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a b s t r a c t

We apply the SAFT-VRþDE equation of state to the study of experimental mixed-solvent electrolyte
solutions. In the non-primitivemodel based SAFT-VRþDE approach (Zhao et al., JCP 2007,126, 244503) the
ions are considered fully dissociated within the solvent that is explicitly treated within the model and the
theoretical framework. Typically in the study of electrolyte systems the simpler primitive model is used,
which requires knowledge of the experimental dielectric constant. With the non-primitive model the
dielectric constant is calculated as part of the theory, which is a particularly attractive feature in the study
of mixed-solvent electrolyte systems as data for the experimental dielectric constant of such systems is
more scarce. Here for the first time as far as the authors are aware, a non-primitive based equation of state
has been used for the study of mixed-solvent electrolytes. The solvents considered (water, methanol and
ethanol) are modeled using the SAFT-VRþD approach (Zhao et al., JCP 2007, 127, 084514; Zhao et al., JCP
2006, 125, 104504) in which the contribution of the dipole to the thermodynamics and structure of the
fluid are explicitly accounted for. The theory is found to accurately predict the vapor-liquid equilibrium, as
well as dielectric properties of the salt free alcohol-water mixtures both at room and elevated tempera-
tures. Ternary mixtures of salt/water/alcohol are then studied using the SAFT-VRþDE parameters for the
salts determined in earlier work (Das et al., AIChE Journal 2015, 61, 3053-3072) and a cation-alcohol
unlike dispersive energy parameter obtained by fitting to mean ionic activity coefficient data at room
temperature and pressure. Thus,with only one adjustable parameter, a predictive SAFT-VRþDE equation to
study mixed-solvent electrolyte systems is developed. The SAFT-VRþDE predictions are found to be in
good quantitative agreement with mean ionic activity coefficient data for several mixed-solvent electro-
lyte systems over a wide range of molalities and different solvent ratios. The model is parameterized to
allow themolecular level interactions between different cations and the surrounding solvent molecules to
be explored.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Advances in equations of state and activity coefficient models
enable a quantitative representation of the thermophysical prop-
erties and phase behavior of mixtures, which serve as a foundation
for process modeling and process and product design tools [1]. For
example, the Peng-Robinson and Soave-Redlich-Kwong equations
are widely used as the equation of state of choice for many ther-
modynamic property and phase behavior calculations (e.g. vapor
& Biomolecular Engineering,
Place, Nashville, TN 37235-

abe).
liquid equilibrium (VLE)) in the petrochemical industry. However,
molecular-based equations of state, such as versions of the statis-
tical associating fluid theory [2e4], are now available in process
simulators, allowing these advanced tools to findmoremainstream
use. As a molecular-based equation, SAFT accounts for the struc-
tural and physical anisotropies that exist in complex chemical
systems and in return results in a more predictive approach as
compared to classical cubic equations of state. Thus far, SAFT has
been applied to awide range of important systems, as mentioned in
several review articles [5e7].

While the success of SAFT as a predictive tool has led to the
study of increasingly complex systems, one area in which a pre-
dictive theoretical tool still lacks is electrolytes, and in particular
mixed-solvent systems. Mixed-solvent electrolyte solutions find

mailto:c.mccabe@vanderbilt.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fluid.2017.11.017&domain=pdf
www.sciencedirect.com/science/journal/03783812
www.elsevier.com/locate/fluid
https://doi.org/10.1016/j.fluid.2017.11.017
https://doi.org/10.1016/j.fluid.2017.11.017
https://doi.org/10.1016/j.fluid.2017.11.017


G. Das et al. / Fluid Phase Equilibria 460 (2018) 105e118106
applications in several industrial and natural biological processes.
Examples include extractive distillation with salt, solution crystal-
lization, waste and drinking-water purification, and fertilizer syn-
thesis among many others [8e12]. Often these processes involve
salt solutions over wide ranges of composition (e.g., aqueous,
organic or mixed-solvent, dilute or concentrated solutions) and
state conditions (e.g., from ambient temperatures to supercritical
conditions). Thus the design of such processes requires a precise
quantitative description of relevant thermodynamic properties
such as salt solubility and mean ionic activity coefficient. There are
two means of addressing this need; one is by performing experi-
mental measurements and the other through theoretical pre-
dictions. As experimental studies on the thermodynamic properties
of mixed-solvent electrolyte systems are limited [13], theoretical
approaches provide an alternate means to study such systems and
generate “pseudo” experimental data.

The desire to develop a theoretical framework for the calculation
of the thermodynamic properties and phase behavior of mixed-
solvent electrolyte systems dates back to the 1960's. In the first
such study, Johnson and Furter [14] proposed a quantitative correl-
ative equation, based on the relation between the relative volatility
of solvents and salt concentration, to calculate the vapor-liquid
equilibrium (VLE) of eighteen different alcohol (methanol/ethanol/
1-propanol)/water þ salt mixed-solvent electrolyte systems.
However, the model parameters were dependent upon the salt and
solvent compositions, and the approach limited to cases where the
solubility of salt was low and caused an insignificant increase in the
boiling point of the solvent. Ohe [15] later proposed an empirical
model for water-alcohol-CaCl2 vapor-liquid equilibrium calcula-
tions. The approach, based upon solvation number (i.e., ratio of the
number of solvent molecules to salt molecules in the preferential
solvate) assumed that no solvated salt molecules take part in
vaporization. Rousseau et al. [16,17] were the first to apply
activity coefficient models (i.e., van Laar, Wilson, and UNIQUAC) to
mixed-solvent electrolyte systems and studied ternary mixtures
of salt þ two solvents as a binary mixture of two pseudo compo-
nents; one salted-out component (non-preferential solvent
component) and one salted-in component (preferential solvent
component þ salt). The approach was found to accurately correlate
(~2% deviations in mole fractions) the vapor phase mole fraction
data formethanol/ethanol/1-propanolþwaterþNaBr/KCl/NaF/LiCl/
HgCl2 systems. Subsequently, others used activity coefficientmodels
to describe the salt as a fully associated third component. For
example, Mock et al. [18] and Kolker et al. [19,20] with NRTL and
Dahl and Macedo [21] with UNIFAC studied mixed-solvent electro-
lyte systems; however, only the short-ranged dispersive effects of
the electrolytes were captured through these models.

While the methods discussed above can correlate the thermo-
dynamics of electrolytes, they completely ignore any long-range
electrostatic interactions, which play a central role in determining
the properties of electrolyte solutions [22e24]. Thus, in later
studies, a number of models, were proposed that combined the
Gibbs free energy due to long-range electrostatic interactions with
activity coefficient models [12,89,90]. The DebyeeHückel (DH)
theory proved to be the most influential and forms the basis of
several equations for mixed-solvent electrolytes [24e32]. In the DH
approach, ions are considered to be point charges in a dielectric
continuum, thus the solvent is considered implicitly. The approach
of treating solvent molecules implicitly using a representative
dielectric constant in an electrolyte solution is in the McMillan-
Mayer (MM) framework [33], also known as a primitive model
(PM) of electrolyte solutions.

