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This work extends the previously published aqueous electrolyte equation of state
(AEEQS) to predict liquid—liquid equilibria (LLE) of mixed-solvent electrolyte sys-
tems. Interaction parameters between ions and organic solvents, and cations and anions
were determined by fitting the experimental vapor-pressure data of binary methanol +
halide electrolyte mixtures, and then correlated to the cationic Stokes and anionic Paul-
ing diameters. The focus is on the ionic standard/reference state and the standard Gibbs
energy for transferring salts from one solvent to another. The methods applied to predict
LLE of several ternary water + organic solvent + salt system are to select: 1. the hypo-
thetical ideal gas at unit mol fraction, the system temperature, and 1 bar as the ionic
standard state; 2. the infinite dilution in the solvent mixture as the ionic reference state,
whose activity coefficients were converted to those at the infinite dilution in pure water
by the ionic standard Gibbs energy of transfer. The predicted LLE results agree well
with the measured data without any adjusted parameters in fitting the ternary experi-
mental data. The extended AEEOS is comparable to the model of Zerres and Prausnitz,
but the latter requires two adjusted parameters in fitting the ternary experimental data

for each ternary system.

Introduction

In the past few decades, much progress has been made in
representing the thermodynamic properties of electrolyte so-
lutions. However, most of the studies in this field are re-
stricted to aqueous electrolyte systems. Relatively less atten-
tion has been given to mixed-solvent electrolyte systems. Fur-
thermore, less emphasis has been put on liquid-liquid equi-
libria (LLE) than vapor-liquid equilibria (VLE) in mixed-
solvent electrolyte systems. An accurate and consistent repre-
sentation of LLE in mixed-solvent electrolyte systems re-
mains one of the challenging research fields in chemical engi-
neering, as pointed out by Liu and Watanasiri (1996).

To represent phase equilibria in mixed-solvent (or aque-
ous) electrolyte systems, the excess Gibbs energy function is
usually expressed as the sum of a Debye-Hiickel (DH) and a
short-range term. The UNIQUAC model (Sander et al., 1986;
Macedo et al., 1990; Li et al., 1994a), or the UNIFAC model

Correspondence concerning this article should be addressed to J. Y. Zuo.

2318 November 2000 Vol. 46, No. 11

(Kikic et al., 1991; Achard et al., 1994) was employed for the
short-range term. As we know, the short-range term is ob-
tained within the Lewis-Randall (LR) framework, while the
long-range (DH) term is derived from the McMillan-Mayer
(MM) framework. To maintain consistency, the activity coef-
ficients need to be converted from the MM to the LR frame-
work.

Zerres and Prausnitz (1994) developed a thermodynamic
framework for calculating VLE and LLE in ternary systems
containing water, alcohol, and a salt. Short-range ion-solvent
forces are taken into account primarily by a chemical equilib-
rium method based on stepwise ion solvation. Nonideality of
water-cosolvent is described by an extended equation of the
van Laar form. Long-range electrostatic forces among ions
are taken into account by an extended DH model with cor-
rections for transferring from the MM to the LR framework
using the method of Cardoso and O’Connell (1987). The
method of Zerres and Prausnitz is powerful because it is ca-
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pable of simultaneously describing VLE and LLE. However,
different ionic reference states were used in the short-range
and the long-range term.

Peng et al. (1994) combined the regular solution theory with
the DH model to calculate LLE in mixed-solvent electrolyte
systems. They also applied different ionic reference states in
the short-range and the long-range term. Their results ap-
pear not as good as Zerres and Prausnitz’s (1994) because the
short-range term is too simple.

Liu and Watanasiri (1996) extended the electrolyte NRTL
model with an additional term of the Brgnsted-Guggenheim
(BG) type to represent LLE in mixed-solvent electrolyte sys-
tems. The BG term compensates for the inadequacies of the
DH and Born equations. However, the model cannot be re-
duced to the original one that has no BG term for binary
electrolyte systems. In addition, five parameters were ad-
justed to fit the measured ternary LLE data for each water +
alcohol + NaCl system.

Up to now, we are not aware of any equations of state
(EOS) that have successfully been used to calculate the LLE
of mixed-solvent electrolyte systems. In this work, we have
extended the AEEOS of Fluirst and Renon (1993), which was
successfully applied to predict vapor pressures of binary non-
aqueous electrolyte systems and VLE of mixed-solvent elec-
trolyte systems by Zuo and Furst (1997, 1998), to predict LLE
of mixed-solvent electrolyte systems. Attention has been given
to the ionic standard /reference state and the standard Gibbs
energy for transferring salts from one solvent to another.

Extended Aqueous Electrolyte Equation of State of
Furst and Renon

For simplicity, Zerres and Prausnitz's (1994) assumption is
followed; that is, a salt is completely dissociated into ions in
the liquid phase.

The basis of the extended AEEOS is an expression of the
molar Helmholtz energy:
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where all the terms except the Born term on the righthand
side of Eq. 1 are similar to those used by Furst and Renon
(1993) and Zuo and Furst (1997, 1998). The Born term is
added for LLE calculations.

The first two terms on the righthand side of Eq. 1 are the
repulsive force (RF) contribution and the first attractive

short-range (SR1) contribution, respectively. They are similar
to the corresponding terms of the SRK EOS modified by
Schwartzentruber et al. (1989):
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where the summation runs over all species and P, =1 bar.
The energy parameters (aS®) and the volume translation pa-
rameters (c) of ions are set to zero, because short-range in-
teractions between ions are specifically taken into account in
the SR2 term and no ionic density data are available to esti-
mate ionic volume translation parameters. Nevertheless, the
covolumes (b) of all the species are taken into consideration.
The Wong-Sandler mixing rule (1992) with the slightly modi-
fied UNIQUAC model is used to estimate aSR and b of mix-
tures, as was done by Zuo and Furst (1998). The expressions
of aSR and b for pure molecular components and mixtures
are given in Appendix A.

For a salt-free system, the last three terms on the right-
hand side of Eq. 1 vanish as they are specially related to ions.
The molar Helmholtz energy of the salt-free system is re-
duced to Eq. 2. The parameters of pure molecular compo-
nents are the polar parameters (p;, p,, and p;) and the vol-
ume translation parameter (c). They have been determined
by fitting the experimental vapor pressure and density data of
pure substances, respectively (Boublik et al., 1973; Reid et
al., 1987). The values of these parameters are given in Table
1.

