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a b s t r a c t

A previously developed thermodynamic model for mixed-solvent electrolyte solutions and associated
transport property models have been applied to calculating various properties of ionic liquid systems.
For the analysis, imidazolium-based ionic liquids and their mixtures with water and organic solvents
have been selected. The ionic liquids are treated as dissociable species that are subject to chemical spe-
ciation equilibria. The parameters of the model are determined from available thermodynamic property
data including phase equilibria, activity coefficients, osmotic coefficients, enthalpies of mixing and dilu-
tion, and heat capacities. Subsequently, electrical conductivities and viscosities are calculated using the
chemical speciation obtained from thermodynamic analysis. The modeling framework has been designed
to reproduce the properties of ionic solutions at temperatures ranging from the freezing point to 300 ◦C
and concentrations ranging from infinite dilution to the fused salt limit. The accuracy of the thermody-
namic model has been verified by calculating vapor–liquid, liquid–liquid, and solid–liquid equilibria in
wide ranges of composition and temperature. In view of the strong dependence of electrical conductivity
and, secondarily, viscosity on the ionic concentration, the accurate representation of transport properties
confirms that the thermodynamic speciation results are reasonable, thus verifying the applicability of the
computational framework to modeling multiple thermophysical properties of ionic liquid systems.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

An increase in the utilization of ionic liquids (ILs) as alternative
media for a more sustainable chemical industry has led to an amaz-
ing growth in research interest in such systems over the past 10
years. The characteristics that have made ionic liquids attractive to
the scientific and engineering communities have been extensively
reviewed [1]. Applications of ionic liquids in chemical processes
require reliable and systematic information on thermodynamic
and thermophysical properties including phase equilibrium behav-
ior, activity coefficients, caloric effects, and transport properties
such as viscosity and electrical and thermal conductivities. This
information is of considerable importance for the proper design
and selection of such systems for specific applications. In the past
decade, a large amount of experimental data on ionic liquid prop-
erties has been published in the literature. An open-access, free,
web-based database of physical and thermodynamic and related
data has been created as a result of an IUPAC project [2]. This ionic
liquids database, ILThermo, provides an extensive repository of
the published experimental thermophysical, thermochemical and
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transport property data for pure components, binary and ternary
mixtures. These data are fundamental to a comprehensive analysis
and evaluation of the thermophysical and transport properties of
ionic liquids and their mixtures, thus making it possible to develop
reliable thermodynamic and transport property models to be used
in the analysis and simulation of chemical processes.

Phase equilibria in ionic liquids have been reproduced in the
literature using classical thermodynamic models that were pre-
viously developed for nonelectrolyte systems [3]. In more recent
studies using excess Gibbs energy models for electrolyte solutions,
ionic liquids were assumed to be either completely dissociated to
form cations and anions [4] or to be present as molecular species
[5]. These models have been shown to reproduce phase equilib-
ria with comparable results. However, among the vast published
literature, there are relatively few reported studies on modeling
transport properties for systems containing ionic liquids. At the
same time, it is highly desirable to have a comprehensive com-
putational framework that can be used for transport as well as
thermodynamic properties. Besides its obvious practical useful-
ness, such a framework would provide an additional insight into
the properties of ionic liquid solutions. For example, when proper-
ties relevant to transport phenomena (e.g. electrical conductivity,
viscosity, and diffusivity) are of interest, the ionization behavior
of ionic liquids need to be reasonably taken into account. Thus,
the simultaneous representation of phase equilibria and transport
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properties presents a great challenge as it requires careful attention
to the speciation in ionic liquid solutions.

In this study, we first apply a general, speciation-based ther-
modynamic model for mixed-solvent electrolyte solutions [6–8]
to represent chemical and phase equilibria in selected ionic liquid
systems. This model has been shown to reproduce simultaneously
vapor–liquid, solid–liquid, and liquid–liquid equilibria, speciation,
caloric, and volumetric properties of electrolytes in water, organic,
or mixed solvents [7,8]. The model is applicable to electrolytes
in the entire concentration range, i.e., from infinite dilution to
the fused salt limit. In previous studies [7–9], applications of the
model have been presented for completely miscible inorganic
systems (e.g. acid–water mixtures), multicomponent inorganic sys-
tems containing multiple salts, acids or bases, and for systems that
show complex phase behavior such as the formation of double salts,
multiple hydrates, or the presence of multiple invariant points. The
extensive thermodynamic property data that are available in the
literature for ionic liquid systems provide an excellent opportunity
to examine the applicability of this model to ionic liquids.

In the second stage, after the chemical and phase equilibria in IL
systems are reproduced using the thermodynamic model, a general
electrical conductivity model [10] and a viscosity model [11], both
having the same range of applicability, are applied to analyze the
transport properties. The calculations of electrical conductivity and
viscosity in IL systems are based on speciation results obtained from
the thermodynamic calculations.

The present study examines systems containing imidazolium-
based ILs including pure ILs and their mixtures with water and
selected organic solvents as they constitute an important class of
systems for industrial applications.

