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A Simple Model for Predicting the Effect of Electrolytes
on the Vapor-Liquid Equilibrium Data of
Solvent Mixtures*

ANIL KUMAR

CHEMICAL ENGINEERING DIVISION
NATIONAL CHEMICAL LABORATORY
PUNE 411008, INDIA

Abstract

A simple model based on a newly defined quantity, the inverse relative solubility
coefficient for predicting the effect of an electrolyte on the vapor-liquid equilibrium
(VLE) data, is proposed to give reliable predictions of vapor-phase composition,
pressure, and temperature. The fundamental properties of the components are
required to arrive at the predictions. The model excludes the use of any adjustable
parameter.

INTRODUCTION

The conventional method for separating mixtures involving azeotropes
is to shift the azeotropic composition by altering column pressure or by
using extractive distillation by adding an alien component as a solvent to
break the azeotrope. Unfortunately, an extra column for pressure adjust-
ment or for solvent recovery is needed for both of these methods. Recent
years have witnessed the emergence of an alternative extractive distillation
in which an electrolyte rather than a liquid is employed as the extractive
solvent. There are clear advantages to this technique: a solvent-free extract
is produced at the top of the column, there is no need for an extra separation
column, and there is less energy consumption than in conventional ex-
tractive distillation. Because of the complex interactions of the electrolyte
with various solvent mixtures, the mechanism of this process is still poorly
understood.

*NCL Communication No. 5416.
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The addition of an electrolyte to a solvent mixture usually changes the
composition of the vapor in equilibrium with the liquid because of inter-
actions between the ions and the solvent components. The available meth-
ods to account for this “salt effect” are summarized in excellent mono-
graphs by Furter (/) and Newman (2). Comprehensive reviews of extractive
distillations with electrolytes were written by Furter and Cook (3) and
Furter (4), where the effectiveness of extractive distillation with electrolytes
as a viable separation technique for many industrially important separations
was documented. More recent contribution in this area have been made
by Schmitt and Vogelpohl (5), Glugla and Sax (6), Kikic et al. (7), and
Lee et al. (8). Unfortunately, the use of a majority of these models requires
multicomponent mixture data in addition to pure component information
before a fuller appreciation of the model can be reached.

The present work proposes a new, simple, and accurate method for
process development engineers to use in their design calculations for pre-
dicting the change in the vapor-phase composition, the total pressure, and
the temperature data of electrolyte-containing solvent mixtures.

MODEL

It is well known that when an electrolyte is dissolved in a solvent, it
dissociates into a cation and an anion. The solubility of an electrolyte in
any solvent depends on the dielectric constant D of the medium because
D is the governing factor in determining the interionic forces in the solution.
Thus, for example, NaCl is more soluble in water than in methanol because
D for water is higher than for methanol at a given temperature. The inverse
relationship between solubility and D has been discussed by Davies (9).

In our model we assume that a binary solvent mixture is comprised of
a more volatile component, designated “1,” and a less volatile component,
designated ““2.”” When an electrolyte is dissolved in a solvent mixture, the
dielectric constant of the mixture should be the fundamental property
governing the interaction of ions with each solvent. Thus, the vapor-phase
composition of the more volatile solvent component is altered upon the
addition of an electrolyte because the partial pressure of each solvent shifts
from its original value as obtained on an electrolyte-free basis.

We assume that x, is the mole fraction of an electrolyte, x, denotes the
mole fraction of the more volatile solvent, and x, the less volatile. The
present simple model assumes that a ““pseudo-complex” is formed between
more volatile solvent 1 and an electrolyte, and hence the vapor-phase
composition of solvent 1 is altered.
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To account for this, we define a new term B, the inverse relative solubility
coefficient, which varies with the solvent composition x, as

B =Y — B &)
with limiting values of
Biimo = B ifx, =0 2)
and
Bim: = O — O ifx, =1 (3)
Thus
Bimo(D, — 1) = BV (4)

The most important relationship is the ratio Bygo/Bimi = D, Which is
equivalent to the ratio of dielectric constants of constituent solvents 1 and
2. Note that the B term indicates the solubility of an electrolyte in the
solvent mixture in relative terms, not in absolute terms. The composition
dependence of the dielectric constant in solvent mixtures is also linear (10,
11).

The value of the mole fraction which is being pseudo-complexed in the
system can be related to 8 by

g =1-B 'Inyf (5)
where +v{ indicates the activity coefficient of the more volatile solvent

(designated as ““1”’) in a solvent mixture of 1 and 2, and which is available
in the literature. Also:

@ =1-q (6)

Employing the above concept, the partial pressure of both solvents can be
written as

P, = Pyiqu (7
and

P, = Py,q, (8)
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where +y, and v, are the activity coefficients of solvents 1 and 2, respectively,
in electrolyte—solvent 1 and electrolyte-solvent 2 systems. P is the total
vapor pressure of the system when both the solvents and electrolyte are
present.

