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Isothermal Vapour+Liquid Equilibrium and Thermophysical
Properties for  1-Butyl-3-methylimidazolium Chloride +

1-Butanol Binary System
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Experimental isothermal vapour+liquid equilibrium (VLE) data are reported for the binary mixture containing
1-butyl-3-methylimidazolium chloride ([bmim]Cl) + 1-butanol at three temperatures: (353.15, 363.15,
373.15) K, in the range of 0-0.17 liquid mole fraction of [bmim]Cl. Additionally, refractive index measurements
have been performed at three temperatures: (298.15, 308.15 and 318.15) K in the whole composition range.
Densities, excess molar volumes, surface tensions and surface tension deviations of the binary mixture
were predicted by Lorenz-Lorentz (nD-ρ) mixing rule as well as dielectric permittivities and their deviations
by known equations. Both types of experimental data were correlated using the Redlich-Kister models by
means of maximum likelihood method.
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Recently, the ionic liquids (IL) have become solvents
with large applicability because of their very interesting
properties: - low melting points (<100 0C) and a wide range
of temperatures in which they exists in liquid state (about
300 0C); - reasonable viscosity; - chemical stability up to
very high temperatures; - high solubility in nonpolar or polar
organic solvents; - high conductivity; - negligible vapour
pressure and therefore non-flammable. These make that
IL’s be used in so-called green chemistry, for partial or total
replacement of volatile organic solvents which are, as it is
known, flammable and toxic. They can be very interesting
solvents for a variety of industrial applications [1]. Beyond
these, they are much discussed as selective solvents
(entrainers) for various separation processes [2,3]. The
methods of their synthesis are well developed [4], but for
various scopes it should be well known their properties, in
many cases for their mixtures with organic solvents. For a
better understanding of their thermodynamic behavior,
correlated with the development of predictive
thermodynamic models, phase equilibria data and
thermodynamic and thermophysical properties are
required. As a result, in recent years, various research
groups in the world began systematic studies; currently
there are more than 12,000 sets of experimental data
containing over 58,000 points accumulated in Dortmund
Data Bank. They are not far enough, even more many of
them are not of satisfactory precision [5] for verifying or
development of adequate predictive thermodynamic
models involved. Therefore, with our new research project
concerning the thermodynamics of IL’s with organic solvent
mixtures, we aim to enrich the existing data bank and to
bring qualitatively original contributions.

It is well known that alcohols form azeotropes with
water being difficult to separate and to obtain desired
alcohols of high purity without using an appropriate
entrainer. It has been shown that new generation green
solvent ionic liquids (ILs) can be good in this role. To
describe the VLE for the ternary water-alcohol-IL system,
VLE for the constituent binary subsystems are required.
The VLE experimental data for 1-butanol + water system
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are known from old literature [6-8] while for [bmim]Cl +
water system they were reported recently [9,10]. Here,
we determined experimental isothermal VLE data for an
IL (1-butyl-3-methylimidazolium chloride, [bmim]Cl) with
1-butanol binary system in the range of (353.15-373.15) K
and liquid composition range 0-0.17 mole fraction of
[bmim]Cl. The composition range was limited to the
reduced quantity of expensive IL which we had at disposal.
In addition, refractometric measurements in the range of
(298.15-318.15) K have been performed for whole
composition range. From refractive index of mixture and
densities of the pure components at the same
temperatures, the densities, the excess molar volumes,
surface tensions and dielectric permittivities and their
deviations vs. composition of the binary mixture have been
predicted by Lorenz-Lorentz (nD-ρ) mixing rule [11] or by
known equations [12,13]. As far as we know, no
experimental data exist in the literature concerning this
binary system [14]. The phase equilibria, thermodynamic
and thermophysical data reported here will bring new
information required for the design of the separation process
of 1-butanol using an organic salt as [bmim]Cl and an
insight into specific inter and intra molecular interactions
or structural arrangements existing in the binary IL + 1-
butanol system.

Experimental part
Materials and methods

The chemicals used were of high purity from trustful
commercial sources. The characteristics of the used
compounds are summarized in table 1. After purification,
both chemicals were deposited in closed system to dried
atmosphere, on calcium chloride, during all experiments.
A good comparison with literature values has been obtained
for the density and ultrasonic sound velocity experimental
values of the pure compounds. Also a good comparison
was found for the refractive index and vapour pressure of
1-butanol. This is shown in table 2.