For a binary salt-free solvent mixture, there are three ad-
justable parameters 7.9, 79, and 7{}) =15 (see Appendix
A). They have been determined by fitting the corresponding
binary salt-free LLE (if the system forms two liquid phases)
and VLE data (Sgrensen and Arlt, 1980; Gmehling and
Onken, 1977; Meissner and Stokes, 1944; Li et al., 1994b; De
Santis et al., 1976a,b), as was done by Zerres and Prausnitz
(1994). The values of those parameters are listed in Table 2.

The third term on the righthand side of Eq. 1 is the Born
term, which considers that all the ions are discharged in vac-
uum and recharged in the solvent medium with dielectric
constant Dg:
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Table 1. Parameters (p;, p,, ps, and c) of Pure Solvents

Solvent P, P, Ps ¢ x10° m¥mol
Water 0.023175 4.6462 —8.8079 0.60473
1-Butanol —0.021111 10.367 —16.625 1.2124
2-Methyl-1-propanol —0.043565 5.2718 —9.4873 1.3090
2-Butanol —0.051602 5.7542 —10.394 1.2120
1-Propanol —0.00038896 —5.0422 24.074 1.0977
2-Propanol —0.00086686 18.015 5.0466 1.2756
2-Butanone —0.078486 —19.674 26.314 1.9810
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Table 2. Correlated Parameters for Binary Aqueous Salt-Free

Systems

Nonagqueous Solvent P =rP 9 T

1-Butanol —0.6686 0.7949 1.1870
2-Methyl-I-propanol —0.7234 0.5372 1.5200
2-Butanol —0.7717 0.6529 1.5670
1-Propanol —1.2520 0.7018 0.9731
2-Propanol —0.8943 0.8760 0.7409
2-Butanone —0.2675 0.2669 1.8980

where e, N, Z and ¢, stand for the protonic charge, the
Avogadro number, the ionic charge, and the electric permit-
tivity of free space, respectively; o;* is the diameter of ion i
that is different from the ionic size parameter (o;) used in
the last two terms of Eq. 1. The Born term has been added to
correct the standard state of ions. It does not affect the cal-
culation of the osmotic/mean-activity coefficient in the sol-
vent medium and VLE, because it makes no contribution to
the solvent fugacity coefficients and ionic activity coefficients
at the reference state of the infinite dilution in the solvent
medium. However, the Born term is important for the com-
putation of salt solubility and LLE.

The fourth term on the righthand side of Eqg. 1 is the long-
range (LR) interaction contribution. The simplified mean
spherical approximation (MSA) model proposed by Ball et al.
(1985) is used
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The shielding parameter T is given by
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where D stands for the dielectric constant of the solution,
which is expressed as
_ é:”
(7
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The last term on the righthand side of Eq. 1 is the SR2
contribution, which takes into account interactions between a
molecule and an ion or between two ions:
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where at least one of species i and j is an ion; W;; denotes
the symmetrical binary interaction parameter between species
i and j; &5 is defined as
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in which the summation is over all the species. In Eq. 7, &} is
similar to &5, but the summation is only over ions. The size
parameter (a;) is related to the covolume (b;) by

oi=1 . (10)

Hence, the parameters related to ions are cationic (b,) and
anionic (b,) covolumes and symmetrical interaction parame-
ters (Wij). As was done by Zuo and Furst (1997, 1998), the
cationic (b,) and anionic (b,) covolumes are computed by the
correlations:

bo=A(0 %) + 1, and b= A(a) + A, (1D)
where ¢.5@% represents the cationic Stokes diameter in
aqueous solutions, and o, the anionic Pauling (crystalline)
diameter. Therefore, the ionic volumes are independent of
solvents.

The interaction parameters (W,, and W,,) between ions
with the same sign charges and those (W,,) between an anion
and a solvent are set to zero owing to the charge repulsive
effect and the lower solvation of anions, respectively. Follow-
ing Furst and Renon (1993) and Zuo and Furst (1997, 1998),
the symmetrical interaction parameters for cation—solvent
pairs (W,,) and for cation—anion pairs (W,,) are correlated to
the catlonlc Stokes diameter (o %) in a single solvent and the
anionic Pauling diameter (o ?):

Woo=A0°+ A, and  W,=As(0+0”) + A,
(12)

For aqueous electrolyte solutions, Flrst and Renon (1993)
determined coefficients A,— g by fitting the measured os-
motic coefficient data of the binary aqueous electrolyte sys-
tems. For nonaqueous electrolyte solutions, not only A5 and
Ag but also A; and A, have been determined by fitting the
experimental vapor pressure data of binary methanol + halide
electrolyte mixtures. The experimental data are taken from
the same source as in Zuo and Furst’s paper (1997). The val-
ues of A;— A4 and the cationic Stokes diameters in single sol-
vents are given in Tables 3 and 4, respectively.

When the extended AEEOS is applied to a ternary water
+organic solvent +salt system, the dielectric constant of the
mixed solvent is evaluated by a linear mixing rule over sol-
vent weight fractions. The interaction parameter of the
cation—water pair is estimated in terms of the cationic Stokes

Table 3. A;— A, of Halide Electrolyte Systems
A, X108
i Water Nonaqueous Solvent
1 0.10688 0.010688
2 6.5665 6.5665
3 35.090 82.398
4 6.0040 —422.45
5 —0.4304 —0.007162
6 —27.510 —402.90
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Table 4. Cationic Stokes and Anionic Pauling Diameters (A
in Single Solvents at 298.15 K

Solvent Na* K* Cl- Br-
Water 3.68 25 3.6 3.9
2-Methyl-1-propanol 9.5 6.5 3.6 39
1-Butanol 9.5 3.6 3.9
2-Butanol 9.5 3.6 3.9
1-Propanol 8.65 3.6 3.9
2-Propanol 8.65 3.6 3.9
2-Butanone 8.00 6.5 3.6 3.9

diameter in water and the corresponding A;—Ag. Similarly,
the interaction parameter of the cation—organic solvent pair
is estimated by means of the cationic Stokes diameter in the
organic solvent and the corresponding A;—Ag. The interac-
tion parameters for the cation—anion pair that are calculated
by Eq. 12 are different because the cationic Stokes diameters
and A;—Ag in both solvents are different. As a result, a mix-
ing rule is required for the interaction parameters of the
cation—anion pair (W,,) in the mixed solvent. A linear mixing
rule over the salt-free solvent mol fractions is utilized:

Wi = 20 WD, (13)

where W is the parameter W_, in single solvent i.