2. Thermodynamic model

The thermodynamic model used in this study has been
described in great detail in earlier papers [6,8]. The framework com-
bines an excess Gibbs energy model for mixed-solvent electrolyte
systems with a comprehensive treatment of chemical equilibria.
The excess Gibbs energy is expressed as

Gex

RT
= Gex

LR

RT
+ Gex

II

RT
+ Gex

SR

RT
(1)

where Gex
LR represents the contribution of long-range electrostatic

interactions, Gex
II accounts primarily for specific ionic (ion–ion and

ion–molecule) interactions and Gex
SR is a short-range contribution

resulting from intermolecular interactions. All three contributions
to the excess Gibbs energy model are symmetrically normalized
and are expressed in terms of mole fractions for consistency [6].
The rationale and derivation of Eq. (1) was discussed in detail by
Wang et al. [6] and, therefore, only the basic features of the model
are summarized here.

The long-range interaction contribution is calculated from the
Pitzer–Debye–Hückel formula [6,12] expressed in terms of mole
fractions and is symmetrically normalized, i.e.,
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the system composition reduces to a pure component i, which is a
hypothetical state for ions but is necessary to maintain the symmet-
rical normalization; � is related to the hard-core collision diameter
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where ds and εs are the molar density and the dielectric constant
of the solvent, respectively. Calculation of the dielectric constant εs

in mixed solvents has been described in an earlier paper [13].
The short-range interaction contribution is calculated from the

UNIQUAC equation [14]. The specific ion-interaction contribution is
calculated from an ionic strength-dependent, symmetrical second
virial coefficient-type expression [6]:
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where xi, xj are mole fractions of species i and j, respectively;
Bij (Ix) = Bji (Ix), Bii = Bjj = 0, and the ionic strength dependence of
Bij (Ix) is given by

Bij(Ix) = bij + cij exp
(

−
√

Ix + a1

)
(5)

where bij and cij are adjustable parameters and a1 is set equal to
0.01. In general, the parameters bij and cij are calculated as functions
of temperature as

bij = b0,ij + b1,ijT + b2,ij/T (6)

cij = c0,ij + c1,ijT + c2,ij/T (7)

For strongly dissociated electrolyte systems, the specific ion-
interaction contribution, Gex

II , is by far the most important. When
associated ion pairs exist in a significant amount, or when a system
involves neutral organic components, the short-range contribu-
tion, Gex

SR, as calculated from the UNIQUAC equation, must also be
introduced to account for the molecular interactions between the
associated ion pairs and the solvent or between solvent compo-
nents.

While the excess Gibbs energy model is used to calculate non-
ideality effects on solution properties, the chemical equilibrium is
governed by the chemical potentials of all species that participate in
various reactions, such as ion pairing or complexation. The chem-
ical potential of each ionic or neutral species i is determined by
its standard-state contribution, �0

i
(T, P) and its activity coefficient,

� i(T, P, x), i.e.,

�i(T, P, x) = �0
i (T, P) + RT ln xi�i(T, P, x) (8)

The standard-state chemical potentials of aqueous species,
�0

i
(T, P), are calculated as functions of temperature and pres-

sure using the Helgeson–Kirkham–Flowers (HKF) equation of state
[15]. Appropriate conversion must be made when combining
the standard-state properties from the HKF equation of state
(molality-based, infinite-dilution reference state) with the mole
fraction-based and symmetrically normalized activity coefficients
in order to ensure consistency for chemical equilibrium calcula-
tions [6].

For speciation calculations in non-aqueous or mixed-solvent
electrolyte solutions, the chemical potential of the species is
modeled by combining aqueous standard-state properties with
appropriately predicted Gibbs energies of transfer. This is achieved
by constraining the activity coefficient model parameters so that
the Gibbs energy of transfer of ions from water to a non-aqueous
solvent can be reproduced [6]. The general expression that relates
the Gibbs energy of transfer to the activity coefficients is as follows:

�trG0
i (R → S)m = RT ln

�∗,S
i

· MS

�∗,R
i

· MR

(9)
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where MX (X = S or R) are the molecular weights of solvent X and
�∗,X

i
is the mole fraction-based unsymmetrical activity coefficient

of ion i in solvent X.

3. Transport property models

3.1. Electrical conductivity model

The model for calculating the electrical conductivity of aque-
ous and mixed-solvent electrolyte solutions has been described
previously [10,16]. It consists of a correlation for calculating ionic
conductivities at infinite dilution as a function of solvent compo-
sition and a method for predicting the effect of finite electrolyte
concentration. The effect of electrolyte concentration is calcu-
lated using an extended form of the mean-spherical-approximation
(MSA) theory coupled with a mixing rule for predicting the conduc-
tivity of multicomponent systems on the basis of conductivities of
constituent binary cation–anion subsystems. The MSA theory has
been extended to very concentrated [10,16] and mixed-solvent sys-
tems [10] by introducing effective ionic diameters that take into
account various interactions between ions, solvent molecules and
ion pairs. The electrical conductivity model has been coupled with
thermodynamic equilibrium computations to provide the neces-
sary concentrations of individual ions in complex, multicomponent
systems.

