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ABSTRACT

A group-contribution model for the prediction of salt-effects
on the vapor-liquid equilibria of multicomponent electrolytic solutions
containing a single electrolyte is presented. Coulombic interactions
are represented through a Pitzer term. Solvation effects and short-
range interactions are represented through a UNIQUAC~type expression,
An ion-size, a solvation and three ion-solvent interaction parameters
per salt-solvent binary are required for multicomponent predictions.

All parameters are obtained only through the correlation of
binary salt-solvent osmotic coefficient and vapor~-pressure depression
data at 25°C, in most cases, and binary solvent VLE data., The salt~-
solvent binary data were correlated with an average percent error in
D of 2.5 and an average percent error in P of 0,35 mm Hg up to a
molality of 6 for 1-1 and 2-1 salts., The model is also useful in the
prediction of aqueous binary salt data up to a molality of 6 and 200°C
and nonaqueous binary salt data up to a molality of 6 and éD°C.

Methods are also presented for the estimation of the ion-solvent
interaction parameters needed for multicomponent prediction when the
constituent binary data are not available.

25 data sets of isothermal and isobaric salt-alcohol-water and
salt-alcohol mixtures were predicted using the binary interaction
parameters and gave an average absolute error irn the vapor phase
composition of 0,019, The model predicts correctly the salting-in of

the appropriate component.

Vapor-pressure depression data of Nal, KCH,COO, NaSCN, and NH,, SCN

in methanol at temperatures of 25 and 40°C were measured in the



molality range of 0.,1-5.0 m using a static method, where the vapor
pressure of the electrolytic solution is compared to that of the
pure solvent,

Osmotic coefficients were calculated from the vapor pressure data.
This data was used to obtain additional binary interaction parameters

which could not be determined from the existing literature data.



PREFACE

The estimation of the effect of a single electrolyte on the
vapor-liquid equilibrium of mixed solvents is often necessary in
the modeling of chemical reaction equilibria and separation
processes. While methods are available to predict nonelectro-
lytic solution phase-equilibria from little or no experimental
data (Derr and Deal, 1969; Fredenslund, et al., 1975), those
previously used for electrolytic solutions are usually limited
to correlation of existing data. In addition, the lack of salt-
nonaqueous solvent data prevented the development of such mod-

els.

Recently, two models (Rastogi, 1981; Sander, et al., 1984)
have been proposed which have some prediction potential of salt
effects on the VLE of mixed solvents. These models represent a
significant advance in that the short-range interactions be-
tween all solvent species are accounted for through salt-solvent
molecule (Rastogi) or ion-solvent molecule (Sander, et al.)
parameters and solvent (A)-solvent (B) parameters. The long-
range ion-ion interactions are represented through a Coulombic
term. However, these models are basically useful for correla-

tion purposes only.

Models in which the parameters are ion-solvent specific
require a minimum of experimental data to effect prediction and
it is the objective of this work to present such a model for the

prediction of the VLE of mixed solvent systems consisting of one

ii



salt. This model combines a Pitzer (1977) expression to repre-
sent Coulombic interactions, the Flory-Huggins expression
(1941, 1942) to account for differences in the sizes of the
solvent species and for the solvation of the ions by the
solvents, and the residual term of the UNIQUAC (Abrams and
Prausnitz, 1975) equation to account for the short-range inter-
actions between all solvent species. The parameters, which are
ion-specific, are evaluated from a binary data base of salts in

water and alcohols.

The validity of the model is shown for mixed alcohol-water

and mixed-alcohol sclutions consisting of one salt.

iii
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INTRODUCTION

Thermodynamic data for solutions containing a single electro-
lyte in a single solvent, and especially multiple solvents, are
often needed in the modeling of separation processes and chemical
reaction equilibrium. Osmotic coefficient data at 25°C for binary
aqueous electrolytic solutions are available in the extensive compil-
ations of Robinson and Stokes (1959). Vapor pressure depression data
for binary aqueous electrolytic solutions at 100°C are tabulated in
Weast (1970). Data at temperatures other than 25 and 100°C are very
limited. (Snipes, et.al., 1975; Campbell and Bhatnagar, 1979; Holmes,
and Mesmer, 1981) Osmotic coefficient and vapor pressure depression
data for solvents other than water are scarce. (Janz and Tomkins,
1972; Bixon, et.al., 1979; Tomasula, 1980; Czerwienski, et.al., 1985)

Thermodynamic data for an electrolyte in mixed solvents aie even
more limited (Ciparis, 1966; Sada, et.al., 1975; Boone, et.al., 1976)
and their prediction from binary data would be very useful for
industrial applications.