The partial derivatives of the dielectric constant of the
mixed solvent with respect to solvent mol numbers are not
necessary. This is because the mixed solvent in the MSA and
Born terms is not treated explicitly and is replaced by a di-
electric medium where the mixed solvent is considered to be
an effective pseudocomponent solvent.

lonic Standard and Reference States

The standard state is a state at unit concentration (unit
mol fraction is used in this work) with the physical properties
at the reference state. As we all know, there are two ap-
proaches in representing the nonideality of electrolyte mix-
tures: the excess Gibbs energy (GE) approach and the
Helmholtz energy (EOS) approach.

The excess Gibbs energy of an electrolyte solution usually
combines a DH term with a short-range interaction term. The
DH expression is calculated in the MM framework. The in-
dependent variables are temperature, volume, the mol num-
bers of the solute species, and the chemical potentials of the
solvents. The short-range term is derived within the LR
framework, where the independent variables are tempera-
ture, pressure, and the mol numbers of all species. To main-
tain consistency, the activity coefficients need to be con-
verted from the MM to the LR framework.

The DH (long-range) term, represented by Coulomb forces,
considers a mixed-solvent solution of a salt as an effective
pseudocomponent system where the mixed solvent appears
as a dielectric medium only. The ionic reference state is al-
ways the infinite dilution in the dielectric medium, which de-
pends on the composition of the solvent mixture. The DH
model is derived on the basis of the Poisson equation of elec-
trostatic theory with a statistical -mechanical distribution for-
mula. It is a theoretical expression without any adjustable pa-
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rameters (if the distance of the ionic closest approach is ap-
propriate). An infinite dilute electrolyte solution follows the
limiting law of Debye and Huckel.

On the other hand, the standard state of all components in
the short-range term such as the UNIQUAC and NRTL
models is the pure liquid at the system temperature and pres-
sure. To combine the short-range term with the DH term,
the short-range excess Gibbs energy must be normalized to
the standard state of unsymmetrical convention for all ions.
Actually, the reference state of ions in the short-range term
can be any state that we select because it is an empirical or
semiempirical term, which usually has two or three ad-
justable parameters for each binary system. Consequently,
these adjustable parameters can be used to compensate more
or less for the discrepancy of ionic reference states in the
long-range and short-range terms.

The infinite dilution in pure water or in the mixed solvent
at the system temperature and pressure is the commonly used
reference state of ions. For example, Zerres and Prausnitz
(1994) and Peng et al. (1994) chose the infinite dilution in
pure water as the ionic reference state in the short-range term
and assumed that the DH term has the same ionic reference
state. They ignored the conversion of the ionic reference state
in the long-range (DH) term. This can result in a serious
problem for the computation of LLE and salt solubility, which
will be discussed later.

In this work, an EOS (Helmholtz energy) approach is em-
ployed that is, to a certain extent, different from the GE ap-
proach. However, the same problem also occurs. As in the
DH model, the MSA (long-range) term treats the mixed sol-
vent as a dielectric medium. The ionic standard state is the
hypothetical ideal dilution in the solvent mixture at unit mol
fraction and the system temperature and pressure. On the
other hand, the standard state of all species (including ions)
in the RF, SR1, and SR2 terms of Eq. 1 (except for the MSA
and Born terms) is ideal gas at unit mol fraction, and the
system temperature and a fixed pressure (P, = 1 bar) because
ions are treated as discharged particle species in the SRK-type
EOS. This is apparently a discrepancy, which is related to the
standard molar Gibbs energy for transferring salts from one
solvent to another. The Born energy can be considered as the
energy contribution of electrostatic forces for transferring ions
from vacuum to the solvent medium. As we all know, any
system approaches ideal gas when pressure approaches zero.
Therefore, the Born term converts the ionic standard state of
the MSA term to the hypothetical ideal gas at unit mol frac-
tion and the system temperature, and a fixed pressure (1 bar)
that is like that in other terms of Eq. 1. Harvey and Prausnitz
(1989) used the Born term to convert the ionic standard state
to the hypothetical ideal-gas state.

Standard Gibbs Energy for Transferring Salts from
One Solvent to Another

According to the thermodynamic relations, for a solution
of an electrolyte E in a mixed solvent, the chemical potential
of electrolyte E can be expressed as

pe = mg™ + vRTIn(x, y ™) = pg"®

+vRT In(x,y¥Y), (14)
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where v =1y, + v, v, and v, are the stoichiometric coeffi-
cients of cation ¢ and anion a, respectively; ul(=y, ul+
v ), and y, (Iny, =y Iny + v,/viny,) are the chemi-
cal potential at the standard state and the mean activity coef-
ficient, respectively. The superscript (mix) denotes that the
ionic standard state is the hypothetical ideal dilution in the
solvent mixture at unit concentration and the system temper-
ature and pressure. Similarly, the superscript (wat) repre-
sents the hypothetical ideal dilution in pure water (or in a
pure organic solvent) at unit concentration and the system
temperature and pressure. The ionic mean activity coefficient
can be computed in terms of the mean ionic fugacity coeffi-
cient (¢, ):

¢, (T,P,x) (15)
Oj_r(mixorwat)(-l-‘ P, Xx) !

,Y(imixorwat)(-l-l P, X) — ¢

where ¢~ is the fugacity coefficient at the reference state of
the infinite dilute solution in the solvent mixture (mix) or in
pure water (wat).

