THEMODYNAMICS

AIChE

Generalized LIQUAC Model for the Single- and
Mixed-Solvent Strong Electrolyte Systems

Mi-Yi Li, Li-Sheng Wang, and Bo Jiang
Dept. of Chemical Engineering, School of Chemical Engineering and the Environment, Beijing Institute of
Technology, 100081 Beijing, China

Jiirgen Gmehling
Dept. of Industrial Chemistry, Institute for Pure and Applied Chemistry, Carl von Ossietzky University Oldenburg,
D-26111 Oldenburg, Germany

DOI 10.1002/aic.12445
Published online November 8, 2010 in Wiley Online Library (wileyonlinelibrary.com).

A generalized strong electrolyte LIQUAC model is presented to describe the vapor—lig-
uid equilibria, osmotic coefficients, mean ion activity coefficients, and solid-liquid equili-
bria for the single- and mixed-solvent electrolyte systems over the entire concentration
range from infinite dilution to saturated solutions. An appropriate reference state for the
ions was first applied to test the capability of the model in simultaneously describing the
mean ion activity coefficients and the solubility of a salt in a binary solvent mixture. The
influence of salt on the vapor-liquid equilibrium behavior is predicted with the new corre-
lated parameters. The generalized activity coefficient formulations are presented through
the investigation of thermodynamic properties and phase phenomena in the single- and
mixed-solvent electrolyte systems. This work is a continuous study for the LIQUAC activity
coefficient model. A reliable representation of the single- and mixed-solvent salt solutions
is obtained. © 2010 American Institute of Chemical Engineers AIChE J, 57: 2535-2546, 2011
Keywords: electrolyte system, phase equilibrium, activity coefficient, mixed solvent

Introduction

This work was performed following a major project deal-
ing with experimental and theoretical investigations on the
salt solubilities in single and mixed solvents. The main goal
of that project was to predict salt solubilities using the
LIQUAC model,' which is semiempirical, reliable, predic-
tive, comprehensive, and engineering oriented. It is able to
thermodynamically represent vapor—liquid equilibria (VLE),
liquid-liquid equilibria (LLE), solid-liquid equilibria (SLE),
gas—liquid equilibria (GLE), mean ion activity coefficient
(y+), osmotic coefficients (¢), etc., and is suitable for chemi-
cal process simulation in industrial practice. A large number
of experimental data for electrolyte systems obtained from
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published literatures were compiled and critically evaluated
in the Dortmund Data Bank (DDB).? They were computed
with the model to predict the equilibrium phase behavior of
electrolyte systems, and they also provide a supporting for
the further modeling.

In the last few decades, several semiempirical electrolyte
models are presented. Pitzer’ developed a series of semiempiri-
cal equations from the view of statistical thermodynamics to
calculate the experimental results of aqueous electrolyte sys-
tems up to a high ionic strength. Chen et al.* combined the
electrostatic function of the Pitzer model with an extension of
the NRTL equation, which was called eNRTL. Sander et al>”’
introduced an extended UNIQUAC term of concentration-de-
pendent parameters and a simplified Debye—Hiickel8 (DH)
term to calculate the VLE, LLE, and SLE for the mixed-sol-
vent electrolyte systems. Kikic et al.” substituted the UNI-
QUAC term with the UNIFAC group contribution model to
describe the behavior of electrolyte systems. Polka et al.'” and
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Table 1. The Reference State of Activity Coefficient Models
for the Electrolyte Systems

References Reference State Equilibria

: : 15
Pitzer and Simonson

s — lLasxg — 1 SLE
y; — lasxg— 1or
y— lasxg— 0
(aqueous)
s — lLasxg — 1 VLE, LLE,
yy— lasyx;—0 SLE
(single or mixed solvent)
s — lLasxg — 1
y;— lasx; — 0
and Xwater — 1
(single or mixed solvent)
s — lLasxg — 1
yi— lasxg — 1
(single or mixed solvent)
Chen and Song'® s — lasxg — 1 Y+
Vj — 1 as Xwater — 1
(aqueous)
> Las Y, — 1
(mixed solvent)
s — lLasxg — 1
yi— lasxg — 1
(single or mixed solvent)
Kiepe et al."? s — lasxg — 1 VLE,
P — 1 as Xpaer — 1 LLE, ¢
(single or mixed solvent)

Sander et al.>”

Zerres and Prausnitz'® VLE, LLE

Papaiconomou et al."”

b, v+

Kamps'® SLE, GLE

Yan et al.'"' used the LIQUAC model to calculate the phase
equilibrium behavior of single- and mixed-solvent electrolyte
systems. The model was also used to predict the salt solubil-
ities consisting of various cations (Na*, K*, and NH}) and
anions (F, ClI-, Br, I", and SOi_) and their mixtures in
aqueous solutions by Li et al.'* The predicted average relative
deviations for single salts are less than 4%, and those for
mixed-salt solutions are less than 10%. Modified LIQUAC
model was further developed for the reliable VLE and LLE by
Kiepe et al."® in 2006. Huang et al.'* deduced a series of theo-
retical formulas to calculate the salt solubilities not only in
water but also in organic or mixed-solvent electrolyte systems.
The results were in good agreement with measurements in the
water—methanol electrolyte systems.