In an effort to improve the predictive ability of equations of state
for the study of mixed-solvent electrolyte systems, SAFT based
equations have been applied to their study. In perhaps the first such
study, the SAFT-VRE [34] equation developed by combining SAFT-VR
with an electrostatic interaction contribution to the free energy
obtained by using mean spherical approximation (MSA) at the level
of the restrictive primitive model (i.e., an equimolar mixture of
equal-diameter hard spheres are assumed in a dielectric contin-
uum), was applied to the study of water þ alkane þ salt systems
[35]. The water and electrolyte model parameters were used in a
transferable manner from a previous SAFT-VRE study of aqueous
electrolyte systems [34] and the alkane parameters taken from the
work of McCabe et al. [36]. The approach was able to provide a
qualitative representation of the experimental phase behavior data
(coexisting compositions of the water-rich and n-alkane-rich liquid
phases, salting out, and solution densities of the water rich phase)
for water þ n-alkane þ salt systems (MX, M ¼ Liþ, Naþ, Kþ, and
X ¼ Cl�, Br�, I�) rather than a quantitative one. Unlike cross inter-
action energy range and depth parameters between the water and
alkanemolecules, obtained by fitting to ternary phase behavior data,
were then used to improve the agreement between the theory and
experimental results. In more recent developments, other SAFT
based equations of state have also been applied to the study of
mixed-solvent electrolyte solutions. For example, Held et al. [13]
applied the previously developed primitive model based ePC-SAFT
[37] equation of state to study mixed-solvent electrolyte systems.
The ePC-SAFT equation of state is an extension of the PC-SAFT [2]
equation with an electrostatic contribution to the free energythat
is represented by a simple DH term. Two alcohol based (i.e., salt-
independent, but solvent-dependent) ion parameters, the solvated
ionic diameter and dispersion energy parameter, were determined
by simultaneously fitting to experimental solution densities and
osmotic coefficients for various electrolyte solutions composed
of Naþ, Liþ, Kþ, NH4þ, Cl�, Br�, I� ions in ethanol or methanol. The
water based ion parameters were taken from a previous study [91].
For the ternary saltþwaterþ alcohol systems, no ion-ion dispersion
interactions were considered; only ion-solvent dispersion in-
teractions were included and obtained from Lorenz-Berthelot
combining rules. The ionic radii were obtained from an averaging
scheme based upon salt free solvent compositions in solution. The
relative permittivity (expressed as a ratio to the permittivity of free
space) of salt free solvent mixtures was modeled by an empirical
formula obtained from fitting to experimental dielectric constant
values. Using these parameters, solution densities and mean
ionic activities of KCl, NaBr, NaCl, NaI, LiCl in ethanol þ water,
methanolþwater, andmethanol þ ethanolþwater mixed solvents
were predicted across different weight fractions of solvent with
considerable accuracy (~1% for solution densities and <5% in most
cases for mean ionic activity coefficient); however, one should note
that for most systems, solution densities were limited to only the
very dilute limit (<1 m). In more recent work, Schreckenberg et al.
[38] proposed an improved formulation of the SAFT-VRE equation
[34] that incorporates a Born contribution in order to better capture
solvation effects. Additionally, the implicit solvent within the PM
framework of SAFT-VRE [34] was represented through an empirical
solution dielectric constant model, following the work of Uematsu
and Franck [39], which takes into account the temperature, density
and composition of the solvent, and in turn makes the dielectric
constant a differentiable variable. The study examined VLE and LLE
of mixed-solvent electrolyte systems (methanol/n-butanol and
water þ salt systems) along with single and multi-salt aqueous
electrolytes. The electrolytes were described using a fully dissoci-
ated model with ion-specific interaction parameters, with the
effective ionic diameter, ion-water and ion-ion dispersive energy
parameters obtained by fitting to vapor pressure, solution density,
and mean ionic activity coefficient data for fifteen different aqueous
alkali halide salts at temperatures below 523 K (critical region). The
cross ion-ion dispersive interaction energy was estimated using a



Fig. 1. Schematic representation of molecular model used for mixed-solvent electro-
lyte solutions containing ions and associating dipolar solvent molecules. Here the ionic
species are completely dissociated.
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procedure proposed by Hudson and McCoubrey [40]. For mixed-
solvent systems, the alcohol-ion unlike dispersion energy was
obtained by fitting to experimental water þ alcohol þ salt VLE/LLE
data and was able to provide a good representation of the experi-
mental results, although the effect of the salt on the solvent
dielectric is not captured in this approach.

In this work, the non-primitive model based SAFT-VRþDE
equation of state [41], has been applied to study the thermody-
namic properties of real mixed-solvent electrolyte systems. The
non-primitive model of electrolyte solutions explicitly considers
the solvent species, as opposed to the primitive model in which the
solvent-ion and solvent-solvent dipolar interactions are implicit; it
is thus a Born-Oppenheimer (BO) [33] approach. For the simplest of
cases the BO model is conceptualized as a mixture of charged hard
spheres in a solvent of hard spherical molecules with a point dipole
embedded in the center. In previous work, the thermodynamic
properties, such as osmotic coefficient, water activity, Gibbs free
energy of hydration, dielectric decrement, solution densities, of
nineteen different aqueous electrolytes were predicted with
considerable accuracy using a single salt-dependent parameter
obtained by fitting to experimental mean ionic activity coefficient
data [42]. Subsequently, an extended version of the SAFT-VRþDE
equation of state was proposed for mixed-solvent electrolyte
systems [43], with the incorporation of a one-fluid-like approxi-
mation into the theoretical formulation of the ion-dipole and
dipole-dipole interactions through an effective solvent diameter
and dipole moment. The approximation was extensively tested
against PVT data obtained from Monte Carlo (MC) simulations of
model mixed-solvent electrolyte systems with different solvent
polarities, and ionic and solvent compositions. Excellent agreement
between the simulation results and theoretical predictions was
obtained and thus the applicability of the one-fluid approach in
capturing ion-dipolar interactions validated.

Due to the explicit consideration of the solvent species within
the SAFT-VRþDE approach, the dielectric constant is not required as
an input and is instead calculated within the theory from the dipole
moment of the solvent and is a function of ionic concentration
and solvent composition. Explicit treatment of solvent species is
certainly advantageous compared to the primitive model based
implicit treatment, as it eliminates any dependence on experimental
data or empirical correlative equations for the determination of the
dielectric constant. In previous work [43], it was observed while
comparing against the primitive model that an ion concentration
and solvent composition dependent dielectric constant is essential
to obtain accurate predictions of PVT data. Additionally, a non-
primitive based model provides a contribution to the chemical
potential and pressure from ion-dipole and dipole-dipole in-
teractions, which is not possible when using the primitive model.
We note that in the modified SAFT-VRE equation [38] the effect of
long-range electrostatic and dipolar interactions (ion-dipole, dipole-
dipole) on pressure and chemical potential was taken into account
in an implicit manner through the use of an empirical composition
and density dependent dielectric constant in the Born term.