3.2. Viscosity model

The details of a viscosity model for concentrated aqueous and
mixed-solvent electrolyte solutions have been described in a pre-
vious paper [11]. The model consists of two distinct parts: a mixing
rule for calculating the viscosity of solvent mixtures as a function
of temperature and solvent composition using viscosities and liq-
uid molar volumes of pure components, and a model for predicting
the effect of finite electrolyte concentrations. The electrolyte effect
on the concentration dependence of viscosity consists of a long-
range electrostatic term obtained from the Onsager–Fuoss theory,
a contribution of individual ions characterized by the Jones–Dole
B coefficients; and a contribution of specific interactions between
ions or neutral species. Formulations for the individual ion contri-
bution and the species interactions term have been developed to
account for the effects of multiple solvents and are functions of sol-
vent composition. The contribution of specific interactions between
species is also a function of the ionic strength. As in the electrical
conductivity model, the speciation that is necessary for viscosity
calculations is provided by the thermodynamic equilibrium model.
This makes it possible to reproduce the effects of complexation or
other reactions in the solution. The model has been shown to be
accurate for reproducing viscosities over wide ranges of composi-
tion with respect to both solvents and electrolytes.

In the present work, the electrical conductivity model and the
viscosity model have been applied to ionic liquid systems including
pure ILs and mixtures of ILs with water or organic solvents.

4. Challenges in modeling ionic liquids

Due to the inherent physical complexity of ionic liquids and their
mixtures, the development of thermophysical models for such sys-
tems presents substantial challenges that can be summarized as
follows:

1. Some ionic liquids show limited miscibility with water and
organic solvents. For many immiscible systems, the liquid–liquid
equilibrium binodal curve on a T − x plot is unsymmetrical due
to an appreciable solubility of the molecular solvent in the IL but

a low solubility of the IL in the molecular solvent. For instance, in
the BMIM·BF4 + H2O mixture, the critical point is located at Tc of
∼5 ◦C at x(IL) of ∼0.08. It is typically difficult to model phase equi-
libria in systems with highly unsymmetrical miscibility gaps.

2. Although the vapor pressures of pure ILs are extremely low,
they are measurable and experimentally determined values have
been reported [17,18]. A previously widely accepted defining
characteristic of ionic liquids was their lack of volatility, which
implied exerting no measurable vapor pressure and hence being
non-distillable. This assumption has been demonstrated to be
unfounded [19]. The vaporization of ionic liquids at low pres-
sure followed by condensation at lower temperatures allows
the separation of ionic liquid mixtures by distillation [19]. Vapor
pressure data for pure ILs are needed for comprehensive mod-
eling phase equilibria of IL systems. Additionally, due to the low
volatility of ionic liquids, there is a lack of literature data for the
standard-state properties (i.e., Gibbs free energy of formation
�G0

f
, enthalpy of formation �H0

f
and entropy S0) for the ILs in

the gas phase. This poses a challenge in modeling the thermody-
namics of IL systems in the vapor–liquid equilibrium region.

3. Chemical speciation in pure ionic liquids and their mixtures
with molecular solvents remains obscure, in spite of reported
experimental evidence for ion association [20,21]. The ion asso-
ciation behavior of ILs has been a subject of debate in the
literature [22]. Electrical conductivity data indicate strong ion
dissociation with an ionic conductivity level comparable to that
in some electrolyte solutions used in electrochemistry [22].
Meanwhile, Tokuda et al. [21,23,24] estimated IL’s dissociation
degree by using the molar conductivity ratio (	imp/	NMR) where
	imp is the molar conductivity obtained by the electrochemi-
cal impedance measurements and 	NMR is that estimated from
spin-echo NMR ionic self-diffusivity measurements through the
Nernst–Einstein relation [21]. In this approach, the IL is com-
pletely dissociated if 	imp/	NMR = 1. The obtained ratios of
	imp/	NMR are ∼0.5–0.75 for pure ILs, indicating that not all
of the diffusive species contribute to the ionic conduction, i.e.,
there is a substantial amount of associated or aggregated ions in
the systems. Another literature indication of ion association in IL
systems is the result reported by Hunger et al. [20], who inferred
from measured dielectric spectra that an IL was a strongly associ-
ated electrolyte at high dilution (X(IL) < 0.3) in dichloromethane.
These literature results provide qualitative information that can
be useful, but are insufficient to elaborate the chemical specia-
tion in ILs. In addition, when treating ILs as speciated systems,
the standard-state thermochemical properties (i.e., �G0

f
, �H0

f

and S0) of these species are needed. These data are usually not
available in the literature. The lack of speciation data and ther-
mochemical properties for the speciated ionic liquids poses a
great challenge in modeling such systems.