Equation 14 can be rearranged as

#(’)E(mix) _ M(é(wat)
In ,y(_;vat) =1In ,y(;mx) + BT =|n ,y(;nx)

AGE , (wat — mix)
4 ,

, (16
vRT (16)
where AGZ, (wat — mix) (which equals u2™™ — u2"a0) js
the standard molar Gibbs energy for transferring electrolyte
E from water to the mixed solvent. Therefore, the mean ac-
tivity coefficient referred to water is given by

,y(lvat) — ,y(;nix) exp

AG2 ,(wat — mix)
vRT

=y My (wat - mix), (17)

which is the product of two factors: the so-called salt effect
vy and the medium effect or transfer coefficient y"(wat —
mix). Since the salt concentration is allowed to decrease and
™ tends to unity at the infinite dilution, y® will ap-
proach y{’(wat — mix), which is a characteristic of elec-
trolyte E and the two solvents (wat) and (mix). Equation 17
converts the mean activity coefficients from one standard state
to another through the standard Gibbs energy of transfer.
The conversion expressions of mean activity coefficients and
the standard Gibbs energy of transfer among different con-
centration scales are given in Appendix B.

As pointed out by Marcus (1985), several experimental
methods can be used to obtain the standard Gibbs energy of
transfer, such as the EMF measurement on suitable electro-
chemical cells, the measurement of the distribution of elec-
trolyte E between virtually immiscible solvents, and the mea-
surement of salt solubility.

In the next section we evaluate the effect of the ionic ref-
erence states on mean ionic activity coefficients and the stan-
dard Gibbs energy of transfer according to the measured data
in the open literature.
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Figure 1. Molar mean activity coefficients in the
methanol+water+KCI system at 298.15 K.

Evaluation of the Standard Gibbs Energy of
Transfer Based on the Data in the Literature

EMF measurement data of Malahias and Popovych for the
methanol + water + KCI system at 298.15 K

Malahias and Popovych (1982) measured the mean activity
coefficients and solubility data of KCI in the methanol +water
mixture using the EMF method. The standard Gibbs energy
for transferring KCI from water to the solvent mixture was
also reported. It is well known that the ionic reference state
in the EMF measurement is the infinite dilution in the sol-
vent mixture. Since the solubilities of KCI in methanol (100
wt. %) and in the methanol (90 wt. %)+ water (10 wt. %)
mixture are low (mol fractions are 0.0023 and 0.0034, respec-
tively), the DH model applied by Zerres and Prausnitz (1994)
is adequate. The short-range term can be neglected. Figure 1
compares the measured data of the molar mean activity coef-
ficients of KCI by Malahias and Popovych (open circles and
squares) with the predictions using the DH model (solid lines).
It can be seen that the predictions using the DH model are in
good agreement with the measured data.

On the other hand, these mean ionic activity coefficients
can be converted to those at the reference state of the infi-
nite dilution in pure water by Eq. 17 through the standard
Gibbs energy for transferring KCI from water to the mixed
solvent (or pure methanol). The converted molar mean activ-
ity coefficients of KCI are also depicted in Figure 1. The solid
squares and circles are the experimental mean activity coeffi-
cients converted through the experimental standard Gibbs
energy of transfer. The dashed curves stand for the mean
activity coefficients calculated by the DH model and con-
verted through the experimental standard Gibbs energy of
transfer. The converted values (referred to water) are much
higher than those referred to the mixed solvent, especially in
pure methanol.

Liu and Watanasiri (1996) used the Born term to convert
mean ionic activity coefficients from one reference state to
another. In that case, the Born term is written as

gF Ne? 1 1 X, Z?2
(—) - —— |z
RT Jgorn  47€oRT | D, D ~ o

mix wat i
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Figure 2. Standard molar Gibbs energy of transfer
(AGE /vRT) in methanol (1)+water (2)+KClI
(3) and DMF (1)+DMSO (2)+KCI (3) systems
at 298.15 K.

The molar mean activity coefficients of KCI (referred to
water) calculated by the DH model combined with the Born
term are also depicted in Figure 1 (dotted curves). The ionic
diameters (o;*) are adjusted to fit the activity coefficient data
in pure methanol, since the Born term is sensitive to the pa-
rameters. It can be seen that mean activity coefficients are
underpredicted by the DH model combined with the Born
term in 90.2 wt. % methanol.

The standard molar Gibbs energy for transferring KCI from
water to the solvent mixture is depicted in Figure 2 (open
circle-solid line). The experimental data are taken from
Malahias and Popovych (1982). According to Eq. 17, y{"(wat
— mix) or the difference of mean activity coefficients be-
tween both reference states increases with methanol concen-
trations.

LLE measurement data of De Santis et al. for the
1-butanol + water + NaCl system at 298.15 K

De Santis et al. (1976b) measured the LLE data of the
1-butanol +water + NaCl system at 298.15 K. In the aqueous
phase (') of this system, the mol fraction of 1-butanol is very
low (Xhyeanot = 0.002—0.02 on the salt-free basis). Therefore,
the mean ionic activity coefficients (y’, ) in the agueous phase
are similar to those in binary aqueous NaCl solutions. Since
experimental ionic mol fractions in both equilibrium liquid
phases are known and v, in the aqueous phase can be ob-
tained from the experimental data of binary aqueous NaCl
solutions or calculated by the extended AEEOS, y”, in the
organic phase (") can be obtained from the LLE criterion:
", = xPy 2@l/x &P Here, superscript exp denotes the exper-
imental value. As y', is based on the ionic reference state of
the infinite dilution in pure water, y”, must also be based on
the same reference state. Figure 3 shows molar mean ionic
activity coefficients at this reference state. The dot-dashed
curve is the mean ionic activity coefficient in the aqueous
phase (very close to the x-axis), and the open circles denote
those in the organic phase. The mean activity coefficients
(¥, ) in the aqueous phase are in between 0.0 and 1.4, while
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Figure 3. Molar mean activity coefficients and standard
molar Gibbs energy of transfer (AG2,/vRT)
in the water+ 1-butanol+NaCl system at
298.15 K.

those (") in the organic phase are in between 14 and 68,
which are much greater than the values estimated by the DH
model or the MSA term (in between 0 and 1).