Models for the correlation of nonelectrolytic solution data, such
as the Margules (1895) and NRTL (Renon and Prausnitz, 1968) equations,
have been applied to the correlation of ternary electrolytic solutions
consisting of a salt, water, and an alcohol. (Schuberth, 1974, 1977;
Schuberth and Nhu, 1976; Beckerman and Tassios, 1976; Mock, et.al.,
1984) These models do not account for the long-range ionic forces, but
give recognition to the short-range forces. Binary interaction para-
meters are evaluated from binary and ternary data.

Recently, three models (Rastogi, 1981; Hala, 1983; Sander, et.al.,

1984) for the prediction of salt effects on the VLE of multicomponent



electrolytic solutions containing one salt have been developed.
Rastogi and Hala assume that the excess Gibbs free energy is the
sum of two terms, a long-range Coulombic term to represent ion-ion
interactions and a short-range term to represent the interactions
between all solution species. Sander, et.al., add an entropic term
to the long-range Coulombic term and the short-range term.

The Hala model combines a semi-empirical electrostatic term
and the Wilson (1964) equation. The LiCl-water-methanol system at
60°C was predicted from four binary salt-solvent parameters and two
solvent-solvent interaction parameters evaluated from binary data at
60°C. The model was not applied to the prediction of other ternary
systems.

The Rastogi model combines a modified Debye-Huckel equation and
the NRTL equation. This model was used to predict salt-water-alcohol
systems from binary salt-solvent and solvent-solvent interaction para-
meters alone. Prediction of salt-binary mixed solvent data is only
possible up to 2m and when the constituent binary data are available.
The model cannot be extended to more than two solvents.

Sander, et.al., combine the Debye-Huckel equation and the UNIQUAC
equation. (Abrams and Prausnitz, 1975) The UNIQUAC parameters are
functions of concentration and are ion-solvent specific. The ion-
solvent specific parameters were established through the correlation
of electrolytic single and binary mixed soivent data. Prediction was
demonstrated for a few mixed solvent systems. However, prediction
from ion=-solvent parameters determined solely from binary data was
not demonstrated.

A1l these models, however, are limited. The Rastogi model and



that of Sander, et.al. are basically applicable to correlation of
mixed solvent-single electrolyte systems. The Hala model was applied
to one system only.

The difficulty in modeling electrolytic solutions is due to the
phenomenon of salting-out. The addition of a salt to a binary or a
higher order solvent system increases the vapor phase mole-fraction of
the solvent with the smallest dielectric constant. The solvent with the
largest dielectric constant is salted-in. While this behavior is not
general; for example, in the HgClz—methanol-water system, methanol is
salted~in by HgCl2 and water is salted-out, it is the one of most
interest in phase-equilibrium calculations. This effect is most
pronounced in electrolytic solutions consisting of water and can be
explained by the concept of solvation, where it is assumed that solvent
molecules are bound to the ions.

Due to the long-range nature of ion-ion interactions, the addition
of a small amount of salt to a solvent results in an increase in the
solvent activity coefficient. As the concentration of the salt
approaches an ionic strength of unity, short-range forces become im-
portant, and the solvent activity coefficient continues to increase
until it reaches a maximum. The solvent activity coefficient then
continues to decrease with increasing salt concentration.

The decrease in the solvent activity coefficient is a direct
result of solvation. Increasing the concentration of the salt
increases the number of ions in solution which in turn remove solvent
molecules from the bulk solution. As more and more solvent molecules
are removed from the solution, the vapor pressure of the solvent

decreases.



The intermolecular forces which operate in binary electrolytic
solutions also operate in salt-mixed solvent systems. Even though
the constituent binary salt-solvent systems both exhibit negative
deviations from Raoult's law at concentrations above 1 molal, typically
only one of the solvents in a salt-mixed solvent system will exhibit
a decrease in the solvent activity coefficient relative to its value
in the salt-free solution. This phenomenon is often explained by the
concept of preferential solvation, where the probability of finding
solvent molecules with the higher dielectric constant in the vicinity
of the ions is greater than that for the solvent molecules with the
lower dielectric constant.

