 UV
308.8 0.0142( 0.0024 0.0817( 0.013 UV
308.8 0.0148( 0.0025 0.0846( 0.013 UV
308.8 0.0167( 0.0028 0.0947( 0.015 UV
308.8 0.0169( 0.0029 0.0960( 0.015 UV
308.8 0.0145( 0.0024 0.0831( 0.013 UV
308.8 0.0142( 0.0024 0.0816( 0.013 UV
313.8 0.0190( 0.0033 0.1069( 0.016 UV
313.8 0.0197( 0.0034 0.1101( 0.017 UV
313.8 0.0189( 0.0033 0.1061( 0.016 UV

a xi represents the mole fraction.wi represents the mass fraction of the solvent.
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differences between both data sets are very similar to those
described before with ethanol (instead of 1-propanol). However,
the discrepancies are larger in particular for the composition of
the [bmim][PF6]-rich phase and the coordinates of the critical
point. Within the temperature range from (293.2 to 352.4) K,
the absolute (and the relative) difference∆x2 (and∆x2/x2) for
the mole fraction of 1-propanol in the [bmim][PF6]-rich phase
increases from 0.018 to 0.122 (and from 6.3 % to 19.0 %). A
similar analysis for the difference in the mole fraction of
[bmim][PF6] in the propanol-rich liquid phase (∆x1 and ∆x1/
x1, respectively) between both data sets results in 0.0002 (1.3
%) at 343 K and 0.0003 (0.9 %) at 352 K. The correlation of
the new experimental results by the UNIQUAC equation yields
the critical point atT(UCST)) 368 K andx2 ) 0.90, whereas
Marsh et al. reported (357( 0.2) K atx2 ) 0.92.6

[bmim][PF6] (1) + 1-Butanol (2). Figure 4 shows a
comparison between the data of Marsh and co-workers6,8 and
the results of the present work. That comparison reveals
somewhat larger differences as those observed in the systems
discussed above especially for the ionic liquid-rich phase. It
can also be seen that the new data for this system are afflicted
by a larger scattering. The average absolute (∆x2) and relative
(∆x2/x2) differences amount to 0.068 and 20.2 %, respectively,
in the temperature interval between (298 and 362) K. The
relative deviation for the mole fraction of [bmim][PF6] in the
butanol-rich liquid phase is∆x1/x1 ) 9.9 % atT ) 369.0 K. As
the liquid-liquid miscibility gap extends far beyond the
maximum temperature of the present work, no attempt was made
to extrapolate the new results up to the UCSTsbut the new
results indicate that the two-phase region extends beyond the

Table 2. Liquid-Liquid Equilibria for [bmim][PF 6] (1) + 1-propanol (2) at p ) 0.1 MPaa