The focus of this study is the theoretical representation of
the mean ionic activities of mixed-solvent electrolyte systems,
including the mean ionic activity coefficient, using a minimum
number of fitted parameters (i.e., rather than ensuring quantitative
accuracy for all systems studied by using and fitting all possible
model parameters). Mean ionic activity coefficients have a pro-
nounced effect in many applications. For example, mixed-solvent
electrolytes are used in extractive distillation processes in which
the salt enables the separation of two miscible compounds that
form an azeotropic mixture. In liquid-liquid equilibrium the mean
ionic activity coefficient plays a dominating role to produce salting
in/salting out behavior [29,44]. It is therefore essential to capture
the mean ionic activity coefficients accurately and in this regard,
the SAFT-VRþDE equation has been used in a predictive manner to
study the mean ionic activity coefficients of several mixed-solvent
electrolyte systems over a range of salt and solvent compositions.
The remainder of the paper is organized as follows: in section 2 the
molecular model and theory are discussed, in section 3 we report
the parameters used for the alcohols, water and electrolytes studied
and discus the results and conclusions from this work in section 4.

2. Molecular model and theory

In the SAFT-VRþDE [41] approach mixed-solvent electrolyte
systems are described as a mixture of positively and negatively
charged ions of arbitrary size in a dipolar solvent of associative
chain molecules. Fig. 1, provides a schematic representation of the
model system. The ions are represented by hard spheres, half with
charge þq and diameter sþ and half with charge �q and diameter
s . Two kinds of solvent molecules of arbitrary sizes and polarity
are portrayed in Fig. 1: monomeric dipolar molecules with four
association sites to represent water and dipolar dimers with two
association sites mimicking an alcohol.

Key forces of interaction within mixed-solvent electrolyte
systems are: coulombic charged interactions, dipolar-charge and
dispersive interactions between ionic and dipolar solvent species,
and dipolar, associative and dispersive interactions between sol-
vent species. The potential model for the interactions between
species in solution is therefore given by,

uðrÞ ¼ uSWðrÞ þ uCCðrÞ þ uCDðrÞ þ uDDðrÞ (1)

where, uSW ðrÞ ,uCCðrÞ , uCDðrÞ and uDDðrÞ represents the dispersive
interactions as described by a square-well interaction, the
coulombic charge-charge interaction, the charge-dipole interac-
tion, and the dipole-dipole interaction potentials, respectively. The
square-well interaction potential is given by,

uSWij ðrÞ ¼
8<:

þ∞ r< sij
�εij sij � r< lijsij
0 r � lijsij

(2)

where, εij and lij are the depth and width of the square-well
dispersive pair potential between molecules i and j and sij ¼ ðsii þ
sjjÞ=2 with sii and sjj being the hard core diameter of molecules i
and j. The cross-interaction energy depth and width are computed
using the Lorentz-Berthelot combining rule given by,
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εij ¼ x
ffiffiffiffiffiffiffiffiffi
εiiεjj

p
(3)

lij ¼ g
liisii þ ljjsjj
sii þ sjj

(4)

where x and g can be used to modify the cross interaction when
deviations from the Lorentz-Berthelot behavior is observed.

The coulombic charge-charge potential between ions is repre-
sented by,

uCCij ðrÞ ¼

8><>:
þ∞ if r � sij

zizje
2

4pεr
if r>sij

(5)

where r is the center-to-center distance, zi represents unit charge of
the ion i, e ¼ 1:602� 10�19C is the elementary charge of an elec-
tron, and ε the permittivity of the continuous dielectric medium.

The charge-dipole potential between ions and solvent mole-
cules is defined by,

uCDij ðrÞ ¼
8<:

þ∞ if r � sij

ziemi
4pεr2

ðbr:bnÞ if r> sij
(6)

where mi is the dipole moment of the i-th solvent component and br
is the unit vector in the direction of r joining the center of the
segments and ni is a unit vector parallel to the dipole moment of
segment i .

The dipole-dipole potential between solvent molecules is
defined by,

uDDij ðrÞ ¼

8><>:
þ∞ if r � sij

� m2

4pεr3
Dðn1n2brÞ if r> sij

(7)

where,

Dðn1n2brÞ ¼ 3ðn1:brÞðn2:brÞ � n1:n2 (8)

In the modified SAFT-VRþDE theoretical framework the
Helmholtz free energy per molecule in a mixed-solvent electrolyte
solution is given by,

A
NkbT

¼ Aideal

NkbT
þ Amono

NkbT
þ Achain

NkbT
þ Aassoc

NkbT
(9)

where N is a total number of molecules, kb is the Boltzmann con-
stant, T is temperature, and Aideal , Amono , Achain , and Aassoc are the
Helmholtz free energy contributions due to the ideal, monomer,
chain, and association interactions, respectively. Since the general
development of the theory and mathematical expressions are
elaborately described in previous work, here we focus on the
expressions key to the study of mixed-solvent electrolyte systems
and for which one the solvents is a chain fluid. For more details the
reader is directed to the original papers [42,43,45].

The contribution to the Helmholtz free energy due to the
interactions between monomer segments is given as,

Amono

NkbT
¼ ASW

NkbT
þ Ael

NkbT
(10)

where, ASW and Ael are the free energy contributions due to
isotropic square-well dispersion interaction and anisotropic
electrostatic interactions, which contains ion-ion, ion-dipole and
dipole-dipole interactions respectively. The attractive square-well
dispersive interactions between monomer segments, ASW , is ob-
tained as in the original SAFT-VR approach from a second order
high temperature perturbation expansion [45]. The contribution to
the Helmholtz free energy from the electrostatic interactions, Ael, is
obtained from Blum and Wei's [46,47] solution to the Ornstein-
Zernike equation using integral equation theory within the non-
primitive mean spherical approximation (NPMSA) closure for a
mixture of ions and dipole of arbitrary size, and is given by,

Ael

VkbT
¼ Eel

VkbT
� J � J

0
(11)

Here, V is the total volume of the solution, and Eel=VkbT is the in-
ternal energy per unit volume expressed as,

Eel

VkbT
¼ 1

4p

(
a20

X2
k¼1

rkzkNk � 2a2a0rnB
10 � 2a22rnb2

s3n

)
(12)

Nk is a scaling parameter and the virial integral terms J and J
0
are

defined as [48],

J ¼ 1
12p

(
a20

X2
k¼1

rkzkNk � 4a0a2rnB
10 � 6a22rnb2

s3n

)
(13)

J0 ¼ p

3

X
i

X
j

rirjsij

(X
mnl

ð�1Þl
2lþ 1

h
gmnl
ij

�
sij

�i2 � h
gmnl
hs

�
sij

�i2)
(14)

where a0 and a2 are the ion-ion coupling and dipole-dipole
strength parameters. The parameters B10 and b2 corresponds to
the ion-dipole and dipole-dipole interactions respectively, and are
obtained from the solution of the Ornstein-Zernike equation given
by Wei and Blum [47]. rn and sn are the density and segment
diameter of the dipolar solvent species present in the solution.
gmnl
ij ðsijÞ are the contact values of the radial distribution function

(RDF) invariant expansion coefficients and ghsij ðsijÞ is the hard-

sphere contact value. As in earlier work, the dielectric constant of
the solution is obtained as

εA ¼ 1þ rna
2
2b

2
6ð1þ lÞ4
16

(15)

from the work of Wei et al. [46], where a22 ¼ 4pbm2=3, l ¼ b3=b6,
b3 ¼ 1þ b2=3 and b6 ¼ 1� b2=3. We note that the solution of the
Ornstein-Zernike equation with the NPMSA closure proposed by
Blum et al. [47] is only applicable to ions of arbitrary sizes in a pure
dipolar solvent i.e., it does not account for ions of arbitrary size in a
solvent composed of more than one type of dipolar species. This
limitation to the application of the NPMSA to the study of mixed
dipolar solvent electrolytes was overcome in our previous work
[43] through the consideration of a one-fluid-like approximation in
the theoretical formulation of the ion-dipole and dipole-dipole
terms for which an effective segment diameter (seff ) and dipole
moment (meff ) was defined. The same approach has been used in
this work.