As for the comparison of our refractive index at 298.15 K
for [bmim]Cl, 1.50157, three values were found in the
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literature: 1.5057 for a saturated liquid aqueous solution of
[bmim]Cl of 45.24 mole % IL concentration [21], 1.52469
for a saturated liquid aqueous solution of 77.87 mole % IL
and 1.52564 for a saturated liquid ethanolic solution of 81.26
mole % IL [17]. According to the authors of [21,17], after
the above mentioned concentrations, the IL solutions
became solids similarly to the state of the pure [bmim]Cl
compound. However, the water concentrations of the
saturated solutions of [bmim]Cl are in contradiction in [21]
and [17]. In our case, the supercooled liquid [bmim]Cl
compound [22] with a water content smaller than 0.07
mole % was used.

The vapour pressures measurements of pure 1-butanol
and of the binary mixtures were carried out by an
ebulliometric method using a Swietoslawski ebulliometer
modified according to Rogalski and Malanowski [23]. The
apparatus, is described in details elsewhere along with
the experimental procedure [24], usually employed
[23,25,26].

The equilibrium temperatures in the ebulliometer were
measured with an accuracy of ±0.1 K, by means of
mercury thermometers (previously calibrated at National
Institute of Metrology, Bucharest).

The vapour pressure was measured by means of a
mercury manometer. Manometric readings were
performed with a cathetometer to an accuracy of ±0.1
mm, and pressure reproducibility was estimated to be
better than 50 Pa. The accuracy of the pressure
measurements is estimated to be 0.1% of measured
values. The composition of the liquid phase in equilibrium
with the vapour phase was analyzed by the refractometric
method making use of a calibration curve obtained by
measurements of the refractive index of weighed samples
(accuracy better than ±0.2 mg by GH-252 A&D Japan
balance) at 298.15 K and data correlation with Redlich-
Kister polynomials [27] with three parameters in the form:

 

             (1)

The Redlich-Kister parameters a0, a1, a2 of eq. (1) were
obtained by maximum likelihood optimization method
using the following objective function:

        (2)

The refractive index was measured by a digital Abbemat
RXA 170 from Anton-Paar (Austria) at the wavelength of
the D line of sodium, 589.3 nm, with accuracy better than
±0.0001. The temperature of the Safire prism was
controlled by a Peltier element to within ±0.01 K and the
calibration of the apparatus was carried out with bidistilled
and deionized water and by determining refractive indexes
at 298.15 K and its deviations for the binary cyclooctane +
toluene system at nine compositions. The error resulted
from the comparison of our refractive index deviation
values, nD, and those calculated from 2-parameter Redlich-
Kister correlation of experimental data from literature [28]
was 2·10-4 in mean absolute average, which it means a
good comparison.

The estimated error for nD
E, which is defined as

     (3)

is better than 2·10-4. In eqs. (1) and (3),  nD,2 and nD,A represent
the refractive indexes of the pure components 1 and 2,  nD,
the refractive index for the mixture 1+2,  and x denotes
the molar fraction of component 1 in the binary mixture.
Each measurement of refractive index consisted in 4
readings for the same sample. Its averaged value is
reported here as one experimental point. Special attention

Table 1
COMMERCIAL SOURCES, PURITIES

AND METHODS OF PURIFICATION OF
THE USED CHEMICAL COMPOUNDS

Table 2
REFRACTIVE INDICES, nd, DENSITIES, ρ,
AND ULTRASONIC SOUND VELOCITY, u,

AT ATMOSPHERIC PRESSURE AND
VAPOUR PRESSURES, P, OF PURE

COMPOUNDS
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was devoted to avoid moisture absorption from the
atmosphere in pure chemicals and in their binary mixtures
since it is known that water content of the sample has an
important effect on refractive index value. By this way, the
error in the determination of the liquid phase composition
was 0.001 mole fraction.

The VLE apparatus and experimental procedure were
successfully verified and used for investigation of different
other systems as mentioned previously [29].