[bmim][PF6]-rich phase 1-propanol-rich phase

T/K x2 ( ∆x2 w2 ( ∆w2 x1 ( ∆x1 w1 ( ∆w1

293.2 0.2755( 0.0022 0.0744( 0.0020 CP
293.2 0.2721( 0.0022 0.0732( 0.0020 CP
303.2 0.3285( 0.0022 0.0938( 0.0020 CP
303.2 0.3293( 0.0022 0.0941( 0.0020 CP
313.1 0.3838( 0.0022 0.1164( 0.0020 CP
313.1 0.3831( 0.0022 0.1161( 0.0020 CP
323.1 0.4517( 0.0022 0.1484( 0.0020 CP
323.1 0.4508( 0.0022 0.1479( 0.0020 CP
333.0 0.5279( 0.0022 0.1912( 0.0020 CP 0.0076( 0.0011 0.0349( 0.0045 CP
333.0 0.5243( 0.0022 0.1890( 0.0020 CP 0.0084( 0.0011 0.0384( 0.0045 CP
343.0 0.6006( 0.0022 0.2413( 0.0020 CP 0.0147( 0.0011 0.0660( 0.0045 CP
343.0 0.5992( 0.0022 0.2402( 0.0020 CP 0.0169( 0.0011 0.0751( 0.0045 CP
352.4 0.6439( 0.0022 0.2766( 0.0020 CP 0.0288( 0.0011 0.1230( 0.0045 CP
352.4 0.6483( 0.0022 0.2805( 0.0020 CP 0.0297( 0.0011 0.1262( 0.0045 CP
361.9 0.7498( 0.0022 0.3879( 0.0020 CP
361.9 0.7520( 0.0022 0.3907( 0.0020 CP
262.6 0.0004( 0.0001 0.0020( 0.0003 UV
262.6 0.0004( 0.0001 0.0020( 0.0003 UV
262.6 0.0004( 0.0001 0.0020( 0.0003 UV
267.6 0.0006( 0.0001 0.0029( 0.0004 UV
267.6 0.0005( 0.0001 0.0026( 0.0004 UV
267.6 0.0005( 0.0001 0.0026( 0.0004 UV
271.4 0.0007( 0.0001 0.0031( 0.0005 UV
271.4 0.0006( 0.0001 0.0030( 0.0005 UV
271.4 0.0006( 0.0001 0.0030( 0.0005 UV
274.3 0.0007( 0.0001 0.0035( 0.0005 UV
274.3 0.0007( 0.0001 0.0033( 0.0005 UV
274.3 0.0007( 0.0001 0.0034( 0.0005 UV
278.2 0.0008( 0.0001 0.0036( 0.0006 UV
278.2 0.0008( 0.0001 0.0037( 0.0006 UV
278.2 0.0007( 0.0001 0.0034( 0.0005 UV
284.1 0.0009( 0.0002 0.0045( 0.0007 UV
284.1 0.0009( 0.0002 0.0044( 0.0007 UV
284.1 0.0009( 0.0001 0.0044( 0.0007 UV
289.0 0.0012( 0.0002 0.0055( 0.0009 UV
289.0 0.0012( 0.0002 0.0055( 0.0009 UV
289.0 0.0012( 0.0002 0.0056( 0.0009 UV
294.0 0.0016( 0.0002 0.0074( 0.0011 UV
294.0 0.0015( 0.0002 0.0068( 0.0011 UV
294.0 0.0014( 0.0002 0.0068( 0.0010 UV
298.9 0.0019( 0.0003 0.0088( 0.0014 UV
298.9 0.0019( 0.0003 0.0088( 0.0014 UV
298.9 0.0019( 0.0003 0.0088( 0.0014 UV
303.9 0.0023( 0.0004 0.0107( 0.0016 UV
303.9 0.0023( 0.0004 0.0110( 0.0017 UV
303.9 0.0023( 0.0004 0.0108( 0.0017 UV
308.8 0.0025( 0.0004 0.0117( 0.0018 UV
308.8 0.0026( 0.0004 0.0122( 0.0019 UV
308.8 0.0026( 0.0004 0.0122( 0.0019 UV
313.8 0.0032( 0.0005 0.0151( 0.0023 UV
313.8 0.0031( 0.0005 0.0145( 0.0022 UV
313.8 0.0033( 0.0005 0.0152( 0.0024 UV

a xi represents the mole fraction.wi represents the mass fraction of the solvent.
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critical temperature reported by Wu et al.8 {T(UCST) ) 376
K}.

Modeling

Correlation by Means of the UNIQUAC Equation.The
experimental results were correlated applying the UNIQUAC
equation of Abrams and Prausnitz18 for the Gibbs excess energy.
For the sake of simplicity, the ionic liquid [bmim][PF6] was
treated as a single neutral component and the alcohols as
nonassociating substances. Due to these assumptions, the results
are considered as a correlation that might serve for interpolation
purposes. The chemical potential of a component was normal-
ized according to Raoult’s law (i.e., the reference state is the

pure liquid at equilibrium temperature). As usual, the influence
of pressure on the liquid-liquid equilibrium was neglected.
Applying UNIQUAC requires the number of nearest neighbors
(or coordination number), which was set atz ) 10 as usual.
The pure component UNIQUAC size (ri) and surface parameters
(qi) were estimated according to Bondi31 (for the alkanols and
the [bmim]+ ion) or adopted (for the [PF6]- ion) from the ionic
radii reported by Marcus.32 The two binary UNIQUAC param-
eters for interactions between different molecules (ψi,j) were
assumed to depend on temperature through