Finally, the Helmholtz free energy contribution due to the for-
mation of a chain containing homogeneousmonomeric segments is
given by,



Table 1
SAFT-VRþD parameters for water, alcohols and the percentage average absolute deviation in vapor pressure (%AAD p) and saturated liquid densities (%AAD rliq) as compared to
experimental data.

m (D) s (Å) ε/kb (K) l m ε
HB/kb (K) KHB (Å3) %AAD p %AAD rliq

H2O 2.179 3.003 312.36 1.52956 1 758.5521 1.5 1.49 2.43
CH3OH 2.730 3.5396 162.17 1.72229 1.2 1800.945 0.81 1.305 0.082
C2H5OH 3.370 3.728 252.71 1.445 1.5333 2030.0 2.0561 0.474 0.298
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Achain

NkbT
¼

Xnsolvent

i¼1

xið1�miÞln yMii ðsiiÞ (16)

where, the sum is over all solvent species in the mixture and yM is
the monomer background correlation function given by,
yMii ¼ expð�uij=kbTÞgMii ðsiiÞ. gM represents the contact value of the
radial distribution function (RDF) of the dipolar square-well (DSW)
monomer segments. Since the Boltzmann factor (expð�uij=kbTÞ) is
independent of density it will not affect the determination of phase
equilibria and hence can be ignored without loss of generality [49].
The RDF at contact thus becomes [43,50],

gDSWðru1u1; r; TÞ ¼ gSW ðr; r; TÞ
�
1þ gDðu1u1; r; TÞ

�
(17)

where, ui represents vector angles defining the orientation of the
dipole moment in a monomer i.
Fig. 2. Change in the dielectric constant ε as a function of dipole moment m for alcohols
as predicted by the SAFT-VRþD equation of state at room temperature (298.15 K) and
pressure (0.101325 MPa). Solid line represents the experimental dielectric constant for
methanol (green) and ethanol (red) at 298.15 K and 0.101325 MPa [65,66], while the
dotted lines represent the dipole moments that correspond to the experimental
dielectric constant at room temperature. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
3. Results & discussion

3.1. Pure fluids

Water molecules are modeled as dipolar square-well dispersive
hard spheres with four short-range attractive square-well sites
describing the association interactions, which mimic hydrogen
bonding. The four association sites are of two distinctly different
types, with two representing hydrogen atoms and two represent-
ing the lone pairs of electrons on the oxygen atom. The SAFT-VRþD
[51] parameters for water used here were developed in previous
work [42]. Briefly, the hard-core diameter (s), square-well potential
depth (ε), range (l), association energy (εHB), and bonding volume
(kHB) of water were obtained by fitting to experimental vapor
pressure and saturated liquid densities using an effective dipole
moment of 2.18 D. As discussed in our previous work [42], the
effective dipole moment captures the effect of the dipole moment
and the polarizability induced by neighboringwater molecules. The
value used is therefore lower than the typically reported values,
since the dispersion energy parameter also partially take into
account induced polarizability effects. The SAFT-VRþD approach
was found to provide an excellent correlation of the pure water
vapor pressure and saturated liquid densities. The SAFT-VRþD
parameters used along with the percentage (%) average absolute
deviations (AAD) in vapor pressure and saturated liquid densities of
water are reported for completeness in Table 1.

The alcohol molecules are described as dipolar square-well chain
fluids, againwith association sites to capture hydrogen bonding. The
association sites of primary alcohols can be described with both 2-
site and 3-site association schemes. Gross and Sadowski [52]
described primary alcohols with a 2-site association scheme and
commented that use of either the 2 or 3-site model provides similar
results for phase behavior of pure fluids. Karakatsani and Economou
[53] treated primary alcohols with a 2-site scheme and noted that
the association scheme effectively captures the experimentally
observed linear oligomer formation of heavier alcohols. Konto-
georgis et al. [54] compared three equation of states: cubic-plus-
association (CPA) [55], simplified-PC-SAFT (sPC-SAFT) [56] and
non-random hydrogen bonding (NRHB) [57] in a study of the as-
sociation behavior of alcohols and concluded that methanol is best
represented by a 3 site association scheme; however, for ethanol
and heavier alcohols the 2 site model provided slightly better
results. Hence, a 3-site associating model for methanol and 2-site
associating model for ethanol have been employed in this work.

Similar to the treatment of water in previous work [42], a
condensed phase effective dipolemoment formethanol and ethanol
has been used, rather than the gas phase dipole moment (~1.7 D). In
the condensed phase, the dipole moment for polar fluids is in
general higher than the gas phase isolated molecule dipole moment
[58]. The effective dipole moment for methanol and ethanol were
obtained by varying the dipole moment as a model parameter and
examining the effect on the calculated dielectric constant at room
temperature and pressure. As can be seen from Fig. 2, a dipole
moment for methanol and ethanol corresponding to 2.73 D and
3.35D respectively, provide a good representation of the liquid
phase dielectric constant at room temperature and pressure and so
were used in this work. In the SAFT-VRþD framework, associating
dipolar chain molecules like alcohols are characterized by a hard-
core diameter (s), a square-well potential depth (ε) and range (l),
a number of segments per chain (m), and the association energy
(εHB) and bonding volume (kHB)). The number of segments per chain
(m) for each alcohol, has been calculated using the previously
developed empirical relationship proposed by Garcia-Lisbona et al.
[59] for which m ¼ 0:33ðC � 1Þ þ 1:2. The rest of the SAFT-VRþD
parameters were obtained by fitting to experimental vapor pressure
and saturated liquid density data between 220 and 475 K for
methanol and 215e465 K for ethanol [60]. Experimental data close
to the critical region (around 10%) were excluded from the fitting
procedure, as SAFT-VRþD like other analytical equation of state
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exhibits classical critical behavior in the critical region and so over
predicts the critical point [61]. Additionally data points near the
triple point were also excluded since it has been shown that in-
clusion of such data can distort the results [62]. Simulated annealing
[63,64] was used to fit the model parameters with an objective
function defined as a function of vapor pressure and saturated liquid
density as given in appendix. The resulting parameters along with
the %AAD in pressure and saturated liquid densities are reported in
Table 1, and as can be seen from Fig. 3, the theory provides a good
representation of the experimental phase data for pure methanol
and ethanol.