The density and ultrasonic sound velocity
measurements of the pure compounds at the three
temperatures (298.15, 308.15, and 318.15) K were carried
out by using a density and sound velocity meter Anton Paar
DSA-5000 M with precision of ±0.000005 g·cm-3 and ±0.01
m s-1. Dried air and distilled deionized ultra pure water at
atmospheric pressure were used as calibration fluids for
the cell. The probes thermostating was maintained
constant at ±0.01 K. The experimental measurement
uncertainty for density was better than 0.0001 g·cm-3 and
for the sound velocity better than 0.1 m s-1.

Results and discussions
The vapour pressures of pure 1-butanol compound

measured in the ebulliometer at the three temperatures
are given in table 2 together with literature values. Good
agreement can be observed. The differences are

acceptable since it is well known that the vapour pressure
is dependent on the purity of the chemical used.

The experimental isothermal (P, x) data measured for
the binary system at (353.15, 363.15, 373.15) K are shown
in figure 1 and are summarized in table 3.

The data were correlated using the 3rd order Redlich-
Kister model [27]. The regression was performed by means
of maximum likelihood method employing a program
described by Hala et al. [30]. In this program, the objective
function is defined as follows:

     (4)

where N is the number of experimental points, Pie, Tie, and
xie are the experimental data and Pic, Tic and xic are the
corresponding calculated values for pressure, temperature,
and liquid composition of component 1, respectively. In
this work, the standard deviations for the measured
quantities were set to σP = 0.1% of measured value, σT =
0.1 K, and σx = 0.001, respectively.

All standard deviations of correlation were calculated
using the expression: , where
Z is the value of the property P, T, x, N is the number of
experimental points and m = 2 is the number of model
parameters.

Fig. 1. Isothermal (vapour+liquid) equilibrium data for
([bmim]Cl (1) + 1-butanol (2)) system at 353.15 K (•), 363.15 K
( ), and 373.15 K ( ); Solid points: experimental bubble curve
(pressure P vs. liquid composition x); (       ) 3rd order Redlich-

Kister correlation of the bubble curve and calculated dew
curve (pressure P vs. vapour composition y) with ideal

behaviour assumption of the vapour phase.

Table 3
(VAPOUR+LIQUID) EQUILIBRIUM DATA
FOR THE ([BMIM]CL (1) + 1-BUTANOL

(2)) SYSTEM. PRESSURE, Pe,
TEMPERATURE, T, AND LIQUID PHASE

COMPOSITION, xe, ARE EXPERIMENTAL
DATA AND VAPOUR PHASE

COMPOSITION, yc, ACTIVITY
COEFFICIENTS, γ1, γ2, AND EXCESS

GIBBS ENERGY, GE, ARE CALCULATED
DATA WITH 3RD ORDER REDLICH-KISTER
MODEL ASSUMING IDEAL VAPOUR PHASE
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Since the experimental data were measured at low
pressures, the ideal behaviour of the vapour phase was
considered.

The experimentally determined vapour pressures of
pure 1-butanol (as given in tables 2-3) and those estimated
for [bmim]Cl by Ambrose-Walton method [31] (table 2)
were used for the calculations. The required critical
temperature and pressure as well as acentric factor for
[bmim]Cl have been estimated in [32] and used here as
found. The results of fitting are summarized in table 4. In
the used program, there are no parameter constraints, and
each isotherm is correlated independently. The parameters
describe, as best as possible, the particular isotherm till
the azeotropic points.

In the range of the liquid composition measurements,
in figure 1 and table 4 it can be seen a good agreement
between experimental and calculated bubble curves. At
this point, in figure 1 and table 3 it can be noticed that the
isothermal phase diagrams features a slight non-physical
behaviour: at each isotherm, the bubble pressures (x vs P)
has one maximum that is not azeotropic, and the dew
pressure (y vs P) shows a small loop. When this kind of
phase diagram is found, the reader immediately may
consider that in reality the system features a liquid-liquid
phase split that the calculation model cannot make visible,
especially when the activity coefficients for [bmim]Cl are
high. Therefore, NRTL [33] and Wilson [34] models were
tested, too. NRTL gives similar results as 3rd order Redlich-
Kister equation, while Wilson model failed in correlation,
due probably to some numerical problems.