Table 3. Liquid-Liquid Equilibria for [bmim][PF 6] (1) + 1-Butanol (2) at p ) 0.1 MPaa

[bmim][PF6]-rich phase 1-butanol-rich phase

T/K x2 ( ∆x2 w2 ( ∆w2 x1 ( ∆x1 w1 ( ∆w1

283.2 0.1371( 0.0017 0.0398( 0.0006 CP
283.2 0.1404( 0.0017 0.0409( 0.0006 CP
288.2 0.1621( 0.0017 0.0480( 0.0006 CP
288.2 0.1600( 0.0017 0.0473( 0.0006 CP
291.2 0.1686( 0.0017 0.0502( 0.0006 CP
291.2 0.1670( 0.0017 0.0497( 0.0006 CP
293.2 0.1779( 0.0017 0.0534( 0.0006 CP
293.2 0.1755( 0.0017 0.0526( 0.0006 CP
298.2 0.2107( 0.0017 0.0651( 0.0006 CP
298.2 0.2108( 0.0017 0.0651( 0.0006 CP
308.1 0.2357( 0.0017 0.0745( 0.0006 CP
308.1 0.2352( 0.0017 0.0743( 0.0006 CP
318.1 0.3038( 0.0017 0.1022( 0.0006 CP
318.1 0.3036( 0.0017 0.1021( 0.0006 CP
333.0 0.3509( 0.0017 0.1236( 0.0006 CP
333.0 0.3514( 0.0017 0.1238( 0.0006 CP
347.2 0.4088( 0.0017 0.1528( 0.0006 CP
347.2 0.4094( 0.0017 0.1531( 0.0006 CP
357.1 0.4447( 0.0017 0.1728( 0.0006 CP
357.1 0.4438( 0.0017 0.1722( 0.0006 CP
361.9 0.4876( 0.0017 0.1989( 0.0006 CP 0.0127( 0.0003 0.0469( 0.0010 CP
361.9 0.4868( 0.0017 0.1983( 0.0006 CP 0.0131( 0.0003 0.0485( 0.0010 CP
278.2 0.0004( 0.0001 0.0016( 0.0002 UV
278.2 0.0004( 0.0001 0.0015( 0.0002 UV
278.2 0.0004( 0.0001 0.0016( 0.0002 UV
281.1 0.0005( 0.0001 0.0017( 0.0003 UV
281.1 0.0005( 0.0001 0.0018( 0.0003 UV
281.1 0.0005( 0.0001 0.0018( 0.0003 UV
284.1 0.0004( 0.0001 0.0017( 0.0003 UV
284.1 0.0004( 0.0001 0.0017( 0.0003 UV
284.1 0.0004( 0.0001 0.0017( 0.0003 UV
289.0 0.0005( 0.0001 0.0020( 0.0003 UV
289.0 0.0005( 0.0001 0.0020( 0.0003 UV
289.0 0.0005( 0.0001 0.0020( 0.0003 UV
293.9 0.0007( 0.0001 0.0025( 0.0004 UV
293.9 0.0007( 0.0001 0.0025( 0.0004 UV
293.9 0.0007( 0.0001 0.0025( 0.0004 UV
298.9 0.0008( 0.0001 0.0030( 0.0005 UV
298.9 0.0008( 0.0001 0.0030( 0.0005 UV
298.9 0.0008( 0.0001 0.0030( 0.0005 UV
303.8 0.0011( 0.0002 0.0040( 0.0006 UV
303.8 0.0011( 0.0002 0.0041( 0.0006 UV
303.8 0.0010( 0.0002 0.0040( 0.0006 UV
308.8 0.0012( 0.0002 0.0045( 0.0007 UV
308.8 0.0012( 0.0002 0.0046( 0.0007 UV
308.8 0.0012( 0.0002 0.0045( 0.0007 UV
313.8 0.0016( 0.0002 0.0060( 0.0009 UV
313.8 0.0016( 0.0002 0.0059( 0.0009 UV
313.8 0.0016( 0.0002 0.0060( 0.0009 UV
323.7 0.0024( 0.0004 0.0091( 0.0014 UV
323.7 0.0024( 0.0004 0.0093( 0.0014 UV
323.7 0.0024( 0.0004 0.0092( 0.0014 UV
333.7 0.0040( 0.0006 0.0150( 0.0023 UV
333.7 0.0039( 0.0006 0.0148( 0.0023 UV
333.7 0.0038( 0.0006 0.0146( 0.0023 UV
333.7 0.0038( 0.0006 0.0144( 0.0022 UV

a xi represents the mole fraction.wi represents the mass fraction of the solvent.