Furthermore, the LIQUAC model has often been applied for
the calculation of salt solubilities, VLE behavior in the single or
mixed solvents containing water. However, general equations
for calculating the mean ion activity coefficients in the mixed
solvents or organic solvents have not been presented simultane-
ously with salt solubilities yet. Thus, the model was summarized
in this work to describe the mean ion activity coefficients, salt
solubilities, as well as the influence of that salt on the VLE of
the mixed-solvent electrolyte systems. Four salts (NaCl, KCI,
NaBr, and KBr) and three solvents (water, methanol, and etha-
nol) were selected to check the capability of the newly derived
equations and the new reference state for ions. The salt solubil-
ities and mean ion activity coefficients were investigated over
the whole range of concentration and solvent composition, i.e.,
from pure water to pure methanol or ethanol.

General Thermodynamic Relations
The prediction of phase equilibrium behavior in mixtures
with strong electrolytes is of great industrial interest. The ba-
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sic assumption for facilitating the calculations assumes that
all electrolytes are completely dissociated in the solutions.
Thus, the mole fraction of any species k is related to the
mole numbers 7 by:

= (1)

> i

where x; is the true mole fraction of species k, and n; is the
amount of compound 7 in the solution (including solvent and
solute species). The solute-free mole fraction of solvent is
defined as follows:

Xk

r_ s
) ans’

where 7, is the mole number of the solvent s, and £ means the
summation over all solvents. The Gibbs energy of an
electrolyte solution containing neutral solvents and ionic
solutes can be normalized as two contributions:

X

(@)

G =G+ GE. 3)

The superscript “id” indicates the ideal solution contribu-
tion and “E” is the excess contribution at the same condi-
tions of temperature, pressure, and composition. The mole
fraction scale was chosen here. For simplifying the following
derivations, only single and binary solvent mixtures were
considered, but all the expressions can be straightly extended
to the multicomponent solvent mixture.

Ideal solution

For the solvent components s (water or organic), the chemical
potential is normalized according to the Raoult’s law. The refer-
ence state for the chemical potential of a solvent component s is
the pure liquid state at equilibrium temperature and system pres-
sure, which is designated as symmetrical convention. The chem-
ical potential of the solute species is normalized according to
Henry’s law, which is designated as unsymmetrical convention.
Thus, the reference state for the chemical potential of solute is
the pure solute infinitely diluted in the solvent. The solvent can
be a single solvent (pure water or organic) or binary mixture
(water—organic). The discussion on the reference state for ions
was performed in many articles as shown in Table 1. From the
theoretical and practical view of electrolyte systems, the pure
liquid as the reference state for the solvent is achieved in agree-
ment in single- or mixed-solvent systems. The infinite dilution in
a single or mixed solvent as the reference state for ionic species
for the calculations of SLE and 7, is emphasized by Chen and
Song,18 Sander et al.,’ and Kamps.19 Based on this reference
state for all the species in the solution, the Gibbs energy of the
ideal solution is obtained:

G = nagtly (T, P) + norgty (T,P) + > mty (T, P, )
Jj#aq,org

+RT | nagInXaq + Horg InXorg + >~ njlnx; |, (4)
J#aq,org

where ,ugq(T,P) and ,ugrg(T,P) are the standard chemical
potential of solvent components and ujV(T,P,xS’ ) is the standard
chemical potential of ions in the solution based on the mole
scale. Superscript 0 indicates the pure liquid state as the
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reference state, and superscript \/ represents the infinite
dilution of the solute species j in the solution as the reference
state. It was also suggested by Sander et al.® and Kamps19 that
the standard Gibbs energy function of the ions as a function of
salt-free solvent composition should be adjusted for the SLE,
LLE, and 7y, calculations in the mixed-solvent electrolyte
systems. By combining Eq. 3 with Eq. 4, the chemical
potential of all the species in the system is defined:

s = (T, P) + RT In(xsy,) )
@ = (T,P,x,) + RT In(x;7} ), (6)

where s represents the solvent component (aqueous or organic,
respectively), and the reference states for the solvents are
normalized at ) — 1 as x; — 1 and for the solutes at ij — 1
as x; — 0, respectively. Moreover, the usual concentration
scale of the electrolyte solution is the molality scale m® =1
mol kg™ !), and the molality of ion j is given by:
nj
M mix Zs UN

Muix = > XM, ®)