In the organic phase of this system, the mol fraction of
NaCl is extremely low (X}.c = 0.0002-0.002, X}putanol =
0.5-0.8). Hence, the MSA term (or the DH model) is ade-
guate to describe mean activity coefficients and the contribu-
tion of the short-range term can be ignored. As we know, the
mean activity coefficients (y”,) estimated by the MSA term
(or the DH model) are usually between 0 and 1 (0 <v", <1)
and close to unity at such low NaCl concentrations. Accord-
ingly, (In ya —In ™) can be obtained, which is related
to the standard molar Gibbs energy of transfer from Eq. 16.
Figure 3 also shows the standard molar Gibbs energy of
transfer divided by vRT. The solid circles and open squares
are calculated from the experimental data of De Santis et al.
(1976b) and Li et al. (1994b), respectively. Hence, if the ref-
erence state of ions in the long-range (MSA or DH) term is
not converted, it can lead to a serious problem in the compu-
tation of LLE.

Salt solubility measurement data of Labban and Marcus
for the DFM + DMSO + KCI system at 298.15 K

Labban and Marcus (1991) measured KCI solubility in
N, N-dimethylformamide (DFM) + dimethylsulfoxide
(DMSO) mixtures at 298.15 K. As pointed out by Labban and
Marcus (1997), the DH (or MSA) model is adequate for cal-
culating the mean activity coefficients of this system. The cal-
culated molar mean activity coefficients are shown in Figure
4. The open diamond dot-dashed curve is calculated only us-
ing the DH model that is based on the reference state of the
infinite dilution in the solvent mixture. The values are around
0.7-1 because the difference of dielectric constants between
DMSO and DFM is not significant (46.68 and 36.71). The
open square-dashed curve is calculated using the DH model
and the Born term at the reference state of the infinite dilu-
tion in pure DMSO. Here, ionic diameters in the Born term
are adjusted to fit the measured solubility data in both binary
DMSO + KCI and DMF + KCI systems. The mean activity co-
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Figure 4. Molar mean activity coefficients in the DMF
(1)+DMSO (2)+KClI (3) system at 298.15 K.

efficients are greater than those estimated by the DH model
only. The difference becomes larger when the solvent ap-
proaches to pure DMF. The open triangle-solid curve is cal-
culated using the DH model and the Born term at the refer-
ence state of the infinite dilution in pure DMF. The values
remarkably decrease as DMF concentrations decrease.

The solubility data are shown in Figure 5. The solid curve
is calculated using the DH model and the Born term at the
reference state of the infinite dilution in pure DMSO or
DMF. The calculated results are in good agreement with the
measured data (open circles). The dashed curve is calculated
using the DH model with the solubility product at the refer-
ence state of the infinite dilution in pure DMSO. The solubil-
ity is significantly overpredicted. Similarly, the dotted curve is
calculated using the DH model with the solubility product at
the reference state of the infinite dilution in pure DMF. The
solubility is significantly underpredicted. The standard molar
Gibbs energy for transferring KCI from DMSO to DMF is
also shown in Figure 2 (square-solid curve). Therefore, if the
ionic reference state in the DH or MSA term is not con-
verted, it results in a serous problem in the calculation of salt
solubility in the mixed solvent.
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Figure 5. KCI solubility in the DMF (1)+DMSO (2)+KClI
(3) system at 298.15 K.
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As shown in Figures 2 and 3, the standard molar Gibbs
energy for transferring a salt from a pure solvent 1 to solvent
mixtures has similar trends. They more or less deviate from
the linear line of the mol fraction of a solvent 2 multiplied by
the standard molar Gibbs energy for transferring the salt from
the pure solvent 1 to the pure solvent 2.

From the numerical point of view, the short-range term
may compensate for the just-mentioned discrepancy regard-
ing the ionic reference state. However, more parameters are
required to fit the experimental LLE and salt solubility data
and the same sets of parameters may not be suitable for the
computation of VLE, LLE, mean ionic activity coefficient,
and salt solubility simultaneously. For instance, Zerres and
Prausnitz (1994) added a very important three-body interac-
tion parameter (b) to obtain a reasonable representation of
mean activity coefficients in the organic phase where the salt
concentrations are extremely low and the DH model is ade-
quate (dominant). Without this parameter, the model might
have given a poor representation of LLE, although the model
parameters for binary salt—organic solvent pairs were ad-
justed by fitting the experimental ternary LLE data.

As a result, it seems there are two ways of solving the prob-
lem mentioned earlier. One way is to apply the Born term to
convert the ionic reference state in the long-range (MSA or
DH) term. The other is to use the infinite dilution in the
mixed solvent as the ionic reference state in the short-range
and long-range terms. The mean activity coefficients at this
reference state are then converted to those at the reference
state of the infinite dilution in pure water through the ionic
standard molar Gibbs energy of transfer. These two methods
have been applied in this work to calculate LLE for mixed-
solvent electrolyte systems.

Liquid-Liquid Equilibria in Mixed-Solvent
Electrolyte Systems

Representation of LLE directly using the extended AEEOS

In the EOS approach, the liquid-liquid equilibrium crite-
rion for all the species at a given temperature and pressure is
given by

X=X/, (19)
where ' (prime) and ” (double prime) denote both liquid
phases; and ¢ and x are the fugacity coefficient and the mol
fraction, respectively. For ions, the mean fugacity coefficient
(¢, ) and the mean mol fraction (x . ) must be used in Eq.
19. The validity of Eq. 19 requires that each species must
have the same standard (or reference) state in both liquid
phases. This method is referred to as Method 1.

As pointed out by Rashin and Honing (1985), it is appro-
priate to use the diameter of the cavity that an ion forms in
the solvent in Born’s equation. That means the ionic diame-
ters are solvent dependent. Harvey and Prausnitz (1989)
modified the Born term slightly in their aqueous electrolyte
EOS. They applied different cationic diameters in the Born
and other terms of the EOS. Therefore, for simplicity, ionic
diameters used in the Born term are assumed to be propor-
tional to the ionic size parameters calculated by Eq. (10):

oi* = fay, (20)
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Table 5. Deviations of the Predicted LLE Using Method |