3.2. Water-alcohols mixture phase behavior

We first consider the phase behavior of the binary
methanol þ water and ethanol þ water mixtures to examine the
prediction of the binary mixtures before studying salt containing
ternary systems. Fig. 4 presents the SAFT-VRþD predictions for the
P-x projection of the PTx surface for the alcohol-water mixtures
over a range of different temperatures. As can be seen from Fig. 4a,
the predictions using Lorentz-Berthelot combining rules for
methanol-water system are in excellent agreement with the
experimental phase behavior data [67] at room temperature
(298.15 K) as well as at elevated temperatures of 313.15, 323.15 and
333.15 K. However, in the ethanol-water system, with the Lorentz-
Berthelot combining rules the theory fails to predict the constant
temperature P-x phase envelope, suggesting the inclusion of asso-
ciation and dipole interactions alone is not sufficient to capture the
molecular interactions, and polarizability effects may be important.
An unlike cross-dispersion energy parameter (x¼1.2) obtained by
fitting to experimental binary phase equilibrium P-x data [68] at
298.15 K is found to correct this behavior and is transferrable to the
higher temperatures studied. In Fig. 4b, P-x phase diagrams of
water-ethanol mixture correlated at 298.15 K and predicted at
higher temperatures using the SAFT-VRþD equation is presented
and compared to the experimental data.

In previous work [42], it was discussed how important it is to
capture the dielectric behavior of a solution in order to obtain an
accurate estimation of the thermodynamic properties of electro-
lytes. As can be seen in Fig. 5, using condensed phase dipole
moments, the theory accurately predicts the dielectric behavior of
the water/alcohol mixtures over the entire range of mixture
composition. As temperature increases we note that the theory
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tends to under predict the solution dielectric constant, especially
near the pure water limit as observed in previous work [42].

3.3. Mixed-solvent electrolytes

In previous work, two sets of ion parameters, salt independent
ionic radii and salt dependent cation-water dispersion interaction
energy parameters, were developed in the study of aqueous alkali
halide salt solutions [42]. The cationesolvent (water) binary
dispersion interaction energy (εcation�H2O ) parameter was obtained
by fitting to experimental mean ionic activity coefficient data for
nineteen different alkali-halide aqueous solution at 298.15 K and
1.01325 bar. The dispersive square-well interaction range (l) for the
cations was fixed at 1.2 and the Lorentz-Bethelot combining rule
was used to determine the cross-interaction range parameters
between the cations and solvent water molecules. The ionic radii
for the cations Kþ, Csþ, Rbþ were taken from the work of M€ahler
et al. [69], corresponding to the appropriate coordination number,
and for the anions (Cl�, Br�, I�) from the work of Shannon [70,71].
Ions with smaller radii and higher charge densities, such as Liþ,
Naþ, F�, are often referred to as net structure makers, as these ions
distort the water structure beyond the first water shell [72,73]. The
greater solvation influence of these ions on the surrounding water
molecules resulted in the need to determine salt independent ionic
radii by fitting to themean ionic activity coefficient data at 298.15 K
and 1.01325 bar. The same set of ionic radii for both cations and
anions reported in previous work [42] has been used here to
describe the water and ion interactions.

In a mixed-solvent electrolyte solution, the dispersive interac-
tion acts between three kinds of compounds: water, alcohol and
salt. Among these the salt (cation)-water and water-alcohol cross-
dispersive interaction energy parameters are taken from the binary
data of aqueous electrolytes and water-alcohol mixtures, respec-
tively [42]. However, a new salt (cation/anion)-alcohol cross
energy parameter is needed to capture the nature of the remaining
dispersive interactions. This unlike-cross-interaction energy
parameter can be obtained in two ways: by fitting to alcohol-salt
binary mean ionic activity coefficient data or by fitting to ternary
salt/water/alcohol mean ionic activity coefficient data. Unfortu-
nately, mean ionic activity coefficient data for binary mixtures of
alcohol-salt are available for only a few systems, while experi-
mental studies for a number of ternary systems have been reported,
and thus ternary data were used. To decide upon which set of data
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to use for parameter optimization (i.e., water-rich or alcohol-rich)
and which dispersion energy parameters to fit (i.e., cation-alcohol
and/or anion-alcohol) understanding the relative interactions of
electrolytes with solvents is necessary. Experimental NMR studies
[74] and molecular dynamics (MD) computer simulations [75] of
alkali halide þ methanol þ water systems have indicated prefer-
ential solvation of ions within the mixed solvent. Preferential
solvation is defined in terms of the local composition of solvent
species around the solute electrolytes. These studies concluded that
cations of alkali halide salts show preferential hydration even in
water-lean (alcohol-rich) solution if a sufficient number of water
molecules are present, whereas anions are selectively solvated by
alcohol molecules. Based upon this observation, the cation-alcohol
dispersive interactionwill be screened by water molecules, present
in the hydration shell of the cation even in water-lean solutions.
Since the one-fluid approximation is used within the proposed
theoretical approach, the screened interaction between the cations
and alcohol molecules cannot be appropriately captured by the ion-
dipole electrostatic interaction term. Therefore a cation-alcohol
cross dispersive energy parameter (εcation�alcohol) has been used
Fig. 5. Dielectric constant of salt free methanol þ water mixture at 293.15 K (black),
298.15 K (red), 303.15 K (blue), 313.15 K (green), 323.15 K (yellow), 333.15 K (orange).
The solid lines correspond to the theoretical predictions from the SAFT-VRþD approach
and the symbols to the experimental data [65]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
and obtained by fitting to experimental mean ionic activity
coefficient data corresponding to the highest available weight
fraction of water within a given mixed-solvent electrolyte solution.
It was observed during the fitting procedure that the anion-solvent
dispersion energy has aweaker influence on themean ionic activity
coefficient data, which is consistent with our previous SAFT-VRþDE
study of aqueous electrolyte systems [42] and hence no anion-
solvent dispersion interactions are considered. The cross-
interaction range parameters between the cations and solvent
alcohol molecules were obtained using Lorentz-Berthelot like
combining rule given by equation (4), i.e.,

lcation�alcohol ¼ scationlcation þ salcohollalcohol

scation þ salcohol
(18)

The binary salt-specific cation-alcohol dispersion interaction
parameters obtained from fitting to experimental mean ionic
activity coefficient data of different mixed-solvent electrolyte so-
lutions at 298.15 K and 1.01325 bar along with percentage average
absolute deviations (% AAD) are reported in Table 2. Simulated
annealing [63,64] was again used in the fitting process. Table 2 also
contains the average absolute deviations from the experimental
data for each system studied. In general, values of the εcation�alcohol
indicate that cations with smaller radii and higher charge densities,
such as Liþ, Naþ exhibit higher induced ordering effects on the
surrounding water molecules compared to larger cations such as
Csþ, as values of the cation-solvent dispersive energy parameters
are relatively higher.

We now consider the prediction of the mean ionic activity
coefficients of several mixed-solvent electrolyte systems over a
wide range of ionic and solvent compositions using the cation-
alcohol dispersive energy parameters reported in Table 2.
3.4. RbCl/water/methanol

The SAFT-VRþDE approach with the one-fluid-like approxima-
tion gives a good description of the experimental mean ionic
activity coefficient data [76] for the ternary mixture of
RbCl þ water þ methanol at 20 and 40 wt % of alcohol at 298.15 K
and 1.01325 bar as presented in Fig. 6. Using the cation-alcohol
dispersive interaction energy parameter fitted at 20 wt %, the
mean ionic activity coefficient of the ternary solution is then pre-
dicted at the higher alcohol concentration. The theory predicts the
trend in the experimental datawell at 40-wt % of alcohol, especially



Table 2
Salt specific dispersion energy parameters for the cation-alcohol (εcation-alcohol) interaction for the different mixed-solvent electrolytes studied and the percentage
average absolute deviation for the mean ionic activity coefficient (% AAD g±) obtained using the SAFT-VRþDE approach as compared to experimental data at 298.15 K
and 1.01325 bar.