In addition to these difficulties, the traditional approaches used
for calculating thermodynamic parameters for organic components
in the mixed-solvent electrolyte framework [6] are not directly
applicable to ILs due to their “ionic” features, even though the ILs
exist in the pure liquid state like the organic solvents. Therefore, a
different approach must be used for parameterizing such systems.

5. Approach to modeling ionic liquids

Based on the literature information and the available thermo-
physical property data and taking into consideration the specific
characteristics of the ILs, the most appropriate approach is to
treat the ILs as highly dissociable species with speciation equi-
libria that lead to the formation of associated ion pairs. The ion
association patterns vary with the system’s conditions (i.e., concen-
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tration and temperature). In the context of this paper, “association”
or “ion association” indicates the formation of the IL ion pairs as
opposed to the ion dissociation of the ILs. The equilibrium condi-
tions and standard-state thermochemical properties for associated
ion pairs in the liquid phase are determined together with the
thermochemical properties of gaseous IL molecules using available
thermodynamic data for pure ILs and mixtures of ILs with non-ILs.
The input data include (1) vapor pressure, (2) liquid–liquid equilib-
ria, (3) solid–liquid equilibria, (4) osmotic coefficients, (5) activity
coefficients for non-IL components at infinite dilution, (6) heats of
mixing and of dilution, and (7) heat capacities. In this approach, the
calculated Gibbs energy, enthalpy, and heat capacity of the ILs are
constructed from contributions of dissociated ions, associated ion
pairs and undissociated molecules.

The vapor–liquid equilibrium, liquid–liquid equilibrium, activ-
ity and osmotic coefficient data directly constrain the excess
Gibbs energy whereas the solid–liquid equilibrium data can be
used to constrain both the excess Gibbs energy and the proper-
ties of the solid phases that are in equilibrium with the liquid
phase. Constraining the excess Gibbs energy using vapor–liquid and
solid–liquid equilibrium data in the thermodynamic modeling also
makes it possible to determine the standard-state properties (i.e.,
Gibbs free energy of formation �G0

f
, enthalpy of formation �H0

f

and entropy S0) for the gaseous and solid IL phases, for which no
literature data have been found.

While a single type of data can be used alone to determine the
model parameters and represent the experimental results, the use
of multiple data types is advisable to ensure the accuracy and con-
sistency of model parameters. For example, caloric data (heat of
mixing or dilution and heat capacities) are useful to determine
the temperature dependence of model parameters. This makes it
possible to make reliable predictions of solubilities well beyond
the temperature range of experimental solubility data. The predic-
tive features of the thermodynamic model have been investigated
and demonstrated in earlier studies [8,25] where the predicted
chemical speciation results were found in remarkable agreement
with literature data for a highly associated electrolyte system using
thermodynamic model parameters developed based on the activ-
ity, phase equilibrium and caloric data [8], and the solubility in
multicomponent systems (beyond ternary) has been accurately
predicted using the parameters based on constituent binary and
ternary subsystems [25].

The chemical speciation results obtained from the thermody-
namic model are then used in the transport property models in
the determination of model parameters for calculating the solu-
tion conductivities and viscosities. As the electrical conductivity
is an important indirect measure of the degree of association in
ionic solutions, the results of electrical conductivity calculations
can indicate the appropriateness and accuracy of the chemical spe-
ciation as predicted by the thermodynamic model.

6. Results and discussion

The present study examines systems containing imidazolium-
based ILs including pure ILs and their mixtures with water and
selected organic components. These systems have been extensively
studied in the literature and an appreciable amount of experimental
data is available.

The mixtures of ILs with water and the corresponding pure
ILs are examined together to determine the standard-state ther-
mochemical properties (�G0

f
, �H0

f
, S0) for the gaseous molecules,

associated ion pairs, and solid phases, whichever applies, together
with ion-interaction parameters that are specific to the systems
examined. The model is then applied to the mixtures of ILs
with organic components to determine the appropriate inter-

Table 1
Thermodynamic model parameters for the EMIM·PF6 + water and
EMIM·PF6 + toluene systems.

Parameters System, types of data,
temperature range,
references

Binary interaction parametersa,b

b0 (EMIM+, EMIM·PF6
0) = b0 (PF6

− ,
EMIM·PF6

0) = 7.82211
EMIM·PF6

0 + H2O, LLE, SLE,
Cp, T = 35–180 ◦C, Refs.
[26,32]

b1 (EMIM+, EMIM·PF6
0) = b1 (PF6

− ,
EMIM·PF6

0) = 8.22740E−03
c0 (EMIM+, EMIM·PF6

0) = c0 (PF6
− ,

EMIM·PF6
0) = −8.78837

a0 (H2O, EMIM·PF6
0) = 1894.57

a0 (EMIM·PF6
0, H2O) = 1683.79

a1 (H2O, EMIM·PF6
0) = −1.13465

a1 (EMIM·PF6
0, H2O) = 0.326072

UNIQUAC structural parameters for aqueous species
EMIM·PF6(aq): R = 5.094, Q = 5.284
EMIM+: R = 4.158, Q = 2.198
PF6