System T,K Max. wt. % Salt Az, % Source of Data
Water + 1-butanol + NaCl 298.15 26 0.38 De Santis et al. (1976a)
Water + 2-butanol + NaCl 298.15 26 0.30 De Santis et al. (1976a)
Water +2-propanol + NaCl 298.15 26 1.93 De Santis et al. (1976a)
Water + 1-propanol + NaCl 298.15 26 1.39 De Santis et al. (1976a)
Water + 2-butanone + KBr 298.15 37 0.49 Li et al. (1994)
Water + 2-butanone + NaCl 298.15 25 0.79 Li et al. (1994)
Water + 2-butanone + KCI 298.15 24 0.83 Li et al. (1994)
Water + 1-butanol + KBr 298.15 40 1.20 Al-Sahhaf and Kapetanovic (1997)
Water + 1-butanol + KCI 293.15-313.15 28 0.68 Li et al. (1994b)
Water + 1-butanol + KBr 298.15 39 0.96 Li et al. (1994b)
Water + 1-butanol + NaCl 298.15 26 0.38 Li et al. (1994b)
Water + 1-butanol + NaCl 293.15-313.15 26 0.63 De Santis et al. (1976b)
Water + 2-butanol + NaCl 298.15 26 0.68 De Santis et al. (1976a)

where the coefficient f is solvent dependent and determined
by fitting the experimental solubility data of binary non-
aqueous electrolyte systems (Seidell and Linke, 1958, 1965;
De Santis et al., 1976a). The obtained coefficients (f) are
1.32 and 1.4 for binary propanol + salt systems and for binary
butanol /butanone + salt systems, respectively. For binary wa-
ter +salt systems it is assumed that f is equal to unity. For a
ternary system, the arithmetical mean of the coefficient f is
used. Therefore, f=1.16 for water + propanol +salt systems
and f =1.23 for water + butanol /butanone +salt systems.

The LLE for 10 ternary water +organic solvent+salt sys-
tems have been predicted using the extended AEEOS. The
predicted results are given in Table 5. The accuracy of the
calculated results is represented by the average deviation, Az,
as defined by Sgrensen and Arlt (1980):

Y
Yy [( 2/ — Zifial))z‘l' ( 266 — Zi'fﬁa'))z]
I r

2IM

Az , (21)

where J and M are the number of experimental data and the
number of components in the system, respectively, and z is
the apparent mol fraction.

A comparison of the extended AEEOS with the model of
Zerres and Prausnitz (1994) and the electrolyte NRTL model
used by Liu and Watanasiri (1996) for four ternary systems is
given in Table 6. The extended AEEOS is comparable with
the Zerres and Prausnitz model. For systems containing
propanol, the extended AEEQOS gives larger deviations than
the model of Zerras and Prausnitz (1994) and the electrolyte
NRTL model. This is because the extended AEEOS gives
vapor-density roots (instead of liquid-density roots) in the or-
ganic phase at lower NaCl concentrations. Considering that

Table 6. Extended AEEOS vs. Zerres and Prausnitz Model
and Electrolyte NRTL Model Used by Liu and Watanasiri

Az, %
System ZP Model NRTL Extended AEEOS
Water + 1-butanol + NaCl 0.7 0.5 0.38
Water + 2-butanol + NaCl 13 0.4 0.30
Water + 2-propanol + NaCl 1.7 0.5 1.93
Water + 1-propanol + NaCl 1.0 0.6 1.39
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the extended AEEOS, the model of Zerres and Prausnitz,
and the electrolyte NRTL model have none, two and five pa-
rameters, which are adjusted by fitting the experimental
ternary LLE data, respectively, the results predicted by the
AEEOS are satisfactory.

Figure 6 shows the predicted LLE results of the water + 1-
butanol + NaCl system at 298.15 K. The solid and open cir-
cles are experimental weight fractions of water and of 1-
butanol in the aqueous phase (AP) and the organic phase
(OP) measured by De Santis et al. (1976a,b). The solid and
open squares are experimental weight fractions of water and
of 1-butanol in the aqueous phase and the organic phase
measured by Li et al. (1994b). The predictions (the solid and
dashed curves) using Method I are in good agreement with
experimental data.

Representation of LLE using ionic standard Gibbs energy
of transfer

As mentioned previously, ionic activity coefficients can be
calculated using the extended AEEOS at the reference state
of the infinite dilution in the mixed solvent at the system
temperature and pressure. Therefore, the ionic activity coef-
ficients can be converted to those at the reference state of
the infinite dilution in pure water through the standard mo-
lar Gibbs energy for transferring salts from water to the mixed
solvent. The standard molar Gibbs energy of transfer can be

1.0 1.0
o—-mO- O
_ Py —o-mm- - -0 —>Oi-n-(6P s
£ 08§ SeNAP F08 &
=
% e Exp.(De Santis et al., 1976) o
e 0.6 1 o Exp. (Lietal., 1994) - 06 8
2 — Calculated 5
8 o Exp.(De Santis et al., 1976) 2
L 0.4 - = Exp. (Lietal., 1994) 0.4 =
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Figure 6. Composition of LLE of the water+1-butanol+
NaCl system at 298.15 K.
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estimated using the model proposed by Kolker and de Pablo
(1996). This method is referred to as Method I1. In this case,
the Born term vanishes.

At a given temperature and pressure, the LLE criterion for
ionic species is written as

X/i ,y,J(_rwat) — X”+ ,yuiwat)i (22)

where mean ionic activity coefficients are converted using Eqg.
17. For molecular components, Eq. 19 is still applicable.

Since there are a few data of the standard molar Gibbs
energy for transferring electrolyte E in the literature, a
method is required to estimate such data. Kolker and de Pablo
(1996) made some assumptions and proposed a method to
estimate the chemical potential of electrolyte E at the stan-
dard state that is the ideal dilute solution in the mixed sol-
vent at unit concentration (mol fraction):

o(mix 0 O(wat 0 0(or -® —x

pE™ X gl + g pgs® v o VE2
= + X~ Ina; + x;—5 Ina,,

vRT vRT 12 12

(23)

where 1 and 2 represent water and an organic solvent, re-
spectively; a; is the activity of solvent i in the salt-free sol-
vent mixture, which is calculated by the extended AEEOS;
w2, denotes the chemical potential of electrolyte E at the
standard state of the ideal dilution in pure single solvent i at
unit concentration; x? is the salt-free mol fraction of solvent
i; 7g; and v? are the partial molar volume of electrolyte E at
infinite dilution in pure single solvent i and the molar vol-
ume of pure solvent i, respectively, which have been related
to the molecular weight (M) and density ( p) by Kolker and
de Pablo (1996):

e _1(om| o0
o My p? | axe XE=0’

where Mg, M;, p? are the molecular weights of electrolyte E
and solvent i and the density of solvent i, respectively.