System Alcohol weight fraction (wt %) εcation�alcohol % AAD g±

CsCl/water/ethanol 10% 344.39 2.95
NaBr/water/ethanol 10% 2512.74 4.53
NaF/water/ethanol 10% 1923.89 2.77
CsCl/water/methanol 10% 894.87 1.40
KCl/water/methanol 20% 2052.31 1.65
LiCl/water/methanol 10% 2349.11 5.37
NaBr/water/methanol 10% 1915.47 3.11
NaCl/water/methanol 20% 2359.89 4.29
RbCl/water/methanol 20% 1080.15 2.92
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at lower ionic concentrations where the bulk of the experimental
data is available as can be seen in Fig. 6. The experimental results
show a gradual decrease in mean ionic activity coefficient with the
increase in alcohol concentration. Moreover, the theory predicts
the existence of a minima in the mean ionic activity coefficient at a
higher salt concentration. The increase in alcohol concentration
decreases the overall solution dielectric constant, as seen earlier in
Fig. 5, and subsequently the ions move into the water rich phase of
the solution. The theory captures this phenomenonwell with 2.92%
and 7.49% in deviations of the mean ionic activity at 20 and 40
alcohol weight fraction, respectively. However, some deviations in
the theoretical prediction are seen at higher salt concentrations
near the saturation limit. These values are reported in table A1 of
the appendix for the RbCl-water-methanol system.
3.5. CsCl/water/alcohol system

Considering systems containing CsCl, water, and alcohol
(ethanol or methanol), the theory provides a good correlation of
the experimental data [77] (1.40 and 2.95% AAD respectively) at
298.15 K, 1.01325 bar and 10 wt % of alcohol, as can be seen from
Fig. 7. Using the fitted cation-alcohol unlike dispersive energy
parameter, mean ionic activity coefficients at higher weight frac-
tions up to 40% of alcohol are then predicted. As can be seen from
Fig. 7, the theory gives a good qualitative as well as quantitative
representation of the experimental data for most weight fractions
of alcohol. With increasing alcohol weight fraction in solution, the
Fig. 6. Mean ionic activity coefficients of RbCl in water/methanol mixtures at 298.15 K
and 1.01325 bar with salt-free alcohol weight fractions at 20% (red) and 40% (blue). The
symbols represent experimental data [76] and solid lines are theoretical correlations/
predictions by the SAFT-VRþDE equation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
experimental mean ionic activity coefficient decreases, which is
captured by the theoretical predictions. The predicted SAFT-VRþDE
results arewithin approximately a 7% deviation of the experimental
data for all weight percentages of alcohols studied except at 40 wt
%, for which the SAFT-VRþDE equation over predicts themean ionic
activity coefficient for both methanol and ethanol based mixed-
solvent electrolyte systems, although in general the theory tends
to under predict the experimental results. This inconsistency
could be due to a failure in the theory or errors present in the
experimental data.

3.6. KCl/water/methanol

Experimental data [76] for the mean ionic activity coefficient
data of KCl mixed-solvent systems are available for three alcohol
weight fractions: 20%, 40% and 60%. The cation-alcohol dispersive
interaction parameter was obtained by fitting to the lowest avail-
ableweight fraction of alcohol (i.e. 20%). The SAFT- VRþDE equation
provides a good correlation of the mean ionic activity at 298.15 K,
1.01325 bar and 20 wt % of alcohol with 1.65 %AAD as can be seen in
Fig. 8. At higher alcohol weight fractions the theory gives a good
prediction of the experimental data, particularly at dilute salt
concentrations where most of the experimental data exists.
However, we note that the theoretical predictions show some de-
viations from experimental data near the saturation limit. The
theoretical predictions for 40% and 60% weight fractions of alcohol
give an average deviation of 3.4 and 7.6% respectively.

3.7. NaF/water/ethanol

We now consider the mixed-solvent solutions with NaF. The
main difference between this system and the previously studied
ones is the nature of ionic radii used for the Naþ and F� ions. In
previous work [42], an effective ionic radii for Naþ and F� ions was
proposed based upon each ions structure making/breaking effects
in water; here we test how transferable these effective ionic radii
are to mixed-solvent electrolyte systems in which additional in-
teractions are present. Moreover, the introduction of alcohol into
water has been shown to distort the existing solvent structure [78]
and as such might have an effect on the transferability of the pa-
rameters. As can be seen from Fig. 9, the theory is able to both
accurately correlate at 10 wt % of alcohol (with an average deviation
of 2.85%) system and predict the experimental [79] mean ionic
activity coefficient at 20e80% weight fractions of ethanol. Even at
higher alcohol concentration (80 wt % of alcohol), the theory gives
an accurate prediction with %AAD of 4.2, demonstrating the good
transferability of the effective parameters. In the case of NaF, the
experimental data is available only for dilute salt concentrations,
less than 0.2m, where even at high alcohol concentrations enough
water molecules are present to form multiple shells to solvate the



Fig. 7. Mean ionic activity coefficients of CsCl in water þ (a) methanol and (b) ethanol mixtures at 298.15 K and 1.01325 bar with salt-free alcohol weight fractions at 10% (red), 20%
(blue), 30% (green), 40% (orange). The symbols represent experimental data [77] and solid lines are theoretical correlations/predictions by the SAFT-VRþDE equation. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Naþ and F� ions. This allows the effective ionic radii of Na devel-
oped by fitting to the experimental binary aqueous electrolyte
solution data to work well.

3.8. LiCl/water/methanol

In the case of LiCl, an effective ionic radii for Liþ ion was also
defined in previous work [42] as it is a structure making/breaking
ion. As can be seen from Fig. 10, the SAFT-VRþDE theoretical
approach is able to give a good correlation of themean ionic activity
coefficient at 10 wt% of alcohol with 5.3% average deviation.
In predicting the mean ionic activity coefficients at higher
weight fraction of alcohol in solution, the theory shows the correct
experimental trend, with the mean ionic activity coefficient
decreasing with increasing alcohol fraction in solution. Although
the data is very limited, we note that the theory predicts the mean
ionic activity coefficient well, with an average deviation of ~8% at
20 wt % of alcohol. The fitted cation-alcohol unlike dispersive en-
ergy parameter demonstrates transferability, as it gives a good
Fig. 8. Mean ionic activity coefficients of KCl in water/methanol mixtures at 298.15 K
and 1.01325 bar with salt-free alcohol weight fractions at 20% (red), 40% (blue), 60%
(green). The symbols represent experimental data [76] and solid lines are theoretical
correlations/predictions by the SAFT-VRþDE equation. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this
article.)
theoretical representation of the activity coefficient even at high
(8 m) ionic concentration. The use of the effective ionic radii for the
Liþ ion obtained from the binary aqueous solution works well for
the mixed-solvent LiCl þ water þ methanol system, especially in
the water rich solutions (10% and 20%), as there are enough water
molecules present to form multiple solvation shells around the Li
cation.