ψi,j ) exp[-(ai,j +
bi,j

(T/K))] (1)

Journal of Chemical and Engineering Data, Vol. 51, No. 5, 20061521



The four binary parameters (ai,j, aj,i, bi,j, andbj,i) were fitted to
the experimental results of the present work. The respective
parameters are given in Table 4.

The results of these correlations are compared to the underly-
ing experimental data in Figures 2 to 4. The average absolute
(relative) deviation between the experimental results for the mole
fraction of the alkanolx2 in the ionic liquid-rich phase amounts
to 0.0117 (1.8 %) for ([bmim][PF6] + ethanol), 0.0100 (1.6 %)
for ([bmim][PF6] + 1-propanol), and 0.0123 (4.4 %) for
([bmim][PF6] + 1-butanol). The mean absolute (relative)
deviation for the mole fraction of the ionic liquidx1 in the
alkanol-rich phase amounts to 0.0010 (12.4 %) for ([bmim][PF6]

Figure 2. Liquid-liquid (T, x) phase diagram of{[bmim][PF6] (1) + ethanol (2)}. The solvent-rich branch of the binodal (right diagram) is given in
zoomed view.b, cloud-point measurement;2, UV spectroscopy;O, refs 4 and 5;0, ref 6; 4, refs 7 and 10;s, UNIQUAC correlation.

Figure 3. Liquid-liquid (T, x) phase diagram of{[bmim][PF6] (1) + 1-propanol (2)}. The solvent-rich branch of the binodal (right diagram) is given in
zoomed view.b, cloud-point measurement;2, UV spectroscopy;0, ref 6; s, UNIQUAC correlation.

Figure 4. Liquid-liquid (T, x) phase diagram of{[bmim][PF6] (1) + 1-butanol (2)}. The solvent-rich branch of the binodal (right diagram) is given in
zoomed view.b, cloud-point measurement;2, UV spectroscopy;0, refs 6 and 8;s, UNIQUAC correlation.

Table 4. UNIQUAC Size (ri) and Surface (qi) Parameters for the
Employed Substances Together with the Adjusted Mixture
Parametersai,j and bi,j

i r i qi

[bmim][PF6] 8.5506 6.5172
ethanol 2.1055 1.9720
1-propanol 2.7799 2.5120
1-butanol 3.4543 3.0520

i j ai,j aj,i bi,j bj,i

ethanol [bmim][PF6] -0.017922 -1.8818 208.76 611.00
1-propanol [bmim][PF6] -0.051762 -1.4431 292.86 455.19
1-butanol [bmim][PF6] -0.048162 -1.1192 342.04 334.15

1522 Journal of Chemical and Engineering Data, Vol. 51, No. 5, 2006



+ ethanol), 0.0004 (17.1 %) for ([bmim][PF6] + 1-propanol),
and 0.0001 (8.6 %) for ([bmim][PF6] + 1-butanol).

Predictions from the COSMO-RS Method.Recently, quan-
tum chemistry based models have attracted a lot of interest to
predict thermodynamic properties (e.g., activity coefficients).16

Here, the COSMO-RS method of Klamt and co-workers is tested
for its ability to predict the liquid-liquid phase equilibrium of
the investigated systems.14,15In this model, molecules in solution
interact via the so-called screening charge density on their
surfaces (σ), which can be obtained by quantum chemical
COSMO calculations.33 COSMO-RS allows the calculation of
thermodynamic properties by using a statistical thermodynamics
procedure based on interactions that are defined by the screening
charge density profile (orσ-profile). A σ-profile of an individual
component must be calculated only once (i.e., it is independent
of the solvent mixture under consideration) and can be stored
like a fingerprint in a database for further use. Theσ-profile of
a multicomponent system is simply the sum of theσ-profiles
of the components weighted with their mole fractions in the
mixture. Suchσ-profiles are available for many molecular and
ionic components in COSMO files, but the profiles depend on
the quantum chemical approximation applied. The COSMO-
RS method of Klamt and co-workers14,15allows the calculation
of chemical potentials from the temperature and the composition
of the mixture when the surface structure and theσ-profile of
the individual components are known.