Hence, the standard molar Gibbs energy for transferring
electrolyte E from water to the mixed solvent is estimated
by:

AG‘Ig,tr(Wat — mix) B xg( p2Qre “(I)E(Xvat))
vRT RT

T}IOECI TJOEQZ

0 0

+xi—5 Ina,+ x3— Ina,, (25)
1 V2

where AGZ (wat — org) = ul, — pu,, that is, the standard
molar Gibbs energy for transferring electrolyte E from water
to a pure organic solvent. The first term of Eq. 25 is a linear
contribution of the solvent mol fraction multiplied by the
standard molar Gibbs energy for transferring electrolyte E
from water to the pure organic solvent, and the last two terms
can be considered to be a corrective contribution.
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AGE (wat — org) can be estimated by fitting the experi-
mental salt solubility data in binary nonaqueous electrolyte
solutions, as pointed out by Labban and Marcus (1991, 1997).
According to the solid-liquid equilibrium criterion, the stan-
dard molar Gibbs energy of a binary solvent+electrolyte E
solution at saturation is expressed as

A(-:"Ig,sat(smUtion) =" Mg + v l‘*g - :Uv?z (SOIid)

=—vRTIn XisatY +5at = — RT InKsp, (26)

where Kgp is the solubility product.

The standard molar Gibbs energy for transferring elec-
trolyte E from water to a pure organic solvent, AGZ , (wat —
org), is then expressed as

AGE i (wat — org) = AGX%¥(solution) — AG2%a"(solution),

@7

where AG2¥2%(solution) in aqueous solutions can be ob-
tained from handbooks of physical chemistry (Lide, 1996;
Weast, 1971), while AGXP(solution) in organic solutions can
be estimated from binary salt solubility data (Seidell and
Linke, 1958, 1965; De Santis et al., 1976a) and mean activity
coefficients at saturation using Eqg. 26. In this work, since salt
solubility in single organic solvents is very low, the mean ac-
tivity coefficients are predicted using the extended AEEOS.
Because the salt concentration is very low, the long-range
(MSA) term is dominant and adequate for estimating mean
activity coefficients. The values of AGZ  (wat — org)/»RT on
the mol fraction scale are listed in Table 7 (column 4). The
ionic standard chemical potential given in handbooks of phys-
ical chemistry is usually based on the molality scale. The con-
version among different concentration scales is given in Ap-
pendix B.

The ratio of ¥g,/7Y for binary aqueous electrolyte solu-
tions is estimated by Eq. 24. Density data in aqueous elec-
trolyte solutions are obtained from Novotny and Sohnel
(1988). Those values are listed in Table 7 (column 3). The
ratio of 72,/ 79 for binary nonaqueous electrolyte solutions
is empirically set to 0.5, which is obtained by numerical esti-
mation of the ratios for some systems using the extended
AEEOS. This makes the model predictive because no ternary
data are required to determine model parameters.

The liquid-liquid equilibria for the same 10 ternary water
+organic solvent + salt systems as given in Table 5 have been
predicted using this method. The predicted results are given
in Table 7. The predictions using Method Il are comparable
to those using Method 1.

Figure 7 compares the experimental and predicted NaCl
concentrations in both liquid phases. The solid and dashed
curves are predicted by Methods | and Il, respectively. The
concentration of NacCl in the organic phase is very low and
sensitive to any small calculation errors in water and 1-butanol
concentrations. Since the difference between the experimen-
tal data measured by De Santis et al. (1976b) and by Li et al.
(1994b) is appreciable, the predicted concentration of NaCl
in the organic phase is acceptable.

The dotted curve is calculated by Method Il but two pa-
rameters (AGE (wat — org)/#RT = 7.6 and 7g,/v3 = 5.4)
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Table 7. Deviations of the Predicted LLE Using Method 11

System T,K Dg, /v AG (wat — org) ¥ RT Az, %
Water + 2-butanol + NaCl 298.15 0.8675 6.7 0.38
Water + 2-butanol + NacCl 298.15 0.8675 6.5 0.29
Water + 2-propanol + NaCl 298.15 0.8675 6.6 1.74
Water + 1-propanol + NaCl 298.15 0.8675 6.6 1.38
Water + 2-butanone + KBr 298.15 1.7910 6.6 0.49
Water + 2-butanone + NacCl 298.15 0.8675 6.8 0.82
Water + 2-butanone + KClI 298.15 1.4570 6.8 0.83
Water + 1-butanol + KBr 298.15 1.7910 5.6 0.96
Water + 1-butanol + KCI 293.15-313.15 1.4570 6.0 0.64
Water + 1-butanol + KBr 298.15 1.7910 5.6 0.69
Water + 1-butanol + NaCl 298.15 0.8675 6.7 0.38
Water + 1-butanol + NaCl 293.15-313.15 0.8675 6.7 0.68
Water + 2-butanol + NaCl 298.15 0.8675 7.0 0.66

have been determined by fitting the ternary LLE data of De
Santis et al. (1976a). The calculated results are in good agree-
ment with the experimental data. That is, the terms of
AGE (wat — org)/vRT and og,/vj can be treated as ad-
justable parameters in order to obtain a good representation
of LLE.

For comparison, the standard molar Gibbs energy for
transferring NaCl from water to the mixed solvent is calcu-
lated by the Born term (Method I, solid curve) and the method
of Kolker and de Pablo (Method II) without tuning (dotted
curve) and with tuning (dashed curve). The results are shown
in Figure 3. If the terms of AGZ  (wat— org)/#RT and
Dg,/vd are not adjusted, the results do not match well with
the experimental data of De Santis et al. (1976a,b). If the
terms of AG2 (wat — org)/»RT and og,/vJ are adjusted to
match the LLE data of De Santis et al. (1976a,b), very good
agreement is reached between the calculated and experimen-
tal standard molar Gibbs energy of transfer, which is calcu-
lated from the LLE data of De Santis et al. (1976a,b).