From the above discussion, it is apparent that a semi-empirical
model for the representation of salt-effects must not only account
for the long and short-range forces which operate in solution, but
shoﬁld also explicitly account for the removal of solvent molecules
from the bulk solution by the ions.

While the Rastogi, Hala, and Sander models recognize this
phenomenon indirectly through modifications of their respective long-
range or short-range terms, solvation effects are not explicitly
accounted for in their expressions.

The model presented here combines a Pitzer (1977) expression to
account for the long-range and short-range ionic interactions, the
athermal Flory-Huggins (1941, 1942) expression to account for the
entropic effects of the solvated species, and the residual term of
the UNIQUAC equation to account for other short-range interactions
not described by the model.

The parameters of the model], which are ion-solvent specific, are



evaluated from binary electrolytic solution data. The model is

applied to salt-mixed solvent systems to demonstrate its validity.



CHAPTER 1

Thermodynamics of Vapor-Liquid Equilibria

Electrolytes are generally classified into two groups. The
first group are known as the strong or non-associated electrolytes
and the second as the associated electrolytes. (Robinson and Stokes,
1959; Harned and Owen, 1958)

The strong electrolytes are those which dissociate into their
component ions when in solution. While the ions may interact with
the solvent; i.e., associate with the solvent, there is no association
between the ions of opposite sign. In addition, salts of this type do
not vaporize at moderate temperatures and pressures. Salts which are
termed strong in aqueous solutions are not necessarily strong in
nonaqueous solvents, where the low dielectric constant leads to ion-
pairing. Salts such as the alkali halides and the alkaline-earth
halides are strong in water.

Associated electrolytes are termed either weak electrolytes or
ion-pairing electrolytes. Weak electrolytes exist as ions and mol-
ecular species in solution. Acids and bases, with the exception of
the alkali metal and quaternary ammonium hydroxides, are weak electro-
lytes. The molecular electrolyte may enter the vapor phase but
dissociates only at high temperatures. (Edwards, et.al., 1975)

Ion-pairing electrolytes are those in which the positive and
negative ions associate. Bivalent metal sulphates in water and almost
all other salts in nonaqueous solvents at high concentrations form
ion-pairs. Salts of this type are not present in the vapor phase.

All electrolytes in this study are assumed to be strong electro-

lytes; i.e., complete dissociation is assumed in both aqueous

6



and nonaqueous solvents. The electrolyte is not present in the vapor

phase.
The condition for equilibrium for any solvent i in an electro-

lytic solution of N solvents is then:

£V = %.lL i=1,2, ....N (1-1)

A n
where fiL is the fugacity of solvent i in the liquid phase and fiV is
the fugacity of solvent i in the vapor.

The fugacity coefficient, dbi, of solvent i is used to represent

the nonideality in the vapor phase.
2V o_ _
£, —ci)i y; P (1-2)

Yy is the mole fraction of solvent i in the vapor and P is the total

A
pressure. qpi is unity for the ideal vapor and is approximately unity
for systems at low pressures.

The fugacity of solvent i in the liquid phase is given by
2L _ 0 .
£~ = ')’l x; £, i=1,2, ....N (1-3)

where f; is the pure-component reference fugacity of solvent i af the
temperature, T, and the pressure of the solution. 17;, is the liquid
phase solvent activity coefficient and will be discussed in Chapter 3.
Xg 5 is the mole fraction of i calculated based on the total dissociation

of the electrolyte, where, for the solvent

n.
i
X, = (1-4)
i zins + }Eknk

:gknk is the summation over all solvent species. ng, is the analytical

number of moles of electrolyte in the solution and ¥ is the total

number of ions comprising the salt.



f{ is defined by the following expression:
£. =D.5p.% e i dP/RT (1-5)
i T Ty SXP 53 Vi
Py
where qpis is the fugacity coefficient of pure solvent i evaluated at
T and the vapor pressure, Pis, of i. \ZE is the molar liquid volume of
pure i at T. It is not a function of pressure at low pressures.
The exponential term of equation (1-5), which is the Poynting

effect, reduces to equation (1l-6) at low pressures

exp %S v;dP/RT = exp (P - Pis)v.l/RT. (1-6)
By

The Antoine equation is used to calculate the vapor pressures,
Pis, for the solvents in this study. The Hayden-O'Connell (1975)
correlation for the prediction of second virial cdefficients is used
to calculate dbi and(jbis. The constants for the Antoine equation and
the Hayden-0'Connell correlation are in Appendix A.