COSMO-RS actually does not result in the chemical potential
µi(T, xj) itself, but in the following related quantity:

where xi is the mole fraction of component i in the liquid
mixture. Note thatφi is not an activity coefficient, since it is
not necessary to define a reference state for the chemical
potential. No influence of pressure on the chemical potentials
is taken into account by COSMO-RS.

In the following section, the theoretical background of the
method and its adaptation for the calculation of liquid-liquid
equilibria of systems (ionic liquid+ alkanol) is outlined. A
number of parameters (in total 16) are required in that
calculation. Those parameters are internally implemented in the
COSMO-RS software package COSMOtherm and were fitted
by Klamt and co-workers to a large experimental database of
various thermodynamic properties that finally appear as differ-
ence in chemical potentials at different (liquid or gaseous)
reference states. Obviously, the chemical potential of a pure
substance in the ideal gas state is also required in that correlation.
Since the database is continuously being extended resulting in
new parametrizations, calculation results obtained via COS-
MOtherm should always be repeated together with the respective
software release numbers.

For a binary system ionic liquid+ alkanol under consider-
ation, the phase equilibrium condition for the liquid-liquid
equilibrium is

where A and MX stand for the alkanol and the ionic liquid,
respectively, and where the two liquid phases are denoted by
the superscripts′ and′′, respectively. As recommended, cation
M and anion X of the ionic liquid were treated as separate
species with the same mole fraction, and the ionic liquid was

assumed to be completely dissociated (cf. also refs 6, 8, and
12). Therefore, our calculations were performed for a pseudo-
ternary system. For each liquid phase:

Considering the 1:1 ionic liquid [bmim][PF6] yields:

Combining eqs 2 and 3 gives

Then, combining eqs 2, 4, 7, and 8 results in

The software package COSMOtherm in its version C2.1, release
01.04, was employed to calculate lnφi. That means that all
parameters of COSMOtherm{for example,σ-profiles, number
of conformers of the individual components (3 for [bmim]+, 1
for [PF6]-, 2 for each of the alkanols), and weighting of the
conformers} were those implemented in that release. A compiled
version of this software package was provided by COSMOlogic
GmbH & Co. KG, Leverkusen, Germany, and linked to our
own software to solve the phase equilibrium conditions (eqs 9
and 10), resulting in the composition of the two liquid
(pseudoternary) phases (for a given temperature). The stoichio-
metric composition of each phase was finally calculated from

To solve the equation system, partial derivatives of lnφi with
respect to the unknown variables are required. When conformers
are involved in the calculations, those derivatives are not
provided by COSMOtherm and had to be calculated numeri-
cally. Additionally, some calculations were performed with two
previous versions of COSMOtherm (C1.2, release 05.02, and
C1.2, release 01.03) to check whether different versions (i.e.,
different parametrizations) will provide dissenting results.

The results of the calculations for the investigated binary
systems are shown together with the experimental data in
Figures 5 to 7. The COSMOtherm calculations predicted the
existence of a two-phase region with an UCST for all three
binary systems. But Figures 5 to 7 show large quantitative
differences between predicted data and the experimental results.
Moreover, COSMOtherm calculations do not provide the
coordinates for the UCST, since in the vicinity of the critical
point the software fails. For the system{[bmim][PF6] (1) +
ethanol (2)} (Figure 5) the binodal curve is shifted to lower
temperatures and to a smaller region of immiscibility. The
temperature of the UCST is extremely shifted (by about 40 K),
with x2 approximately at 0.75. Both applied releases (C1.2,
release 01.03, and C2.1, release 01.04) give nearly the same
results. These effects are even slightly more pronounced for
the latest version C2.1, release 01.04. For the system
{[bmim][PF6] (1) + 1-propanol (2)} (cf. Figure 6) both

ln φi(T, xj) )
µi(T, xj)