3.9. NaCl/water/methanol

We now turn to the mean ionic activity coefficient of the
NaCl þ water þ methanol mixture. From Fig. 11, it can be seen that
although the theory gives a good correlation of the experimental
mean ionic activity coefficient data [80] at 20% weight fraction of
alcohol with an average deviation of 4.3% it fails to give an accurate
quantitative prediction at higher weight fractions of alcohol and
ionic concentrations. This is due to the use of an effective ionic radii
for Naþ that was obtained by fitting to thewater-Na-halide systems,
where the cation has a greater influence on the solvent species.
This results in a larger dielectric decrement at higher alcohol
Fig. 9. Mean ionic activity coefficients of NaF in water/ethanol mixtures at 298.15 K
and 1.01325 bar with salt-free alcohol weight fractions at 10% (red), 20% (blue), 30%
(green), 40% (orange), 50% (purple), 60% (yellow), 70% (brown), 80% (black). The
symbols represent experimental data [79] and solid lines are theoretical correlations/
predictions by the SAFT-VRþDE equation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)



Fig. 10. Mean ionic activity coefficients of LiCl in water/methanol mixtures at 298.15 K
and 1.01325 bar with salt-free alcohol weight fractions at 10% (red), 20% (blue). The
symbols represent experimental data [76] and solid lines are theoretical correlations/
predictions by the SAFT-VRþDE equation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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concentrations and the under prediction of the activity coefficient.
This influence of the effective radii on the mean ionic activity
coefficient was not observed in the previously discussed LiCl and
NaF salt systems, as the bulk of the experimental data for these
systems is available only at low alcohol concentrations. At a higher
salt concentration and higher alcohol fraction for the NaCl solution,
there is a smaller (in some cases only trace amount) number of
water molecules available to form multiple shells around the
cation. Other Na ion containing systems are now investigated to
determine whether the trend of under predicting the mean ionic
activity coefficient with increasing salt and alcohol fraction in
solution exists for all Na based systems.

3.10. NaBr/water/alcohol

In the study of NaBr þ water þ alcohol (methanol/ethanol)
mixture system although the theory gives a good correlation at
Fig. 11. Mean ionic activity coefficients of NaCl in water/methanol mixtures at 298.15 K
and 1.01325 bar with salt-free alcohol weight fractions at 20% (blue), 40% (orange), 60%
(yellow), 80% (green). The symbols represent experimental data [80] and solid lines
are theoretical correlations/predictions by SAFT-VRþDE. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
10 wt % of alcohol (average deviations of 4.53% and 3.11% for
ethanol and methanol containing systems respectively), it however
fails to provide an accurate quantitative prediction of the mean
ionic activity coefficient at higher concentrations of alcohol in
solution, as can be observed from Fig. 12a and b for the methanol
and ethanol systems, respectively.

Again the theory fails to accurately capture the influence of
the cations on the surrounding alcohol molecules, which results
in a substantial under prediction of the mean ionic activity
coefficient. From Table 1A, it can be concluded that only the
NaBr þ water þ alcohol systems show a substantial deviation
from experimental mean ionic activity coefficient data compared
to other systems, and in particular at higher alcohol content of
the solution. The concept of ionic radius in electrolyte solutions
is very fundamental in describing the ion-dipolar solvent in-
teractions. The effective ionic radius used for Naþ was obtained
by fitting to experimental mean ionic activity coefficient data for
binary Na-halide þ water systems. The revised ionic radius used
in prior work [42] was incorporated in order to capture the
structure-making or breaking property of the Na ion in water. But
with increasing alcohol concentrations in the system, the solvent
structure changes and thus the ionic effect on the surrounding
solvent molecule changes; especially in alcohol rich solutions. In
the work of Abraham et al. [82] it is discussed that Naþ is a net
structure-making ion in any solvent, be it alcohol or water; the
Na ion influences the surrounding alcohol molecules and creates
a different structure compared to the water solution. The effec-
tive radius of Naþ in alcohol should therefore be different to that
used previously in the presence of water. An effective system
specific ionic radius for Naþ in alcohol systems has therefore
been obtained by fitting to experimental mean ionic activity data
at the highest available weight fraction of alcohol (i.e., 90 wt%).
The effective ionic radii of Naþ in methanol and ethanol
are s90%methanol

Na ¼ 3:18 and, s90%ethanolNa ¼ 3:52, respectively. The
effective radii of Naþ obtained for the alcohol systems is bigger
than the one obtained in previous work for the water system
[42]. This size difference could be due to the larger size of the
surrounding alcohol molecules. This would also explain the
larger value of the effective ionic radius of the Naþ ion in ethanol
compared to the radius in methanol. To consider the change in
alcohol weight fraction in solution, the effective ionic radii of Naþ

also has been adjusted using the following expression,

s%alcoholNa ¼ s0%alcoholNa þ s90%alcoholNa � s0%alcoholNa
90� 00

(19)

Fig. 13 presents the mean ionic activity coefficients using the
revised Naþ effective ionic radius for the NaBr þ water þ alcohol
systems and the corresponding % AAD g± values are presented in
Table 2A. As can be seen from the figure, an improvement in the
theoretical representation of the mean ionic activity coefficient at
higher alcohol weight fractions is observed. From Fig. 13a, we note
that although the theory shows an improvement for 90 and 80 wt %
of methanol, at the lower weight % system (i.e., 60 wt % methanol)
the theory predicts the experimental data quantitatively only at
very low concentrations of NaBr. This may be caused by the pres-
ence of enough water molecules in the vicinity of the ion, which
preferably form a shell around the Naþ ion instead of alcohol
molecules, thus the ionic radius of Naþ does not increase asmuch as
given by equation (19). A similar explanation holds for the
NaBr þ ethanol þ water system as presented in Fig. 13b. Perhaps it
can be inferred that the estimation of mean ionic activity is very
sensitive to the cation-solvent interaction, and particularly for
cations with high charge density where the ionic radius plays a
critical role in the arrangement of the surrounding solvent



Fig. 12. Mean ionic activity coefficients of NaBr in water/(a) methanol and (b) ethanol mixtures at 298.15 K and 1.01325 bar with salt-free alcohol weight fractions at 10% (red), 20%
(blue), 40% (green), 60% (orange), 80% (purple), 90% (yellow). The symbols represent experimental data [81] and solid lines are theoretical correlations/predictions by the
SAFT-VRþDE equation. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

G. Das et al. / Fluid Phase Equilibria 460 (2018) 105e118 115
molecules. The use of a correct effective ionic radii based upon
solvent compositions is therefore key for the accurate representa-
tion of thermodynamic properties, such as the activity coefficient.
For the NaBr þ alcohol þ water systems presented in this study,
s0%alcoholNa can be used up to 20 wt % of alcohol and there after a
solvent composition based fitted effective radius is preferable in
order to obtain an accurate quantitative representation of the
experimental mean ionic activity coefficient data.
3.11. Dielectric decrement of non-aqueous solvent in the
presence of salt