@)

m;

where M, is the molar mass of the solvent mixture in kg
mol ', and M, is the molar mass of the each solvent. The
chemical potential for the ion j must be the same for a given
composition on either mole or molality basis. The following
equation gives the conversion from the mole fraction basis to
the molality scale retaining the infinitely dilute reference state:

= (T, P,x;) + RTIn(x;7)) = i (T, P,x,) + RT In(m;;)
C))

1 (T, P,x,) — i (T, P, x,) = RT In(Mpy,) (10

=7 <1 +Mmix2m,»>. (an
J

The superscript * indicates the molality scale and infinite
diluted reference state. By holding those conversions, the
standard state for ions is normalized as the concentration of
solute with unity molality at system temperature and pres-
sure, where y; — 1. In the ideal solution, for all the species,
where 7 — 1. Nevertheless, in the real solution, y; — 1 as x;
— land y* — 1 as m; — 0.

GE model

In this work, the LIQUAC activity coefficient model was
used to present the phase equilibrium behavior for the single-
or mixed-solvent electrolyte systems. The activity coefficient
of the component is defined as the sum of three contributions:

Iny =Iny g +Inyyg + Inyge. (12)

The first term on the right side of the equation represents
the long-range interaction contribution caused by the Coulomb
electrostatic forces. The second term represents the dipole—
dipole, dipole—induced dipoles, and dispersion interactions,
which is named middle-range (MR) and originally proposed
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by Li et al.' The third term represents the short-range (SR)
interactions. It can be calculated by using the UNIQUAC
model. The specific formulas are given in Appendix B.

Vapor-liquid equilibrium
By assuming an ideal vapor-phase behavior and neglecting
the Poynting correction, VLE can be calculated using the
simplified equation:
Xs’/spzal = ySPa (13)
where P**" and P are the vapor pressure of the pure solvent s

and the system pressure in kPa at system temperature. y; is the
vapor-phase mole fraction of solvent s.

Molal osmotic coefficients

In the single-solvent electrolyte system, the molal osmotic
coefficient for the solvent s at system temperature and pres-
sure is calculated from:

In(xy7,)
MS Zj mj ’

where M is the molar mass of the solvent s (kg mol ™).
Subscript j indicates all the ions in the solution.

o= (14)

Mean ion activity coefficient

The mean ion activity coefficient (y.) is related to indi-
vidual ion activity coefficients. A simple and illustrative
example considering the completely dissociated salt of
M, ., X, _ into cation M and anion X:

M, X, — v M+v_ X, (15)

where v, and v_ are the stoichiometric coefficients. The single
ion activity coefficient is obtained by using Eq. 11. Then, the
rational mean ion activity coefficient is defined as follows:

w vtk v—11/v
e = Dt (16)
vV=vy+v_, (17

where 7. is the molal mean ion activity coefficient. It retains
the infinite dilution reference state from the individual ion
activity coefficient, which is salt-free composition dependence
as shown in Eq. 9.

Solid-liquid equilibria
The general equilibrium constant for the solubility of the
solid electrolyte M, X, -nH,O can be derived starting from
the following reaction:
.\ AG .o
M, X, - nH,O(solid) = v, M(liquid)
+v_X(liquid) + nH,O(liquid) (18)

where the condition of chemical equilibrium is given as
follows:

AG = v, Unigligiva) T V- X (liquid)

FIE,0(liquid) — MM,. X, nH,0(solid) = 0. (19)
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Figure 1. The schematic of transferring the standard
state from aqueous system to the mixed-sol-
vent and organic system.

(a) Water + salt; (b) water + methanol + salt; and (c)
methanol + salt. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

The subscript liquid indicates the ions in the solutions and
solid indicates the solid phase of the salt. n is the stoichio-
metric number of water in the hydrated crystal. By substitut-
ing Egs. 5 and 9 into Eq. 19, the chemical potential of the
salt is obtained:

. *
MM, X, -nH,0(solid) = MM, X,_ (liquid)

FRTIn(ms7.) + 1|0 + RT In(iio7m0)| - (20)
my = (mifmi )" @21

i, x, = (et +voux)/v, (22)

where ;. v, is the standard state for the anhydrate solute
M, X, in the liquid phase, which is also a function of
temperature, pressure, and solvent composition retaining from
Eq. 9. The solubility of the solute depends on the solubility
product in the desired solvent. As the activity of solid phase is
defined as unity, the solubility product is obtained:

Ksp = (miyi)v(xmoszo)". (23)

Using the Gibbs—Helmholtz equation, the temperature de-
pendence of the solubility product K, can be expressed by:

k() = A8 Te) M) (11
P RTref R T Tref

T T 0
1 Jr Acy(T)
= =l 1dT (24
+R / T? ( )
Trer

Ago (Tref) - V+Afg§\)/[ (Tref) +v_ Afg())( (Tref)
+nAr g0 (Tret) = Arghn,. x, o (Tret)  (25)