−: R = 0.92, Q = 1.4c

Parameters for aqueous and solid speciesd

EMIM·PF6(aq): �G0
f

= −1879.23,

S0 = 474.713
EMIM+: �G0

f
= −5.734, S0 = 71.779

PF−
6 : �G0

f
= −1843.26, S0 = 167.360e

EMIM·PF6(s): �G0
f

= −1884.76, S0 = 390.516
Binary interaction parametersa,b

b0 (EMIM·PF6
0, toluene) = 2.04289E−02 EMIM·PF6

0 + toluene, LLE
and SLE, T = 48–105 ◦C, Ref.
[27]

c0 (EMIM·PF6
0, toluene) = 2.00689E−02

b0 (EMIM+, toluene) = b0 (PF6
− ,

toluene) = 9.61760E−02
b1 (EMIM+, toluene) = b1 (PF6

− ,
toluene) = 1.10002E−03

a0 (toluene, EMIM·PF6
0) = 2369.19

a0 (EMIM·PF6
0, toluene) = −829.396

a Parameters not listed are set equal to zero. All parameters are determined in
this study unless otherwise noted.

b b and c’s are parameters in Eqs. (5)–(7), a’s are those of UNIQUAC (Ref. [6], Eqs.
(10)–(15) and Eq. (34)).

c Values for inorganic ions are assigned the same values as those for water [14].
d Units are in kJ mol−1 for �G0

f
, J mol−1 K−1 for S0.

e Values determined from a previous study [10].

action parameters that give the best fit to the experimental
thermodynamic data. For example, when working with EMIM·PF6
(1-ethyl-3-methyl-imidazolium hexafluorophosphate), thermo-
chemical properties for the associated ion pair, EMIM·PF6(aq) and
solid EMIM·PF6(s) can be determined, together with binary interac-
tion parameters for EMIM·PF6(aq)/H2O, EMIM·PF6(aq)/EMIM+, and
EMIM·PF6(aq)/PF6

−, using experimental thermodynamic data for
the pure ionic liquid EMIM·PF6 and mixtures of EMIM·PF6 + water,
including liquid–liquid and solid–liquid equilibrium data, and heat
capacities (cf., Table 1). The literature information on the ion asso-
ciation degree [20,21] is also considered, but is used only as a
qualitative guide in determining the chemical speciation, and most
importantly in obtaining the best fit to the more reliable exper-
imental thermodynamic data. The mixtures of EMIM·PF6 with
toluene or with other organic components are examined after
the aqueous IL system has been analyzed and relevant param-
eters have been determined. Thus, based on EMIM·PF6 + toluene
data, binary interaction parameters such as EMIM·PF6(aq)/toluene,
toluene/EMIM+, and toluene/PF6

− are derived (Table 1). It has been
found that a better fit to the experimental data can be obtained
if the UNIQUAC surface and size parameters for the associated
ion pair, as well as the bulky cations or anions, are treated as
adjustable parameters. However, once determined, these param-
eters must remain the same for all systems, pure or mixed, in
which they exist. The results of phase equilibrium computations for
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Fig. 1. Calculated and experimental phase equilibria for the water + EMIM·PF6 sys-
tem. Experimental data are from Wong et al. [26].

the EMIM·PF6 + water and EMIM·PF6 + toluene systems are shown
in Figs. 1 and 2, respectively [26,27]. The corresponding model
parameters are summarized in Table 1, which also lists the liter-
ature information that has been used in the determination of these
parameters in each system. In both cases, the liquid–liquid equilib-
ria and solid–liquid equilibria are simultaneously represented with
good accuracy all the way to the limit of the melting temperature of
the pure ionic liquid (∼60 ◦C). The x-axes in these figures show the
square root of the mole fraction of the ionic liquid, x(EMIM·PF6) to
better visualize the range of low ionic liquid concentrations (Fig. 1)
because the miscibility gaps in these systems are asymmetrical
with very low solubilities of EMIM·PF6 in molecular solvents and
appreciable solubilities of the non-ionic components in the ILs.

Fig. 3 shows the results of calculating activity coefficients of
molecular solutes (e.g. water, hexane, and methanol) at infinite
dilution in ILs, �∞

i
. Such information is of most interest for solvent

extraction and extractive distillation, as the value of �∞
i

provides a
measure of the potential of an IL for separating organic mixtures of
distinctive components (e.g. aromatic/aliphatic, polar/non-polar)

Fig. 2. Calculated and experimental phase equilibria for the toluene + EMIM·PF6

system. Experimental data are from Domanska and Marciniak [27].

Fig. 3. Calculated and experimental activity coefficients of hexane, water, and
methanol at infinite dilution in BMIM·N(CF3SO2)2. Experimental data are from
Krummen et al. [28], Heintz et al. [29], Zhang et al. [30], and Kato and Gmehling
[31].

Fig. 4. Calculated and experimental vapor pressure over pure liquid
BMIM·N(CF3SO2)2 as a function of temperature. Experimental data are from
Zaitsau et al. [17] and Paulechka et al. [18]. Dashed lines are extrapolated using the
model.