Thg Hankinson and Thomson (1979) correlation is used to calculate
the pure-component liquid volumes, 7K The method is discussed in

Appendix B.



CHAPTER 2

The Gibbs Excess Free Energy, the Activity and the Activity Coefficient

The activity coefficient of solvent i is defined as the ratio of
the activity of i to the mole fraction of i.
lyi = ai/xi (2-1)

The activity of i is defined

A
= o -
a; = fi/fi (2-2)
A
where fi is the fugacity of i at T, P, and constant composition and
fi° is the fugacity of i at T and a specified P and composition.
The excess Gibbs free energy is the difference between the actual

total Gibbs free energy at T, P, and fixed composition and the ideal

total Gibbs free energy at the same T, P, and x.

E _ n|real at|_ .|ideal at _
G" = G[T, P, x:] G[T, P, x] (2-3)

Differentiation of equation (2-3) with respect to the number of moles

of solvent i, n., at constant T, P, and nj gives

2% = &, (real) - g (ideal) (2-4)
where
éi (real) = d/dn.ll:G (real):]T, P, nj = F’io + RT In /f\i (real)
(2-5)
and
éi (ideal) = d/dni[(G(ideal))}r’ P, nj = ,_L.l" + RT 1n %i (ideal)
(2-6)

}Li° is the chemical potential of the standard state. The chemical
potentials of the standard state in equations (2-5) and (2-6) are the

same since the ideal and real solutions are at the identical T, P, and

9
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composition.
Substitution of equations (2-5) and (2-6) into equation (2-4)
gives

é%_= RT 1n %i (real)/ﬁi (ideal) (2-7)

The activity of solvent i in an ideal solution is equal to the mole

fraction of i. From equation (2-2), %i (ideal) is given by

A ) _ o _
£ (ideal) = £.° x; (2-8)
?i (real) is obtained directly from equation (2-2).
Substitution of equations (2-2) and (2-8) into equation (2-7)
gives

-E _
g, = RT In a.l/xi (2-9)

o

From the definition of the activity coefficient of i given in equation

(2-1), the partial molar excess Gibbs free energy is

5 = RT 1n')i’ (2-10)
where
gE.l - [dGE/dnijl T, B, n, (2-11)
N, is the total number of moles of species in the solution and
6" = ng” (2-12)
GE is obtained from Euler's theorem, where
¢ =2, n & (2-13)
or
GE/RT = Eiinilnjg (2-14)

The activity coefficient of component i is easily determined from
equations (2-10) and (2-11) given an expression for the excess Gibbs

free energy, GE. Conversely, the excess Gibbs free energy may be
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calculated from equations (2-13) and (2-14) given an expression for
the activity coefficient,‘);, of i.
Any expression for the molar excess free energy of a binary

solution must obey the conditions:

when X 0 g =0

(2-15)

x2=0 g =20



CHAPTER 3

Model Development

The thermodynamics of an electrolytic solution as of all
solutions are determined by the forces which operate between the
species of the solution. Assuming that the electrolyte dissociates
into its constituent ions, interactions between the ions, between
the ions and the solvent molecules, and between the solvent
moleciles must be considered. These interactions may be loosely
categorized as physical or chemical in nature.

The forces between the ions are the long-range Coulombic
interactions, which are important only in dilute solutions. The
short range ion-solvent molecule interactions, such as dispersion
forces, ion-dipole, and ion-induced dipole forces, become important
as the concentration of the electrolyte is increased. (Bockris and
Reddy, 1977). The molecule-molecule interactions are also short-
range in nature. These interactions may be classified as induction
forces between a permanent dipole (or quadrupole) and an induced
dipole, electrostatic forces between permanent dipoles and higher
poles, or dispersion forces between non-polar molecules. (Prausnitz,
1969)

Strong physical forces can lead to the formation of loosely
bound species. They are referred to as chemical forces and lead to
the phenomena of association and solvation. Association results
from the formation of polymers, as in the case of water or methanol
which are known to hydrogen bond. Solvation refers to the formation
of complexes between unlike molecules. Solvation effects cause

negative deviations from Raoults's law.