Table 2. The New Correlated Parameters of the Model

i J bi‘f Cij a;; aji
Na* Cl™ 0.0999 0.6895 75.736 —330.205
Na* H,O —0.0189 —0.0095 —431.376 1232.89
Na* MeOH 0.0059 0.0041 —577.082 692.224
Na* EtOH 0.1138 0.0209 —55.694 611.76
Cl™ H,O 0.0123 0.0050 —296.43 766.38
Cl™ MeOH 0.2690 0.0108 11036.7 100.882
Cl™ EtOH 0.2561 0.0149 5581.19 1962.14
Na* Br~ 0.1547 —0.0692 —461.33 11036.7
Br— H,O —0.1375 0.0099 —131.457 17.672
Br— MeOH 0.0602 —-0.0116 29.179 —580.147
Br— EtOH —0.0872 —0.0222 4105.53 1013.93
K" Cl™ 0.1121 —0.1972 —61.702 1635.20
K" H,O 0.0412 —0.0078 96.572 982.352
K" MeOH 0.1175 0.0000 4329.20 138.664
K" EtOH 0.1953 0.1669 —290.489 295.142
K" Br~ 0.0642 0.0880 —267.903 10480.0

AR° (Tref) = V+Afh0M(Tref) + V_Afh())( (T,ef)
+}’lAfh%20(Tref) — Afhg/[wX‘,,-nHZO(TTEf) (26)

A(Zg(Tref) = V+C'2ﬁM(Tref) + V,CS_X(Tref)

"‘”C'S,Hzo(Tre ) — "S,M‘,+X‘,,»nHzo(Tref ) (27)

In Egs. 25-27, A g°(Trer)Ar h°(Trer) and CS(Tref) are the
standard Gibbs energies of formation, standard enthalpies of
formation, and standard heat capacities, respectively. Tps is
the given reference temperature usually at 298.15 K. All
these values of the standard state for ions in aqueous solu-
tion, crystalline salts, and water are available from referen-
ces, e.g., Wagman et al.,20 or can be found in data banks
such as the DDB.? The salt solubility product in the aqueous
system can be calculated directly using those equations and
the published standard thermodynamic properties. For the
calculation of salt solubilities in organic or mixed-solvent
system, the values of the solubility product should be first
transferred from aqueous solution to the desired solutions
properly by the following procedures:

(i) The first rule is based on the assumption of Pitzer and
Simonson'® in discussing the binary and pseudo-binary ionic
systems miscible from dilute solution in polar solvent to the
fused salt. It is not convenient to select the infinite dilution as
the reference state for the solute when encountering the elec-
trolyte systems at high concentration. Based on the relationship
between symmetric and asymmetric conventions, a ‘“‘super-
cooled" liquid as the reference state for the solute may be use-
ful for the system at the temperature well below the melting
point of the solute. It presents a hypothetical pure liquid refer-
ence state for the solute, which obeys Raoult’s law. Based on
this assumption, the chemical potential of the solute in the sol-
vent s (single or mixed solvent) using this pure liquid

Table 3. The Average Absolute Relative Deviation (AARD) of Binary and Ternary Systems

AARD (%)

Osmotic Coefficient

Salt Solubility VLE Mean Ion Activity Coefficient

System Temperature Range (K)
Salt + water 273.15-373.15 0.8
Salt + organic

273.15-333.15 1.5

Salt + water + organic 273.15-353.15

1.2 0.6 0.7
6.8 0.2 3.8
3.8 4.2 2.7
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3
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Figure 2. Salt solubilities in pure water.

The symbols denote the data stored in DD and the
solid lines represent the calculated results using the model.

B’22—29

reference state should be related to the infinite dilute reference
state by taking the anhydrate solute M, X, as an example:

A, X, (Tvva;) = :“R/[Wx (T P)
+ RT In(xy/ X 7y 7% )
= ,u;(,[‘+X (T, P,xs)

+ RT In(my; my yy 95 )

(28)

.HOMMX\., (T’P) = MIT/IHX\,, (T,P,x;)
+RTIn[1/ (M%) (29)
,u,‘f,,v Lxv_ 1s the standard chemical potential at pure liquid

standard state of the solute. It is in according with the hypo-
thetical “‘supercooled" liquid as the reference state as pro-
posed by Pitzer. It is also the function of system temperature
and pressure. The individual activity coefficient of ion is
based on mole fraction and symmetric convention, which is
normalized y — 1 as x — 1. y* is the activity coefficient of
ions based on molality scale using asymmetric convention.
1 is the infinite dilution activity coefficient based on mole
fraction, and it is obviously solvent composition dependence.
Equation 29 presents the difference between pure liquid
standard state in mole scale and infinite dilute standard state
based on molality scale in the same electrolyte system,
which is obtained by setting the limiting of solute species y*
— 1 as m; — 0 at each side of Eq. 28.