At the crossing of the two dew lines, it is possible that
the vapour phase is in equilibrium with two distinct liquid
phases and at higher pressures, a liquid-liquid phase split
exists. But firstly, the one should be aware that in figure 1,
the temperature T is also affected by different uncertainties
resulted from correlation and they are not appearing in that
figure. Secondly, a liquid-liquid phase stability analysis
performed till the azeotropic points (by calculating liquid
and vapour total Gibbs energies vs composition and
checking the common tangents to these curves) did not
indicate any stable vapour-liquid-liquid equilibrium phases.

Thirdly, at any of the investigated temperatures no second
liquid phase was observed during experiments. The vapour
pressures measurements have been performed also for a
binary liquid mixture of 0.24-0.25 mole fraction of IL at all
temperatures. During the correlation procedure it was
found that these measured (P, T, x) values were out of the
equilibrium due probably to the fact that a small liquid-
liquid phase split was visually observed in the vapour phase
condensate at each temperature. Even the high values
obtained for the [bmim]Cl activity coefficients (table 3)
are indicating a immiscibility in the liquid phase, one should
be aware that these values are strongly dependent on the

Table 4
PARAMETERS OF THE 3RD ORDER REDLICH-KISTER CORRELATION EQUATION AND STANDARD

DEVIATIONS FOR THE (P, T, x) DATA OF THE ([BMIM]CL (1) + 1-BUTANOL (2)) SYSTEM

vapour pressure values of the pure [bmim]Cl compound. If
these values are in reality a bit higher than those estimated,
the afferent activity coefficients will decrease significantly.

We can make the conclusion that the small
inconsistencies detected in the calculated VLE data are
due to rather small number of the experimental data points,
to somewhat a bit higher uncertainty in the pressure
measurement (which is difficult to evaluate since small
quantities of water in [bmim]Br are present) and to the
used vapour pressures for the pure [bmim]Cl compound.
However, we can say that the binary mixture of [bmim]Cl
+ 1-butanol shows only an homogenous azeotropic
behaviour with the calculated coordinations shown in table
5. A correlation of the experimental VLE data from this
work was made also by using the Barker method [35], but
the situation did not change significantly.

The experimental isothermal (x, nD) data for the binary
system have been determined at (298.15, 308.15 and

Table 6
EXPERIMENTAL REFRACTIVE INDEXES, nD, AND ITS
DEVIATIONS FROM IDEALITY, nD

E, VS. LIQUID MOLE
FRACTION x, FOR ([BMIM]CL (1) + 1-BUTANOL (2))

BINARY SYSTEM

Table 5
CALCULATED PRESSURES, P, AND VAPOUR PHASE COMPOSITION,

y1,AZ, AT TEMPERATURES, T, OF THE AZEOTROPIC POINTS FOR
([BMIM]CL (1) + 1-BUTANOL (2)) BINARY SYSTEM
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318.15) K and they are shown in table 6 with the calculated
refractive index deviations.

The correlation of these data at each temperature has
been made by 3-parameters Redlich-Kister model by using
maximum likelihood method, following the procedure
described for 298.15 K in the section Method. The
correlation results are presented in table 7 and the variation
of the refractive index deviation vs. composition is shown
in figure 2.

Unexpected significant values for the standard
deviations of the liquid compositions have been obtained.
This can happen either because strong physical interactions
take place between the two components of the system
(which results in complexes that behave as distinct
chemical species [36], or because a very small liquid-liquid
split was present in the prepared mixtures. However, a
second liquid phase was not observed visually in any of
the investigated mixtures. Basically, [bmim]Cl ionic liquid

can act both as a hydrogen-bond acceptor ([Cl]-) and donor
([bmim]+) and would be expected to interact with 1-
butanol which have both accepting and donating sites. On
the other hand, it is well known that 1-butanol is hydrogen-
bonded solvent with both high enthalpies of association
and association constant. Hence, it should be expected to
stabilize [bmim]Cl with hydrogen-bonded donor sites. The
[bmim]Cl is a very complicated and highly interacting
molecule, especially when the other compound is water
or alcohol [36].

The higher deviations obtained for 318.15 K (fig. 2) are
due to the partial evaporation on the prism of two samples
noted with asterisk in table 6. Since refractive index
deviation is situated from one side to another of the curve
vs. composition, elimination of these two points does not
change much the correlated respective variation.