12
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Solvation effects are evident in electrolytic solutions. They
are typical in binary electrolytic solutions where the solvent
activity coefficients are less than unity and in multicomponent
systems such as, for example, the LiCl-water-methanol system. While
the activity coefficient of water is greater than unity in the
methanol-water system at 25C, it is less than unity in the LiCl-
water-methanol system at the same temperature.

In this study, it is assumed that the salt completely dissociates
into its constituent ions and that the ions are solvated by the solvent
molecules. Association effects are neglected. It is further assumed
that the apparent solvent activity coefficient, ‘)g, is the sum of

three terms:

1n 7Vi = 1n '>; (Coulombic) + 1In 7€ (Combinatorial)
+ In ’); (Residual) (3-1)

The first term accounts for the long-range Coulombic forces, the
second for differences in the sizes of the molecules (combinatorial
term), and the third for the short range ion-solvent molecule and
molecule-molecule interactions. (residual term)

To account for ion-solvation, equation (3-1) is rewritten in

!
terms of ‘)2, the true activity coefficient.

] 1 . L . . 1 .
1n 7/1 - lnjy'i Coulombic T4 : Combinatorial lniy’i Residual

(3-2)
For simplicity purposes, it is assumed that all solvation effects
are accounted for explicitly through the combinatorial term and

implicitly through the Coulombic and the residual terms, i.e.,
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ln?{ Coul. | lﬁjg Res. _ lnjg' Coul. . ln?{' Res.

(3-3)
To relate the apparent solvent activity coefficients, 7{, to the
true solvent activity coefficients, a relationship due to Bjerrum (1920)
and discussed by Guggenheim and Stokes (1969) is used. Bjerrum showed
that the activity of the solvent is the same whether the solute is

solvated or not, i.e.,

. ! = -
a; a, (3=4)
and
) 1 =
71 *i '): x5 (3-5)
Substitution of equations (3-1), (3-2), and (3-3) into (3-5)
yields
Comb. _ _ 1=/ + Comb.
V. = x,"Y, /x4 (3-6)
Introduction of equation, (3-6) into (3-2) gives
_ Coul. Res. 1Comb. _
lﬁji = 157; - lﬁ); + 1n<7€ X /xi)
(3-7)

lﬁ);COUl', the Coulombic contribution to the solvent activity
coefficient is evaluated using the free energy expression developed
by Pitzer (1977) for binary electrolytic solutions. The expression
is extended in this study to electrolytic solutions consisting of an
electrolyte in mixed solvents. (See Appendix D)

% L
12U = op L ((M.1.), /10000 T/ 2/1+bT% - A bTA(M.H.), /(1000(1+b1%)2)
i (@p) i D i

3/2

%

— 2(M.W.)/1000 (13/2/1451% - 1/b 1n(1+bI%)) oy dA g fdn;

+ ZACp((M.W.)/1000)((12/(1+b1%)2) + I/b%1n(1+bI%)
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- 132 jp(1401%) ) db/dn, + v2(2’lTa3/3)(N/lOOOZ)(mz(M.W.)nT d(d)/dn,
- mfd(M.W.), + md(M.W.)(3/a)ng da/dn;)  (3-8)

(M.W.)i is the molecular weight of solvent i. (M.W.) is the
molecular weight of the mixed solvent system on a salt-free basis.
(° indicates the salt-free basis)

(MJW.) = ZJ. xj°(M.W.)j (3-9)

o

X = nj/ ank (3-10)
The molality is defined as the number of moles of salt per

kilogram of solvent.

m = 1000ns/(M.w.)2knk° (3-11)

The ionic strength is given by
I=1Vz z_Im/2 (3-12)

where z, and z_ are the charges of the positive and the negative ions,

+
respectively. V is the total number of ions which constitute the salt.
AqD, the Debye-Huckel limiting coefficient, is given by
Ag, = 1/3(27TNd/1000) %(e2/DkT) /2 (3-13)
vhere d is the density of the mixed solvent on a salt~free basis and D
is the dielectric constant.

b is a function of a, the ion~size parameter, which is the only

adjustable parameter in the Coulombic term.

b = ( STTN/1000)2(e2d/DKT)? a (3-14)

Differentiation of equation (3-13) and (3-14) yields

dAcp/dni = Acb/nT(l/?‘d d(d)/dn.l - 3/2D d(D)/dni)

(3-15)
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db/dni = b/nT(l/a da/dni + 1/2d d(d)/dni - 1/2D dD/dni)

(3-16)
a, in a multiple solvent system is given by
= 2,.x.° a. 3-17
a ZJ x5" a ( )
where xj° is given by equation (3-10) and a is the ion size parameter
for an electrolyte in solvent j.