(i) The second rule is constructed based on the SLE by
investigating three different saturated systems as shown in
Figure 1. In those three different solvent composition sys-
tems, the chemical potentials of the solute in the liquid
phase equal to the pure solid phase at system temperature
and pressure. Thus, the phase equilibrium expressions are
obtained using Eq. 28 as follows:
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- MK/I\% X (aq)

4+ RTIn [mg(a@mx@q " Vhatag) Vxag) }

., X, (solid)

= HK/[\‘+X“,(aq+org>

+RT1n [mM(aq +org)mx(aq+m;,’)VM(atﬁorg) y;}(“;ﬁ"rg)]

= M. X. (org)
+RTIn [ W org) i Corg) Vo) y;‘é(;g)} (30)

where subscript “solid” indicates the solid phase, aq, aqorg,
and org represent the aqueous, water organic, and organic
electrolyte systems, respectively. By substituting Eq. 29 into
Eq. 30, the general transferring equation is obtained:

* Lk
P X, (ag+org) = HML X, (aq)
M ,VOOVF Vocvf
aq+org /M aq+org / X,aq+org
+RTIn VIR . (31)
aqu aq 7X, ,aq

This equation can be used to transfer the standard state
retaining the infinite dilution reference state from pure aque-
ous system (x,q— 1) to the mixed solvent and even to the
pure organic electrolyte systems (xo,& 1). The infinite dilu-
tion activity coefficient (y°°) of ion in different solvent com-
position is estimated using LIQUAC model as shown in Ap-
pendix C. By substituting Eqs. 23 and 31 into Eq. 30, the
solubility product of salt in aqueous systems can be trans-
ferred into water—organic mixtures even to the pure organic
solutions as follows:

v ooV ooV —

In Maq+org M, ,aq+org ¥X ,aq+org

V. ,,00V+, 00V—
M VM ,aq X, aq

In Kp(ag+org) = INKip(ag) —

(32)
Results and Discussion
Improvements and new parameters for the model

Because the results obtained for the fitting of mean ion ac-
tivity coefficients for salts in mixed or organic solvent using
the variable reference state! have been rather bad, a different

Table 4. The Standard Thermodynamic Properties of the
Species for the Correlations in This Work, T\, = 298.15 K

Ag” (I mol™) AR (I mol™) ¢ (kK mol ™)

KCl —409.34%* —437.783 51.3%
—431.3%
KBr —380.917 —386.739 52.306*
—380.47% —397.798%
NaCl —384.024% —410.49 50.503*
—411.12%
NaBr —349.441 —358.297 51.893%*
—349.267* —361.414%
NaBr-2H,0 —828.63 —945.086 133.958
—828.29% —951.94*
H,0 (aq) —237.141% —285.83* 75.29%
K" (aq) —283.27% —252.38% 21.8%
Na' (aq) —261.905% —240.120% 176.7*
Cl™ (aq) —131.228% —167.159% —136.4%*
Br~ (aq) —104.16* —119.57* —72.3%

The standard thermodynamic properties stored in DDB were not used when
two values are given in the table.
*The values are taken from DDB."
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Figure 3. Salt solubilities in the pure organic solvents
as a function of temperature.

(a) Salt in pure methanol and (b) salt in pure ethanol. The
symbols denote the data stored in DDB, 4202729 and the
solid lines represent the calculated results using the model.

reference state based on the definition of ideal solution was
finally introduced for the ions in this work. As shown in
Egs. B17 and B18 in Appendix B, the reference state for
ions is solvent composition dependent and at infinite dilu-
tion. Applying this new reference state, the cases of solubil-
ity and mean ion activity coefficient in mixed and organic
solvents can be presented simultaneously.

In aqueous systems, standard thermodynamic properties
for the ions are available as mentioned above. However, in
the mixed- or organic solvent systems, the Gibbs energy of
formation and the enthalpy of formation in Eqs. 25-27 are
not available. An explicit and reasonable procedure was also
introduced to enable the calculation of salt solubilities not
only in aqueous but also in mixed solvents or pure organic

2540 DOI 10.1002/aic
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solvents. Using Eq. 32, the correctness of solubility product
can be ensured by transferring from aqueous system to the
desired solvents.