RT
- ln xi (2)

µ′A ) µ′′A (3)

µ′MX ) µ′′MX (4)

xA + xM + xX ) 1 (5)

xA )
nA

nA + 2nMX
(6)

xM ) xX )
nMX

nA + 2nMX
)

1 - xA

2
(7)

µMX ) µM + µX (8)

ln φ′A(T, x′A) + ln x′A ) ln φ′′A(T, x′′A) + ln x′′A (9)

ln φ′M(T, x′A) + ln φ′X(T, x′A) + 2 ln(1 - x′A) ) ln φ′′M(T, x′′A) +
ln φ′′X(T, x′′A) + 2 ln(1 - x′′A) (10)

xjA )
xA

xA + xM
) 1 - xjMX (11)
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COSMOtherm releases give a fair agreement for the composition
of the [bmim][PF6]-rich side of the binodal between ap-
proximately (280 and 315) K. However, the UCST is under-
estimated by about 40 K. The latest release (C2.1, release 01.04)
gives slightly worse results when compared to the previous one
(C1.2, release 01.03). For the system{[bmim][PF6] (1) +
1-butanol (2)} COSMOtherm calculations were performed for
three different releases (cf. Figure 7). The oldest version (C1.2,
release 05.02) overestimates the two-phase region, whereas both
newer releases (C1.2, release 01.03, and C2.1, release 01.04)
shift the two-phase region in the direction of lower concentra-

tions of the ionic liquid as well to lower temperatures. With all
three releases the COSMOtherm calculations for the solvent-
rich branch of the binodal predict a distinctly higher content of
ionic liquid in the solvent phase than found experimentally. The
results for the ionic liquid-rich branch of the binodal from the
latest version (C2.1, release 01.04) are rather close to experi-
mental data at temperatures from about (280 to 330) K, but the
temperature of the UCST is strongly underestimated. Marsh and
co-workers6,8,12reported COSMOtherm calculations employing
C1.2, release 01.02. They similarly found the ionic liquid-rich
branch of the binodal shifted to a significantly lower alkanol
concentration, and their calculated temperature for the UCST
does not deviate much from the experimental results.

Marsh and co-workers varied the length of the alkyl sub-
stituent in the cation of the ionic liquid (from butyl to octyl)
but used a single solvent (1-butanol) only. They found a better
performance of COSMOtherm calculations, especially relating
to the coordinates of the UCST, which were reproduced quite
well. From our findings, we assume that COSMO-RS can
predict the expected existence of an immiscibility region, which
is endorsed by the fact that COSMOtherm calculations yielded
no demixing for the system ([bmim][PF6] + methanol) between
(253 and 303) K, but quantitative calculations for liquid-liquid
equilibrium are not yet accomplished satisfactorily.

Conclusions

Liquid-liquid equilibria for binary systems of the ionic liquid
[bmim][PF6] and three alkanols were investigated at tempera-
tures from about (263 to 362) K using the (synthetic) cloud-
point method and (analytical) UV spectroscopy. The UV
technique enabled to map parts of the alkanol-rich branch of
the binodal for the first time. All systems exhibit liquid-liquid
equilibria with a UCST behavior, and the spread of a biphasic
regime is strongly determined by the molecular size of the
alkanol. A change from ethanol for 1-butanol leads to expansion
of the miscibility gap accompanied by a raise in the UCST.
With respect to process design (e.g., liquid-liquid extraction
in the presence of an ionic liquid), shrinking or broadening of
the demixing region is an important aspect and quite easily
tunable by a modification of the solvent.

The experimental data were correlated applying the UNI-
QUAC model and compared to predictions from the quantum
chemical COSMO-RS method. COSMO-RS is able to predict
such liquid-liquid equilibrium, but strictly interpreted, a reliable
predictive mapping of the binodal curves was not yet possible.
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