Finally, the effect of salt concentration on the solution
dielectric constant has been investigated. The presence of an
ionic species in the dielectric medium decreases the static
permittivity as it restricts the free rotation of water/solvent
molecules occupying the hydration shell [83e86]. In the prim-
itive model, the theory cannot capture this phenomena as the
dielectric constant is a required input and hence data for pure
salt-free solvent (alcohol in this case) is used. However, the
Fig. 13. Mean ionic activity coefficients of NaBr in water for (a) methanol and (b) ethanol
(orange), 80% (purple), 90% (yellow). The symbols represent experimental data [81], solid lin
radius and dashed lines represent theoretical predictions (orange and purple dashed lines)/c
the references to colour in this figure legend, the reader is referred to the Web version of
non-primitive model provides the opportunity to capture the
salt effect on the solution dielectric constant as it can be
computed directly from the ion-dipolar interaction term that is
embedded in the theoretical framework (equation (15)).
Moreover, this provides a test of the theoretical accuracy in
capturing the ion-dipolar interactions. While experimental data
on the dielectric decrement of mixed-solvent systems in the
presence of salt are not available to our best of knowledge,
experimental dielectric constant data for several salt þ alcohol
systems is available and has been compared to the predictions
from the SAFT-VRþDE approach. In Fig. 14, a comparison be-
tween theoretical and experimental [87,88] dielectric constant
data for three different electrolyte systems, LiCl þ methanol (20
and 25 �C), NaCl þ methanol (25 �C) and NaBr þ methanol
(20 �C), are presented. From the figure, we note that the SAFT-
VRþDE theoretical framework is able to predict the decrement
in dielectric constant with increasing salt concentrations and
quantitatively agrees with experimental data at lower concen-
trations. In particular, at 25 �C, the theory is able to accurately
predict the dielectric constants of LiCl and NaCl þ methanol
systems over the entire range of available experimental data;
mixtures at 298.15 K and 1.01325 bar with salt-free alcohol weight fractions at 60%
es are theoretical predictions by the SAFT-VRþDE equation using the original Na ionic
orrelations (yellow dashed line) using the revised Na ionic radius. (For interpretation of
this article.)



Fig. 14. Salt effect on the dielectric constant of methanol at 20 and 25 �C as predicted
by the SAFT-VRþDE equation. Symbols represent experimental data [87,88]: LiCl at
25 �C (red circles), LiCl at 20 �C (green diamonds), NaCl at 25 �C (blue triangles) and
NaBr at 20 �C (black squares). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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however, the SAFT-VRþDE prediction of the dielectric constant
deviates from the experimental data at higher salt concentra-
tions (where data is available). This might be due to inaccuracy
in experimental measurement [87], which contains an error
margin of ±1.5D. Overall, the theory is able to provide a realistic
representation of the dielectric decrement of methanol in the
presence of salt.
Table 1A
Comparison between experimental mean ionic activity coefficient (g±) and theo-
retical predictions obtained by SAFT-VRþDE equation of state for the different
electrolytes.

System Alcohol weight
fraction (% wt)

% AAD g±

RbCl þ Methanol þ Water 40 7.49
CsCl þ Methanol þ Water 20 2.23

30 5.55
40 15.29

CsCl þ Ethanol þ Water 20 6.13
30 9.92
40 34.36

KCl þ Methanol þ Water 40 3.44
60 7.63

NaF þ Methanol þ Water 20 2.85
30 3.29
40 3.00
50 2.13
60 4.19
70 7.43
80 4.22

LiCl þ Methanol þ Water 20 9.43
NaCl þ Methanol þ Water 40 8.71

60 10.97
80 12.02

NaBr þ Methanol þ Water 20 2.89
40 8.64
60 5.42
80 31.24
90 53.97

NaBr þ Ethanol þ Water 20 8.02
40 30.54
60 48.39
80 50.46
90 52.59
4. Conclusion

The SAFT-VRþDE approach with a one-fluid-like approximation
has been used to study experimental mixed-solvent electrolyte
systems ranging across different ionic concentrations and solvent
compositions. As such, a non-primitive model based equation of
state has been used for the first time to study mixed-solvent elec-
trolyte systems. The solvent molecules are modeled as dipolar
square-well dispersive chains and spheres with association sites for
the representation of alcohol and watermolecules respectively. The
SAFT-VRþD theoretical framework is found to be able to capture
the vapor-liquid equilibrium behavior of the solvent methanol-
water system from ambient temperature to 333.15 K as well as
the composition dependent dielectric constant without fitting to
experimental mixture data. However, for the ethanol-water system
a binary unlike dispersive interaction energy parameter is needed
for the accurate representation of the phase behavior. For, alcohol-
water-salt systems, a predictive approach has been taken; based
upon a single alcohol-salt fitted parameter obtained from ternary
mean ionic activity coefficient data, mean ionic activity coefficients
of nine different electrolyte systems have been predicted. The
theory in general provides a good qualitative representation of the
experimental data for most of the systems but lacks quantitative
accuracy in some cases. Since the main objective of this work is to
determine the predictive ability of the non-primitive model based
SAFT-VRþDE theory, a minimum number of fitted model parame-
ters for real electrolyte systems was used and less emphasis given
to quantitative accuracy. Using this approach, it is observed that in
order to achieve a good quantitative description of the experi-
mental data, the effect of the ions on the surrounding solvent
molecules needs to be accurately captured, especially for ions with
small radii and high charge density. In the case of NaBr based
ternary systems, the use of an effective ionic radii for the Na cation,
which was fitted to Na-halide þ water-based mean ionic activity
data, fails to provide a good quantitative agreement with
experimental data at higher alcohol weight fractions as it fails to
capture the effect of Naþ on the surrounding alcohol molecules. In
this scenario, a system specific revised effective Naþ ionic radius
has been proposed that is only applicable at higher alcohol weight
fractions. The use of the fitted effective ionic radius improves both
the theoretical correlation as well as prediction. Finally, dielectric
constants of several methanol-salt solutions have been predicted
and compared to experimental data at 20 and 25 �C. The non-
primitive model based SAFT-VRþDE equation of state is overall
found to capture the salt effect on the solution dielectric constant
well.
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Appendix

The SAFT-VRþDE cation-alcohol interaction energy parameters
for mixed-solvent electrolyte solution systems are obtained by
optimizing the following objective function,

objðg±Þ ¼ 1
Npt

XNpt

i¼1

�����g
exp
± � gtheo±

gexp±

������ 100% (20)

whereNpt , g±, AAD represents number of experimental data points,
mean ionic activity coefficient and average absolute deviations
respectively. In Table 1A, we report the calculated %AAD of the
mean ionic activity coefficient.



Table 2A
Comparison between %AADs of mean ionic activity coefficient (g±) at different alcohol concentrations using old and modified Naþ ionic radius.

Alcohol weight fraction (% wt) %AAD g± with original Naþ ionic radii %AAD g± with revised Naþ ionic radii

NaBr þ Methanol þ Water 80 31.24 20.24
90 53.97 13.40*

NaBr þ Ethanol þ Water 80 50.46 12.75
90 52.59 10.71*

*Indicates fitted values.
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