Furthermore, for the representation of electrolyte systems,
two sets of adjustable parameters are needed in the LIQUAC
model. One set of parameters are the B;; parameters for the
contribution of the MR term, where the parameter d,, is set
to 0.125. Then, there are the UNIQUAC parameters a; j, a;,;
representing the SR term contribution. Another improvement
is carried out for the SR term by following the assumption
of local like-charge repulsion and local electroneutrality by

-1

o water+methanol
o water+ethanol
| —— model

NaCl solubility (m) / mol-kg

0.0 0.2 0.4 0.6 08 1.0
x_(water salt-free mole fraction)

7
| (b)
6 |
2st
° |
1S
= 4r
E |
>
= 3r
Q
2 L
o
» 2+
S o 298.15K
= a 32315K
1F o 348.15K
model
O " 1 L
0.0 0.2 0.4 0.6 0.8 1.0

x_(water salt-free mole fraction)

Figure 4. Experimental and calculated salt solubilities
in the mixed solvent.
(a) NaCl solubility in water—methanol and water—ethanol
mixtures at 298.15 K and (b) KCI solubility in the water—
ethanol mixtures at different temperatures. The symbols

denote the data stored in DDB,***” and the solid lines rep-
resent the calculated results using the model.
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Figure 5. Experimental and calculated mean ion activity coefficients in water-organic mixtures at 298.15 K.
(a) NaCl 4+ H,O + MeOH?’; (b) NaCl + H,0O + EtOH*'; (¢) NaBr + H,O + EtOH%; and (d) KCl + H,0O + MeOH.*?

Chen et al.*' to describe the real local composition of the
electrolyte solutions, which is equivalent to the assumption
that UNIQUAC parameter a;; of the like-charge ions is
much greater than other interaction energies. Thus, there are
no like-charge neighborhoods around the center of cations or
anions. This assumption is applied in the residual part of the
UNIQUAC equations and the combinatorial term is kept
without changing. Within this study, Four salts (NaCl, KClI,
NaBr, and KBr) and three solvents (water, methanol, and
ethanol) were investigated to check the capability of the ref-
erence state for the LIQUAC model in describing the phase
equilibrium behavior not only in aqueous systems but also in
mixed- and pure organic solvent systems. The considered
temperature range is from 273.15 to 373.15 K in aqueous
systems and from 273.15 to 333.15 K in organic solvent sys-
tems and concentrations up to 10 mol kg~ '. The parameters
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were determined by minimization of the following objective
function:

2
F(“U’ aji, bi,j7 C,'J') = Z Z wWo (M . 100) = min,
o Oexp

(33)

where Q represents the respective value of ¢, y., T, P, m, and
wo is a weighting factor of Q. np and nt refer to the number of
data points and data types, respectively. The subscripts “exp”
and “calc,” respectively, refer to experimental and calculated
values. The van der Waals volumes and surface areas for the
ions were taken directly from Kiepe et al."® The SR interaction
parameters and the volume and surface area parameters for the
solvents were taken directly from the parameters of the
UNIQUAC model. The new parameters, which take into
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Figure 6. Correlation of molal osmotic coefficients of
the solvents at 298.15 K.

(a) Aqueous electrol)éte systems34 and (b) pure methanol
electrolyte systems.*>=°

account of new reference state and all the related systems, are
listed in Table 2. Table 3 summarizes the average absolute
relative deviation (AARD) values obtained in this work by
using the function:

| &

AARD = @Z

i=1

calc __ ~)°XP
QQ% 100|. (34)

Salt solubilities

The salt solubilities in water can be calculated using Eq.
23 and the LIQUAC model. Using Eqs. 24-27, the solubility
product of salt in water can be calculated directly with avail-
able thermodynamic properties. The Newton method was
used to determine the concentration of the salt in Eq. 23,
which presents the solubility in the aqueous solution. The
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results of those four salts in water are shown in Figure 2,
and the considered temperature range is from 273 to 373 K.
For the NaBr—water electrolyte system, the SLE diagram is
determined by intersection of two curves representing anhy-
drate solid (NaBr) and hydrate crystal (NaBr-2H,0); the
peritectic point for these two solids is 325.57 K at a concen-
tration of 11.436 mol kg’l. In the correlations, it was found
that the calculated salt solubilities are sensitive to the solu-
bility product, which is calculated by using Eqs. 24-27 and
thermodynamic properties of the ions and pure solid salts.
Thus, the values were slightly modified to obtain a good
agreement with experimental results, which are given in
Table 4.

The salt solubilities in the pure organic solvents as a func-
tion of temperature and in the mixed solvents with salt-free
solvent composition dependence calculated with the
LIQUAC model are shown in Figures 3 and 4 together with
the experimental data. The same procedures were used as for
aqueous solutions before transferring the solubility product
from the aqueous system into organic or mixed-solvent sys-
tems by using Eq. 32. A good agreement is obtained in
methanol for KCI and KBr as a function of temperature with
an AARD less than 7%. However, greater deviations are
observed for the calculated salt solubilities in ethanol when
comparing with the experimental results. It can be recog-
nized from Figure 3b that the large scatter and systematic
deviations of the experimental data are observed, and the
salt solubilities are very small. Comparing experimental data
with the calculated values, the same tendency of increasing
solubility with temperature is observed. For the mixed-sol-
vent electrolyte systems, the solubilities of sodium chloride
in water—-methanol and water—ethanol mixtures were investi-
gated at 298.15 K as shown in Figure 4a. With an increasing
mole fraction of water a strongly increasing salt solubility is
observed. The solubilities of potassium chloride in water—
ethanol at 298.15, 323.15, and 348.15 K were also investi-
gated. The results are shown in Figure 4b. The correlated
results match well with the experimental results with an
AARD less than 4%. It proves that the LIQUAC model has
a good capability not only for describing the salt solubilities
in aqueous systems but also in mixed and pure organic
solvent as mentioned by Li et al.'? and Huang et al.'*