Fig. 5. Calculated and experimental liquid–liquid equilibria in the
BMIM·N(CF3SO2)2 + water system. Experimental data are from Freire et al.
[33].
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Fig. 6. Calculated and experimental vapor–liquid equilibria for the
BMIM·N(CF3SO2)2 + methanol system as a function of xBMIM·N(CF3SO2)2

at various
temperatures. Experimental data are from Verevkin et al. [35].

and can be used to quantify the volatility of the solute as well as to
provide information about intermolecular energy between solvent
and solute [3,28–31]. Accurate prediction of the activity coefficients
of molecular solutes at infinite dilution in ILs as shown in Fig. 3 indi-
cates that the model can be used for selecting effective extraction
fluids.

To perform a comprehensive analysis of multiple thermophys-
ical properties, systems containing 1-butyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl]imide (BMIM·N(CF3SO2)2) have been
selected. For these systems, the available thermodynamic data
include the vapor pressure, heat capacity, and density of the pure
ionic liquid as a function of temperature [32], liquid–liquid equi-
libria in the BMIM·N(CF3SO2)2 + water system [33], vapor–liquid
equilibria in the mixtures of BMIM·N(CF3SO2)2 with water [31,34]
and with methanol [35], activity coefficients of molecular solutes
(water, methanol, hexane, and toluene) at infinite dilution in the

Fig. 7. Calculated and experimental heats of mixing for BMIM·N(CF3SO2)2 + hexane
and BMIM·N(CF3SO2)2 + toluene as a function of xBMIM·N(CF3SO2)2

at 90 ◦C. Experimen-
tal data are from Nebig et al. [36].

Table 2
Thermodynamic model parameters for the binary systems of BMIM·N(CF3SO2)2 with
water, hexane, toluene, and methanol.

Parameters Systems

UNIQUAC structural parameters
BMIM·N(CF3SO2)2(aq): R = 16.33, Q = 11.39
N(CF3SO2)2

−: R = 6.817, Q = 4.444
BMIM+: R = 10.12, Q = 6.718
Parameters for aqueous and gaseous speciesa

BMIM·N(CF3SO2)2(aq): �G0
f

= −32.6632,

S0 = 312.956

BMIM·N(CF3SO2)2 + H2O. Types
of data: VLE, LLE, � inf

H2O, Cp.

T = −3–244 ◦C. Refs.
[17,18,28,30,31,33,34,45]

BMIM+ and N(CF3SO2)2
−: �G0

f
= −5.0422,

S0 = 119.451
BMIM·N(CF3SO2)2(g): �G0

f
= 28.7121,

S0 = 318.117
Binary interaction parametersb

b0 (BMIM·N(CF3SO2)2
0, H2O) = −13.9364

b1 (BMIM·N(CF3SO2)2
0,

H2O) = 1.51252E−03
b2 (BMIM·N(CF3SO2)2

0, H2O) = −1160.16
a0 (BMIM·N(CF3SO2)2

0, H2O) = −427.462
a1 (BMIM·N(CF3SO2)2

0, H2O) = −24.7736

b0 (N(CF3SO2)2
− , hexane)c = −4.67660 BMIM·N(CF3SO2)2 + hexane.

Types of data: VLE, � inf
hexane

,
Hmix. T = 20–90 ◦C. Refs.
[28,29,36,46]

b1 (N(CF3SO2)2
− ,

hexane)c = −5.15968E−03
b0 (BMIM+, hexane) = −0.407765
b1 (BMIM+, hexane) = 1.73161E−02
a0 (BMIM·N(CF3SO2)2

0, hexane) = 3605.66
a1 (BMIM·N(CF3SO2)2

0,
hexane) = −0.241949

a0 (hexane,
BMIM·N(CF3SO2)2

0) = −1435.83
a1 (hexane, BMIM·N(CF3SO2)2

0) = 0.903284

a0 (methanol,
BMIM·N(CF3SO2)2

0) = 2488.01
BMIM·N(CF3SO2)2 + methanol.
Types of data: VLE, � inf

methanol
.

T = 25–80 ◦C. Refs. [29,35]
a1 (methanol,

BMIM·N(CF3SO2)2
0) = −9.62270

a0 (BMIM·N(CF3SO2)2
0,

methanol) = 1686.84
a1 (BMIM·N(CF3SO2)2

0,
methanol) = 3.03101

b0 (BMIM+, toluene)c = 5.21751 BMIM·N(CF3SO2)2 + toluene.
Types of data: VLE, � inf

toluene
,

Hmix. Refs. [28–30,36,46]
b1 (BMIM+, toluene)c = −2.20016E−02
b0 (N(CF3SO2)2

− , toluene)c = −7.78556
b1 (N(CF3SO2)2

− , toluene)c = 2.96765E−02
a0 (toluene, BMIM·N(CF3SO2)2

0) = 4914.48
a1 (toluene,

BMIM·N(CF3SO2)2
0) = −1.73757

a0 (BMIM·N(CF3SO2)2
0,

toluene) = −1678.36
a1 (BMIM·N(CF3SO2)2

0, toluene) = 1.02546

a Units are in kJ mol−1 for �G0
f
, J mol−1 K−1 for S0.

b See footnotes a and b in Table 1.
c Parameters determined to apply to other systems as well: e.g.