The change in a with composition is

da/dni = (da/dxi)(dxi/dni) (3-18)

The densities of the mixed solvents and the changes in density
with composition are evaluated using the Hankinson and Thomson (1977)
correlation. The method is discussed in Appendix B.

The dielectric constants of the mixed solvents and the changes
in the dielectric constant with composition are evaluated using the
methods discussed in Appendix C.

The residual contribution to the solvent activity coefficient
of equation (3-7) is that presented in the UNIQUAC (Abrams and
Prausnitz, 1975) development.

ln"}iRes. - qi<1- 11.l(zm@)mlpmi) - 2"m<®m(/}im/('zncan"an))
(3-19)
q; is calculated using the procedure of the UNIFAC group contribution
method (Fredenslund, et.al., 1975) where
q; = 2y vk<i>Qk (3-20)
Vk(i) is defined as the number of groups of type k in molecule 1i.
Q> the group area parameter, is calculated from the van der Waals

group surface area, Awk, given by Bondi (1968) and is normalized by
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factor 2.5 x 109 given by Abrams and Prausnitz.

9

Q, = Awk/2.5 x 10 (3-21)

The values of Qk given by Fredenslund and coworkers are used for the
solvents in this study.

The Qk for the positive and negative ions are calculated using
the crystallographic radii, r, of Pauling. (1960) Awk for the ions
is given by

Avk = 4T N (3-22)
where ; is in centimeters. Q1 and Q2, for the positive and negative

ions, respectively, are calculated by equation (3-21).

' C)i, the area fraction, is given by

®i =495 Xi/zj CIj Xj

xj is the mole fraction of component j. For the positive (component 1)

(3-23)

and the negative (component 2) ions, respectively, xj is given by
x, = yng/(Wng + zjnj) =3, 4,....N  (3-24)
Xy = Uy ns/(L/ns + jzjnj) (3-25)

Vq and b& are numbers of positive and negative ions, comprising

the salt.

The mole-fraction of the solvent is given by

X = m/(Vn_ + zjnj) k=3, 4,....N (3-26)

The binary parameters,lphi and Hbim’ are evaluated from the
experimental binary data. Prediction of ternary systems does not

require additional ternary parameters.
Yo, =exp ( =(u_ -u_/RT)) = exp ~(A_/T)

(3-27)



where the U represent the energy of interaction between species m
and n of the solution. TheA, . are determined directly from the
experimental data. There are two A binary.

The combinatorial contribution to the solvent activity co=
efficient of equation (3-7) is the activity coefficient expression

of Flory and Huggins. (1941, 1942)

1Comb, _ v 1 ' '
In Y, = Indp, "/x;" + 1-p;'/x;" (3-28)
The primes indicate the solvated basis. <bi" the average segment

fraction, is given by

' _ ' ' ! -
D' = r;' X, /:Ejrjxj (3-29)
xj is the true mole-fraction of component j. The true mole-fractions
are related to the apparent mole fractions given by equations (3-24),
(3-25), and (3-26), by the following:

xp/ (1= %y 2y Wk = Xy Zyhm ) (3-30)

x1'
X2' = Xz/(]." Xlzk h+k - Xzzkh—k> (3'31)

“xp h=3)/(1= xq 2y bR =%y 20hey)
k = 3, 4, ....,N (3-32)

The h+j and h'j are the solvation numbers of the positive and

negative ions, respectively, and are functions of the apparent solvent

mole-fractions.

h+j - ho+j Xj j = 3, 4, l...’N (3"'33)

h-j = ho-j Xs (3-34)

]

hQ+j and ho-j are the solvation numbers of the positive and negative

ions, respectively.
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', for the solvents used in this study, is

The parameter, £y
calculated using the procedure of the UNIFAC method (Fredunslund,
et.al., 1975) where

(1) g

r.' =2, ”

i k Vi (3-35)

Ry the group volume parameter, is calculated from the van der
Waals group surface volume, Vwk, given by Bondi (1968). Vwk is
normalized by the factor 15.17 given by Abrams and Prausnitz (1975),

where

R

K = Vwk/15.7 (3-36)

The values of Rk given by Fredenslund, et.al., are used in this study.