Mean ion activity coefficients in mixed-solvent mixtures

In this study, the polar organic solvents methanol and
ethanol are used as organic additives. The polar natures of
these alcohols allow mixing them with water at any mole
fractions. Because of the available data of NaCl, NaBr, and
KCI (Yan et al.,”? Esteso et al.,”>?* and Malahias et al.,> )
in water—methanol and water—ethanol mixtures, the mean ion
activity coefficients in those mixtures are correlated with
LIQUAC model. Those data were reported covering entire
solvent compositions using infinite dilution in the mixed sol-
vents as the reference state. The reference state chosen for
ions in this work is in coordinate with the experimental
method. All the mean activity coefficient data are collected
by covering 0-100% weight fraction of water in water—or-
ganic mixtures. The correlated results using the model are
shown in Figure 5 together with the experimental data pub-
lished. The quality of the fitting is influenced by the quality
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Figure 7. Experimental and calculated vapor-liquid equilibria using the LIQUAC model.3"-38

(a) Vapor pressures of aqueous electrolyte systems; (b) vapor pressures of methanol electrolyte systems; (c) the VLE of NaCl + H,O +
MeOH system at 101.325 kPa; (d) the VLE of NaCl + H,O + EtOH system at 101.325 kPa; and (e) the VLE of KCI + H,O + EtOH
system at 100.258 kPa.
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of the data. The data at 90 and 80% water mass fraction of
KCl-water—-methanol system are not used in the regression,
because they appear to be inconsistent with the data in pure
aqueous solutions as mentioned by Kunz and coworkers.'’
From the figures, it can be seen that excellent correlations
were obtained even for the pure organic solvents and at low
concentration. The mean ion activity coefficients decrease
strongly as the salt-free water composition decrease. For
each salt-free solvent composition, the correlation covers the
whole concentration range from infinite dilution to the satu-
rated solutions. Overall, the AARD of the correlation is less
than 3%.

Molal osmotic coefficients

The molal osmotic coefficients for water in the strong
electrolyte solutions were investigated at 298.15 K, as the
systems of methanol-salt were homogeneous as shown in
Figure 6. The calculated results matched well with the ex-
perimental data from dilute region to the saturated solutions
in aqueous and pure organic solvent electrolyte system. Oth-
erwise, an acceptable tendency of concentration dependence
was obtained for the methanol-salt system for the reason
that the experimental data of organic electrolyte system are
not satisfying or strongly scattering.

Vapor-liquid equilibria

The model was furthermore applied to represent the exper-
imental VLE data of the binary and ternary systems in Fig-
ure 7. The system pressures of aqueous and organic binary
electrolyte systems were quantitatively correlated with the
model. In particular, as it can be seen from Figures 7c—e,
with the increasing salt concentration in liquid solvent mix-
tures, the concentration of the volatile organic compound in
the vapor phase increases. It indicates that organic compo-
nents are ‘‘salted out,” whereas water is ‘“salted in.” This
behavior is predicted with the new interaction parameters.

Conclusion

In previous applying of the LIQUAC model,"'%'*!3!* the

SLE, VLE, and LLE in aqueous and mixed solvents were
well represented. Model parameters were systematically
developed from reliable experimental information collected
in DDB." As a continuation of the study in electrolyte sys-
tems, the model is now extended to allow the description of
salt solubilities and mean ion activity coefficients simultane-
ously in mixed-solvent electrolyte solutions. Choosing the
pure liquid state as a reference state for the chemical poten-
tial of the solvent components and the infinite dilution as the
reference state for the ions, which depends on the composi-
tion of the salt-free solvents or solvent mixtures, it results in
a good consistency of representing the activity coefficients
of solvents and solutes. The capability of the new reference
state and parameters was successfully tested with the experi-
mental data of SLE, VLE, mean ion activity coefficients,
and osmotic coefficients. With an increasing number of
available data for organic and mixed-solvent electrolyte sys-
tems, more reliable parameters will be determined to repre-
sent the phase equilibrium behavior of electrolyte systems
for industrial applications.
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Appendix A: Definition of the Reference State
and the Standard State for lons