BMIM·PF6 + toluene (BMIM+, toluene), EMIM·N(CF3SO2)2 + toluene N(CF3SO2)2
− ,

toluene), EMIM·N(CF3SO2)2 + hexane (N(CF3SO2)2
− , hexane).

ionic liquid [28–31], and heats of mixing of BMIM·N(CF3SO2)2 with
toluene and with hexane [36]. Selected results for these thermo-
dynamic properties are shown in Figs. 3–7. Thus, various types of
experimental data have been accurately reproduced by a consis-
tent set of model parameters, which are listed in Table 2, together
with literature sources from which these parameters were devel-
oped. The experimental data and the model results indicate that
BMIM·N(CF3SO2)2 is immiscible with water, with a miscibility gap
as shown in Fig. 5, but can be fully miscible with organic solvents
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Fig. 8. Predicted association degree, ˛, in the mixtures of BMIM·N(CF3SO2)2 + water
at 25 ◦C as a function of x0.25

BMIM·N(CF3SO2)2
. Results represented by the dashed line are

obtained assuming no miscibility gap.

such as hexane, toluene, and methanol under the conditions of the
experimental measurements. Specifically, the vapor pressure and
heat of mixing data have been measured in the entire composition
range for the mixtures without any indication of a miscibility gap,
as shown in Figs. 6 and 7. The thermodynamic model predicts the
speciation both in the pure ionic liquid at varying temperatures and
in the mixtures of ILs with other components at varying composi-
tions. Fig. 8 shows the predicted degree of association, ˛, of the ionic
liquid as defined by ˛ = xBMIM·N(CF3SO2)2(AQ )/(xBMIM·N(CF3SO2)2(AQ ) +
xBMIM+ ) in the mixtures of BMIM·N(CF3SO2)2 + water as a function of
the mole fraction of the ionic liquid. The same quantity is shown in
Fig. 9 in a pure ionic liquid and for a fixed liquid phase composition
xBMIM·N(CF3SO2)2

= 0.9. The model predicts a drastically increased
association degree as the ionic liquid mole fraction increases in both
the water-dominated and IL-dominated liquid phases (Fig. 8). It is
interesting to note that this predicted association trend resembles
that observed in highly speciated electrolyte systems such as aque-
ous sulfuric acid solutions [8], thus indicating an electrolyte nature
with a strong association tendency in the ionic liquid systems. This
result is qualitatively consistent with what is indicated by the mea-
surements of Hunger et al. [20] and Tokuda et al. [21]. In the pure

Fig. 9. Predicted association degree, ˛, as a function of temperature
in pure liquid BMIM·N(CF3SO2)2 (upper line) and in the mixture of
BMIM·N(CF3SO2)2(x = 0.9) + water(x = 0.1).

Fig. 10. Calculated and experimental specific conductivity and viscosity of
BMIM·N(CF3SO2)2 + water mixtures at various temperatures as a function of x0.5

H2O.

Experimental data are from Widegren et al. [42,43]. Dashed lines are the hypothet-
ical results in the absence of phase splitting.

ionic liquid and in aqueous mixtures containing 90% of the ionic
liquid, the association degree is predicted to decrease with tem-
perature below ∼50 ◦C, and increase with temperature at T > 50 ◦C.
The increase in association with temperature has been observed for
many associating electrolytes [37–39], and is consistent with the
Bjerrum association theory [40] in which the Bjerrum electrostatic
distance (qij =

∣∣zizj

∣∣ e2/(2εkT)) increases with temperature, due to
a decrease in the product of the dielectric constant (ε) and tempera-
ture (T). This indicates an increased formation of ion pairs at higher
temperatures [41]. The change in the trend of association with tem-
perature at ∼50 ◦C may be caused by a change in the intermolecular
interactions (e.g. H-bonding) that can be highly directional in the
short range due to the bulky ionic size and asymmetrical charge
distribution [22], which may change with temperature.

The speciation results predicted by the thermodynamic model
provide a basis for a consistent treatment of transport properties
in ionic liquid systems, as these properties are highly depen-

Fig. 11. Calculated and experimental specific conductivity and viscosity of the pure
ionic liquid BMIM·N(CF3SO2)2 as a function of temperature. Experimental data are
from Tokuda et al. [21,24], Widegren et al. [42], and Harris et al. [44].
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Table 3
Electrical conductivity and viscosity model parameters for the EMIM·PF6 + water
system.a.