The standard molar Gibbs energy of transfer from water to
the mixed solvent can also estimated in terms of the quasi-
lattice, quasi-chemical theory proposed by Marcus (1985). The
method needs the following data: (1) the standard molar
Gibbs energy for transferring electrolyte E from water to a
pure organic solvent; (2) the Gibbs energy of mixing of the

0.0025
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Figure 7. Concentrations of NaCl in two liquid phases
of LLE of the water+1-butanol+NaCl system
at 298.15 K.
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solvents for the equimolar mixture; and (3) a lattice ad-
justable parameter. Due to lack of data, that method is not
tested in this work.

Up to now, experimental data of the standard molar Gibbs
energy for transferring electrolytes from water (or noageuous
solvents) to the mixed solvent are scarce in the open litera-
ture. Such experimental data are required in order to have a
better understanding of ionic preferential solvation and to
derive a more precise electrolyte model.

Conclusion

The electrolyte EOS of Furst and Renon (1993) has been
extended to represent LLE in mixed-solvent electrolyte sys-
tems. Two methods have been tested. The predicted results
using the two methods are in good agreement with experi-
mental data without any parameters adjusted from ternary
data.

The thermodynamic framework proposed in this work pro-
vides a useful tool for the calculations of LLE in mixed-solvent
electrolyte systems.

Notation

a=molar Helmholtz free energy
a; =activity of solvent i
SR = energy parameter of molecular components
b =covolume
¢ =volume translation parameter
D =dielectric constant of a solution
D, =dielectric constant of a solvent mixture
e = protonic charge
N = Avogadro number
P =pressure
R =gas constant
T =temperature
v =molar volume
W =interaction parameter
x =mol fraction
Z =ionic charge
v, =mean ionic activity coefficient
€, =electric permittivity of free space
A =correlation coefficient of interaction parameter
n =chemical potential
v =stoichiometric coefficient
p =density
o =diameter or size parameter
7 =binary interaction parameter
¢ = fugacity coefficient
w =acentric factor

a
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Superscripts and subscripts

cal =calculated
exp =experimental
mix = infinite dilute solution in the mixed solvent
P =Pauling diameter
S = Stokes diameter
wat = infinite dilute solution in pure water
0 =standard state or property in salt-free solvents
1 =water
2 =alcohol
o= property at infinite dilution
a=anionic properties
BORN =Born’s term
¢ =cationic properties
E =electrolyte or salt
i,j=species i or j
LR =long-range term
RF =replusive forces
s =solvent properties
sat = saturated properties
SR1=nonelectrolyte short-range term
SR2 =ionic short-range term
+ =mean ionic properties
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Appendix A: Evaluation of the EOS Parameters of
Molecular Components

The energy parameter and the covolume of a pure molecu-
lar component (i) are calculated by

2
on_ L (RTY)
" TR P,

[1+ mi(w)(1-/Ty)

2
- pl(l_Tri)(1+ P2Tri + pSTr% ] (Al)

m;(w;) =0.48508 + 1.55171w; —0.15613w?  (A2)
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(A3)

where p,, p,, and p; are three polar parameters; o, T, T,
and P, are the acentric factor, the critical temperature, the
reduced temperature and the critical pressure, respectively.

In order to apply the Wong-Sandler mixing rule in the
AEEQOS, the contributions of molecular and ionic species are
treated separately. The following mixing rules are derived for
estimating parameters aSR and b of mixtures:

aSR QmDm
RT 1-D

= Dn(bpn +¢m) (A4)

m

b="b,+ b, (A5)
where subscripts m and ion stand for the molecular and ionic
contributions, respectively. The covolumes and volume trans-
lation parameters are expressed as

Qm ion
bm = m —Cnh and lon Z X; b (A6)
m
Cm= 2 XiCi (A7)

Parameters (Q,,) and (D,,) are given by

m m b, +¢;+b +c \/aiSRa?R
Qm=2 XXX — - (1- ki)
-5 2 RT J
(A8)
aSR gE
Z Xi : (A9)

T RT(b +c) RT In2’
The modified UNIQUAC model is used to estimate gE. In
order to reduce the model to the expression of Furst and
Renon (1993) for aqueous electrolyte solutions, the UNI-
QUAC model needs to be modified slightly. In the case of
aqueous (single-solvent) electrolyte solution, g&=0. Since
only the contribution of molecular species is taken into ac-
count in the g& model, the summation runs over molecular
species in the following expressions.
The combinatorial term is given by

P z m ;
R len( (0)) Einiqiln(%), (A10)

i=1 =1

where x{® is the salt-free mol fraction of solvent i rather
than the mol fraction (x;) in the original UNIQUAC model.

The molar excess Gibbs energy of the residual term is given
by

(A11)

E:_qulln(i i ],),

i=1

where Aj; is treated as a function of compositions:

Ni=exp| = (77 + 6670) | (A12)

In this equation 7 and 7§ are unsymmetrical and symmet-
rical parameters, respectively. For a binary system, there are
three adjustable parameters: 79, 759, and 7} = 7). Param-
eters (ky, = k,;) are set to zero.

Appendix B: Conversion of lonic Properties among
Concentration Scales

The mean ionic activity coefficients among different con-
centration scales are converted by

yr]_:ol fraction _ erT_:olality(l + 0.001va50,V) (Bl)
molality _ ,, molarity _ ,ymolarity( Psoln _O'OOlCME )
* * M Pgory * Psolv
(B2)

where m, ¢, My,,, Mg, pyo, @and py,, are the molality, the
molarity, the molecular weights (g/mol) of the solvent and
electrolyte E, and the densities (g/cm®) of the solvent and
the solution, respectively.

The standard Gibbs energy of transfer among different
concentration scales is converted by

Athr(Wat N mix)mol fraction _ AGE tr(wat R miX)molality
(V\iat)
solv
+vRTIn A0 (B3)
solv

AGY ,, (wat — mix)™" = AG2  (wat — mix)™*V

The conversion of the standard Gibbs energy of the solu-
tion at solid-liquid equilibria on different concentration
scales are given by

mol fraction molality

1,000 ) (B5)
I\/Isolv

molarity

AG ., (solution) = AG . (solution)

+ vRT In(

molality

AG .(solution) = AGg ., (solution)

—vRT In(psolv)' (BG)
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