As indicated earlier, the chemical potentials for the solvent
and solute are given in Egs. 5 and 6 in mole scale. By intro-
ducing the molal concentration, the chemical potential for
the solute is related as Eq. 9. For the solute species, the ac-
tivity against the molality is shown in Figure Al. The
dashed line with a unity slope is defined as ideal solution,
which represents the activity coefficient of the solute. It
equals to unity covering all the concentration range. The
point A, where y* — 1 as m; — 1, implies that the chemical
potential of the ideal solution is defined as the standard state
for the real solution. In the real solution, the activity coeffi-
cient of the solute is decided by CD/BD. However, the real
solution has the same properties with the ideal solution,
where y* — 1 as m; — 0 (origin of coordinate), which
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Figure A1. The activity of the solute in ideal and real
solutions.

implies the infinite dilution reference state. The specific defi-
nition can be obtained in the book of Prausnitz et al.*

Appendix B: Expressions of the LIQUAC Model

For the solvent s, each part of the activity coefficients is
calculated by:

Iy, p= (%) [1+b\f1— (1+6v7) _1—21n(1 + bﬁ)}

b3d,
(B1)
dm =Y @ds (B2)
S
I LV* (B3)
(/)S Zs x;VS
[=05 Minp, (B4)
ion
A = 1.327757 x 10°4%° /(DT)"? (B5)
b = 6.359694"° /(DT)"?, (B6)

where V, (m®> mol™}) is the molar volume of pure solvent s.
I is the ionic strength of the solution and ion covers all the
ionic species, and z is the charge number of ion. T is the
absolute temperature and D represents the dielectric constant
for the mixed solvents. For binary solvent mixtures, Oster’s
mixing rule is used:

D =D +[(D> = 1)(2D> + 1)/2D> — (D1 — )], (BT)

For a multicomponent mixture, D can be estimated by:

D=> oD, (B8)
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Bea(I) = bea + ceaexp(—I'"? + del), (B11)

where dgay, bsion, and c¢sjon are the MR interaction parame-
ters between solvents s and ionic species ion. b, Cc ., and
dg,y; are the parameters between cations ¢ and anions a. B'(I)

equals to dB([)/dl.
V. V.
Iny eg =1 — Vi +InVy — 5¢4 {1 — F+ ln<F)]

+¢{ 1 —1In (Ziqix?fi,s> B qixil;
i 4iXi i (Xk: qukl//k.i)
(B12)
Vi =ry / > rixi (B13)
Fo =g, / > ai (B14)
‘//iJ = exp(—a;;/T), (BI5)

where r; and ¢; are the van der Waals volumes and surface
areas, and a;; represents the UNIQUAC interaction parame-
ters, whereby a;; is different from a;,. x; is the mole fraction
of species i in the solution. In these equations, i and j cover
all solvents and ions.

For the ion j, each part of the activity coefficient is given
based on the unsymmetrical convention on molality scale.

ZJZA \/i

InvwW. —_ 7Y B16
VjLR L1 i ( )
Iy = (Mmix)_IZBjys(l)x;
2 1
+ 2]\/[] . ZZB;,ion(I)Xsmion
mix s ion
+ > Bjion(I)mion
ion
5 Bi (I = 0)X.
+ <L> SN B (e, — 2B =05 )
2 c a Mmix

InyYsg =Iny; g — Iny; s (1 = 0), (B18)
where the superscript \/ indicates the unsymmetrical con-
vention for ions based on the mole fraction scale and Iny; sg
can be written as Eq. B12. The terms Y B; (I = 0)x]/Mpnix
in Egs. B17 and B18 represent the reference state for ion j
at infinite dilution based on the mole fraction scale. Based
on molality scale, the expression for ion j is obtained:

Iny; = (ln Pk + 7R + 1n V}YSR)

—ln(l +MmiXZmion). (B19)

ion

Appendix C: The Infinite Dilution Activity
Coefficients of lons Using the LIQUAC Model

For transferring the salt solubility product from aqueous
system to the mixed-solvent or organic systems, the infinite
dilution activity coefficients of ions are predicted using the
model as follows:

Bj(I = O)x] ; -
lnfo:Z;’S(M‘ )xs+1—'—’+1n< r’)

S Imix Tmix
_ SL] 1 — Tiqmix +1n Tjqmix
! Tmixqj Fmixqj
+ qj(l - l///ﬁ,mi)( —In lr[/mix,/) (Cl)
Bj,s (1 = 0) = bjys —+ Cjs (C2)
Fmix = D X (C3)
Gmix = Y ¥4 (C4)
s
> C]sX; lps,j
. — C5
lpmlx.j Z QSx; (C5)
s
s /
QX
Vimie = 52— (C6)

=Yg
=1

By substituting those equations into Eq. 32 and using the
thermodynamic properties in aqueous solutions, the solubility
product in the mixed-solvent or organic solutions can be pre-
dicted properly.
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