Electrical
conductivity

Viscosity

Interaction parameters{
BMIM+, N(CF3SO2)−

2

}
/IL0, IL0b


00 = 23.2173 d10 = −0.236772

01 = 0.584842 d20 = 1.46357
d10 = 10.1056 b = 0.08
d11 = 0.0460024
d20 = − 30.8227
d21 = − 0.145853
d30 = 19.8017
d31 = 0.0412375{

BMIM+, N(CF3SO2)−
2

}
/IL0, H2O


00 = 84.6356

01 = − 2.73812
d10 = 57.8554
d11 = 2.12065
d20 = −75.3990
d21 = −3.15786
d30 = 17.3421
d31 = 1.11927

Limiting
conductivity
mixing-rule
parameters

Solvent
mixing-rule
parameters

k(0)

N(CF3SO2)−1
2

/IL0, H2O
=

−1.77920

k(0)

IL0, H2O
=

−0.02892

g(0)

N(CF3SO2)−1
2

/IL0, H2O
=

2.45507

g(0)

IL0, H2O
= 2.30494

k(0)

BMIM+/IL0, H2O
=

−1.80427
g(0)

BMIM+/IL0, H2O
=

0.139873
Literature data used for parameter determination: ranges of temperature and
composition
−10 to 100 ◦C in

pure IL and
15–25 ◦C in
IL-rich liquid
phase
xH2O = 0 − 0.172

0–80 ◦C in pure IL
and 20 ◦C in IL-rich
liquid phase
xH2O = 0 − 0.198

References: 21, 24,
42–44

a Models and parameters are described in [10] for electrical conductivity and in
[11] for the viscosity.

b IL0 stands for the undissociated BMIM.N(CF3SO2)2 molecule, which has been
treated as a solvent component.

dent on, among other variables, the identity and concentrations of
the species that are present in a significant amount in the solu-
tion. The electrical conductivity and viscosity models described
in Section 3, which were originally developed for mixed-solvent
electrolyte systems [10,11], have been applied to analyze the exper-
imental conductivity and viscosity data for the pure ionic liquid
BMIM·N(CF3SO2)2 and mixtures of this IL with water [21,24,42–44].
The results are presented in Figs. 10 and 11. The parameters for
electrical conductivity and viscosity models that are necessary to
reproduce these figures are given in Table 3. To emphasize the
results at low water content in the mixtures of the ionic liquid
with water, the conductivity and viscosity are presented as a func-
tion of the square root of the mole fraction of water (Fig. 10). The
results show a good accuracy for the calculated electrical conduc-
tivity and viscosity. There is a rapid decrease in the viscosity of the
ionic liquid in presence of even small levels of water. This decrease
coincides with an increase in electrical conductivity (Fig. 10). The
results illustrate the significant effect of the water content on trans-
port properties, which may be the likely reason for disagreements

in the reported literature data as the atmospheric moisture can
be rapidly absorbed by the ILs [42]. It should be noted that the
electrical conductivity is an important measure of the degree of
association in ionic solutions. The electrical conductivity results
obtained in this study indicate that the speciation determined by
the thermodynamic model is reasonable. This is further confirmed
by the viscosity results, which are also highly dependent on the
concentrations of ions and associated ion pairs.

7. Conclusions

Selected imidazolium-based ionic liquids and their mixtures
with water and organic solvents have been analyzed using a com-
prehensive thermodynamic model and coupled transport property
models. The ionic liquid has been treated as a dissociable species
that is subject to chemical speciation, which is determined from
available thermodynamic properties including activity coefficients,
osmotic coefficients, enthalpies of mixing and solution, and heat
capacities as well as phase equilibria. Transport properties, particu-
larly electrical conductivities and viscosities, have been calculated
based on the chemical speciation obtained from thermodynamic
analysis. The accuracy of the thermodynamic model in representing
the properties of ionic liquid systems has been verified by calculat-
ing vapor–liquid, liquid–liquid, and solid–liquid equilibria and by
predicting the effects of chemical speciation, temperature, and con-
centrations on phase equilibria. The speciation results predicted by
the thermodynamic model have been further used for calculating
the electrical conductivity and viscosity of ionic liquid systems. The
correct representation of electrical conductivity indicates that the
thermodynamic speciation results are reasonable, thus providing a
foundation for the simultaneous treatment of multiple properties
in ionic liquid systems.

It should be noted that although the imidazolium-based ionic
liquids are the only systems treated in the present study, the ther-
modynamic and transport property models described in this paper
should be applicable, in general, to ionic liquids of other types. For
example, the model’s range of applicability has been demonstrated
previously by accurate calculations of the melting temperatures of
several nitrate salts [6]. A limitation of the current model lies in the
use of the Helgeson–Kirkham–Flowers equation of state [15] for
standard-state properties, which are based on the infinite dilution
reference state in water, and, through a rigorous thermodynamic
manipulation, are extended to non-aqueous or mixed solvents [6].
This standard-state property model is strongly affected by the tem-
perature and pressure variations of pure water properties in the
near-critical region. Thus, the application of the model to temper-
atures above ca. 300 ◦C may require using modified or alternative
treatments of standard-state properties [8].
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