The refractive index dependence on composition is
generally used as calibration curves for phase composition
determinations at pressure-temperature equilibrium data
sets, by ebulliometry when VLE data are measured, as it
was shown here. Since the refractive index of a liquid at
sodium D line light, nD, is a property ease to measure with
good accuracy, it was connected with other thermophysical
or electrical properties, such as density, surface tension,
and dielectric permittivity, by numerous empirical and
theoretical equations as referenced in [37].

In this work, from refractive index data vs. composition
and densities of the pure compounds at (298.15, 308.15
and 318.15) K, densities, excess molar volumes, surface
tensions and dielectric permittivities at optical frequency
and their deviations for the binary mixture vs. composition
were determined by Lorenz-Lorentz mixing rule [11] or by
known equations [12,13]. The selection of the mixing rule
was made after analyzing of ten different mixing rules
results in giving the refractive indices from experimental
densities for twelve binary mixtures of various polarity at
298.15 K [37].

The predicted variation of the densities and excess molar
volumes with composition and temperature for the binary
([bmim]Cl (1) + 1-butanol (2)) system are shown in figures
3 and 4.

Table 7
REDLICH-KISTER COEFFICIENTS Aj [EQ. (1)]

AND THE STANDARD DEVIATIONS  OF THE
COMPOSITION σx

 AND OF THE REFRACTIVE INDEX DEVIATION
E
Dn

σ  FOR ([BMIM]CL (1) + 1-BUTANOL (2))
BINARY SYSTEM

Fig. 2. Refractive index deviations nD
E vs. liquid composition x for

([bmim]Cl (1) + 1-butanol (2)) system at 298.15 K(•), 308.15 K( ),
and 318.15 K ( ); Solid points are calculated values by eq. (3);
Lines are 4th order Redlich-Kister correlation for 298.15 K (   ),

308.15 K (- - -) and 318.15 K (           ).

Fig. 3. Density ρ vs. liquid composition x predictions for
([bmim]Cl (1) + 1-butanol (2)) system at 298.15 K (- o -), 308.15 K

(- Δ -), and 318.15 K (-  -).

Fig. 4. Excess molar volumes VE vs. liquid composition x
predictions for ([bmim]Cl (1) + 1-butanol (2)) system at 298.15 K

(- o -), 308.15 K (- Δ -), and 318.15 K  (-  -)
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As can be observed in figure 4, the VE is negative on
whole composition interval and it is more negative when
the temperature increases. Similar behaviour was found
also by applying other good mixing rules like Gladstone-
Dale, Edwards and Eykman [38]. The temperature effect
is not specific to new hydrogen bonds formation between
unlike molecules; it is most likely due to the packing
between hydrogen acceptor sites of 1-butanol and donor
sites of imidazolium ([bmim]+) cycle. These packing
effects became more dominant and increase with
temperature, as it was observed for other systems in
literature [39].

The surface tension of a liquid is a property of great
importance in mass transfer processes such as distillation,
extraction, or absorption. It is not easily measured, and
considerable attention has been paid to the development
and analysis of equations allowing its prediction from
properties for which data are more readily available. The
surface tension σ is related to the densities of the liquid ρL
and of the vapour ñρV phases of the substance by using the
Macelod [12] equation:

(5)

For a pure liquid compound, multiplying both sides by
the molar mass M and ignoring ρV in comparison with ρL
affords the Sugden equation [13]:

(6)

from which it results:

(7)

in which Parachor is assumed as mole-wise additive and
Vm is calculated from experimental densities of pure
compounds and those of the mixtures given by the Lorenz-
Lorentz relation [11] (from Redlich-Kister correlated
refractive indices). So, we used equation (7) to predict the
surface tensions of binary liquid mixtures at three
temperatures (298.15, 308.15 and 318.15) K and after that
to calculate the surface tension deviation from ideality by
applying a similar equation with equation (3). Surface
tension variation with composition and temperature is
shown in figure 5 and surface tension deviation variation
with the same two variables appears in figure 6.