Thus, the vapor-phase composition y, is

v = PP+ P) 9
and
y=1-y (10)
1-0 T T T
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FIG. 1. Variation of the inverse relative solubility coefficient, $, with x, (electrolyte-free
basis); relationship between B and the inverse of the sum of crystal radii (1/(r. + r,)) for
various electrolytes in the methanol-water system.
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For the purpose of illustration, the functional form of § with x, for the
case of methanol-water in the NaBr system is given in Fig. 1. This dem-
onstrates the linear relationship. A good linear relationship was also ob-
served in the other systems studied.

We now address our attention to evaluation of the 8V term in Eq. (1).
Based on our phenomenological observation for several systems we in-
vestigated, we propose that @ has the following form:

B(l) = (MI/MZ)(l/(rc + ra)) (11)

where r. and r, refer to the crystallographic radii of cations and anions,
respectively, and M, and M, are the molecular masses of solvents 1 and 2,
respectively. Equation (11) is an important observation of the present
investigation because it allows calculations for any electrolyte consisting
of any ionic components. For the sake of illustration, this observation is
demonstrated in Fig. 1 for various electrolytes in methanol-water systems.
Note that accurate data on the VLE of our present interest are available
for the methanol-water system with a number of electrolytes.

RESULTS AND DISCUSSION

The experimental data tested against the present model are listed in
Table 1. Both isobaric and isothermal data were examined. For calculating
the solvent activity coefficients for binary solutions (electrolyte + solvent),
the ion interaction model of Pitzer (18) was employed. The values of y{
on an electrolyte-free basis were taken from Gmehling and Onken (19).
The required dielectric constants for several solvents are listed elsewhere
(20). The calculations are simple for isothermal conditions; for isobaric
conditions the temperature is estimated and then corrected by using an
iterative procedure with a simple computer program.

Use of the present model to predict VLE data for electrolyte-containing
systems yields excellent results. The listed root-mean-square deviations
(rmsd) for vapor-phase composition for solvent 1, pressure, and temper-
ature values proves the predictive capability of our model. In Fig. 2, the
performance of the model is demonstrated in terms of experimental (15)
and predicted y, against electrolyte-free x; for the ethanol-water—CuCl,
system at 101.13 kPa. The observed and predicted y, for methanol-water—
NaBr at 298.15 K, isopropanol-water-LiCl at 358 K, and ethanol-water—
LiCl at 298.15 K are plotted in Fig. 3 for ready comparison. It is interesting
to note that the present model is applicable to the entire range of solvent
compositions. On the contrary, the model of Schmitt and Vogelpohl (5)
failed to describe the VLE at higher concentrations of water. The reason



12: 25 25 January 2011

Downl oaded At:

1208 KUMAR

TABLE 1
Summary of Prediction of VLE Data for Several Electrolyte-Containing Systems
rmsd
AP AT

Solvents Electrolyte Ay, (kPa) (K) Source of data

Methanol-water NaBr 0.004 0.14 — 1,2
LiCl 0.006 0.10 — 1
KCl 0.004 0.09 — 1
NaF 0.005 — 0.20 1
CaCl, 0.007 — 0.17 12

Ethanol-water LiCl 0.003 0.09 — 1
NaCl 0.005 — 0.06 1
KCl 0.009 — 0.08 1
KI 0.007 — 0.04 13
KI 0.029 — 0.19 14
NH,Br 0.011 — 0.09 13
NH.Cl 0.020 — 0.12 1
NaBr 0.042 — 0.40 14
Nal 0.066 — 1.92 14
CaCl, 0.032 — 0.18 14
CuCl, 0.010 — 0.28 15

1,4-Dioxane-water NaClO, 0.015 0.19 — 16
LiClO, 0.007 0.07 — 16

Isopropanol-water CaCl, 0.014 0.50 — 17
LiBr 0.013 0.70 — 17
LiCl 0.008 0.49 — 17

Propanol-isopropanol CaCl, 0.012 — 0.15 12

Average rmsd 0.015 0.26 0.30

for the success of our model lies in the fact that our primary quantity B is
a linear function in both water-rich and water-poor regions.

An examination of Table 1 shows that the predicted results are accurate
throughout except for the system involving ethanol-water with KI/NaBr/
Nal. The accuracy of these data sets published by Meranada and Furter
(14) was later questioned by Jaques and Furter (21). In general, the average
rmsd for vapor-phase composition (y,), pressure (P), and temperature (T)
for the array of data investigated in the present study are 0.015, 0.26 kPa,
and 0.30 K, respectively.
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FiG. 2. Experimental and predicted vapor composition (y;) of the ethanol-water—CuCl, sys-
tem at 101.13 kPa.
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FI1G. 3. The observed against the predicted y, for the methanol-water—NaBr, isopropanol-
water-LiCl, and ethancl-water-LiCl systems.
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CONCLUSIONS

The present model emerges as a simple but powerful tool for predicting
the effect of electrolytes on the VLE of solvent mixtures under both iso-
thermal and isobaric conditions. The novelty of the present work lies in
the fact that no adjustable parameters are needed, and the model is capable
of predicting the required properties at all concentrations with good ac-
curacy by using the molecular and ionic properties of the components. The
model can be successfully employed for any relevant practical applications.
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