The parachors of the pure compounds have been
predicted by additive group contribution methods of Tyn
and Calus, 1975 [40]. The surface tensions of pure 1-butanol
compares well with those determined experimentally in
literature [41] with mean absolute relative deviation of 2.7
% on the three temperatures examined in this work. The
calculated surface tensions for pure [bmim]Cl are about
20 % lower than those brutish extrapolated from literature
experimental data [42]. As can be seen in figure 6, the
surface tensions deviations predicted here are positive on
whole composition range and at all three temperatures
being higher at higher temperatures. This is explained by
the volume expansion resulted from the new H-bonds and
packing between unlike molecules in the binary mixture
of [bmim]Cl + 1-butanol. It seems that packing of the
molecules is dominant since excess surface tension is
generally higher at higher temperatures. In the range of
about 0.4-0.7 mole fraction of [bmim]Cl the excess surface
tension at 318.15 K is slightly lower than that from 308.15
K. The differences are included in the uncertainty of the
present predictions of minimum 2.7 %.

From refractive index data, the relative permittivity at
optical frequency can be calculated by squaring the
refractive index determined at the wavelength of 589.3
nm. For 1-butanol, the relative permittivity agree well with
those extrapolated at the three temperatures of (298.15,
308.15 and 318.15) K from experimental literature data
[43] with mean absolute relative deviation of 2.6 %. No
data have been found for [bmim]Cl for comparison. The
dielectric permittivity (fig. 7) at optical frequency is
obtained by multiplying relative permittivity by vacuum
permittivity. The excess permittivity (fig. 8) calculated by a

Fig. 7. Dielectric permittivities ε vs. liquid composition x at optical
frequency predictions for ([bmim]Cl (1) + 1-butanol (2)) system at

298.15 K (- o -), 308.15 K (- Δ -), and 318.15 K  (-  -)

Fig. 5. Surface tensions σ vs. liquid composition x predictions for
([bmim]Cl (1) + 1-butanol (2)) system at 298.15 K (- o -), 308.15 K

(- Δ -), and 318.15 K  (-  -)

Fig. 6. Excess surface tensions σE vs. liquid composition x
predictions for ([bmim]Cl (1) + 1-butanol (2)) system at 298.15 K (-

o -), 308.15 K (- Δ -), and 318.15 K  (-  -)
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similar equation like (3) is found to be positive on whole
composition interval and increase with increasing
temperature with a maximum around (0.36-0.39) 10-12 F
m-1 and 0.4 mole fraction of [bmim]Cl. This indicates again
that both unlike molecular species interact in such a way
that they act as more H-bonded structure than those of
pure compounds themselves.

Conclusions
The binary 1-butyl-3-methylimidazolium chloride + 1-

butanol system has been investigated isothermally at
vapour-liquid equilibrium at three temperatures: (353.15,
363.15, and 373.15) K. By correlation of the experimental
(P, T, x) data with 3rd order Redlich-Kister like
thermodynamic model it was found that the system is
azeotropic with high positive deviations from ideality.
Excess molar enthalpy calculated from the excess molar
Gibbs energy temperature dependence by Gibbs-Helmholtz
equation is positive and high (e.g. at an average
temperature of 363.15 K and 15 mole % of [bmim]Cl in
mixture, it is 2628 J mol-1) indicating again specific
interactions between IL and organic solvent molecules.
No excess enthalpy value has been found in literature for
comparison in order to check the thermodynamic
consistency of the reduced VLE data. However, since (P, T,
x) experimental data did not show any systematic
deviations during the correlation procedure with the two
parameters thermodynamic model, we can say that they
are thermodynamic consistent. The possible locations of
the azeotropic points have been found. For the same
system, refractive index measurements have been
performed for other three temperatures (298.15, 308.15
and 318.15) K in whole composition interval. Excess
refractive index is positive at all temperatures on whole
composition range and increase with increasing
temperature. Using the Lorenz-Lorentz (nD-ρ) mixing rule,
the densities, excess molar volumes, surface tensions and
surface tension deviations have been predicted. By other
known relations, dielectric permittivity and its deviations
have been calculated, too, at the same temperatures of
(298.15, 308.15 and 318.15) K. Structural effects for the
binary investigated mixture have been explained in terms
of excess thermodynamic and thermophysical properties.

Fig. 8. Excess dielectric permittivities εE vs. liquid composition x at
optical frequency predictions for ([bmim]Cl (1) + 1-butanol (2))
system at 298.15 K (- o -), 308.15 K (- Δ -), and 318.15 K  (-  -)
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