The solvated positive and negative ions may be considered as
molecules consisting of a central ion surrounded by h+j and h-j solvent
molecules, respectively.

For the solvated positive ions, equation (3-35) is

''=R, + . h+. r.' 3=37
z_J 3T (3-37)

51 1

and for the solvated negative ions

! —1 - ' -
r, R2 + Zj h 5 rj (3-38)

Rl and R2 are calculated using the crystallographic radii, ;,
of Pauling (1960) for spherical ions or the Yatsimirskii thermochemical
radii for nonspherical ions. (Waddington, 1959) Vwk for the ions is
given by
= °3
V'wkion = (4/3)1 r° N (3-39)

Substitution of equation (3-39) into (3-36) gives Ry and R,.
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The apparent combinatorial activity coefficient is obtained by
introducing equation (3-28) into equation (3-6).

Substitution of equations (3-8), (3-19), and (3-28) into equation
(3-7) yields the final expression for the solvent activity coefficient.

1n')i’ = 244 (M.w.)i/1000))(13/ 2/(14b12))

- A.b 12((M.W.)i/1000)/(1+b11/2)2 - 2((M.W.)/1000) (132 /(1+b1%)2

(eb)
- 1/b In(14bI%))n, dhg/dn; + 24, (M.1.)/1000)

1 L 1
(12/(146192 + 1/b% In(14b1?) - 17 2/b(1+b12))nT db/dn, w2 (21Ta3/3)

(8/2000%) (' (M.W.)ng d(d)/dn, - m? d(M.W.), + n® d(L.W.)(3/a)ny

da/dni) * qi(l_ ll—l(zmcmeLpr_ni) _zm (®m4"im/zn@n\/’}mn)) *
lncpi'/xi' + 1-<pi'/xi' + In x.l' - In x;
(3-7)

The expressions for the mean activity coefficients of the salt

in single and mixed solvents are developed in Appendix F.



CHAPTER 4

Experimental

The vapor pressure depression measurements were performed using
the differential manometer described by Oliver (1969) and further
modified by Tomasula (1980). The differential manometer is shown in
Figure 4.1. Each flask, equipped with a magnetic stirrer to facilitate
stirring, has a capacity of 100 cc.

The vapor pressure depression, AP, where

AP =P° - P (4-1)
is determined directly by measuring the difference in vapor pressure
between two flasks. One flask contains pure methanol (P°) and the
other contains the electrolytic solution (P). The direct determination
of AP provides improved accuracy over measurements of the vapor
pressure of the electrolytic solution alone since it eliminates the
effects of small temperature variations. These effects are more
pronounced at low molalities where AP is very small.

The salts used in this study were reagent grade quality KCH3COO,
NaI, NaSCN, and NHQSCN, were used without further purification.

Each was dried under vacuum for 48 hours prior to use. J.T. Baker
methanol of spectroquality (99.9 weight percent minimum purity) was
used with no further purification. A Karl-Fischer titration indicated
that the amount of water was less than 0.03 mole percent.

Solutions were prepared by adding the appropriate salt to a
preweighed flask. The flasks were weighed again to determine the
amount of salt added. Approximately 30 ml of methanol were then added
to each flask and the flask was reweighed.

Briefly, the experiment consisted of degassing the pure methanol

21
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and the methanol salt solutions before attaching to the differential
manometer. This was accomplished by immersing the flasks in a
methanol bath at -67°C while boiling at high vacuum. After the
methanol solutions subcool and a residual pressure of 10-2mm Hg was
indicated on a McLeod gauge, the flasks were removed from the bath
and the contents warmed to room temperature. This procedure was
repeated until air bubbles no longer rose from the solvent.

The entire differential manometer was immersed in a well stirred
constant temperature bath. The vapor pressure depression measurements
were performed at 25 and 40°C * 0.03°C. The vapor pressure depression,
AP, was measured with the aid of a cathetometer to #0.06 mm Hg. After
a typical run, the manometer was removed from the bath and the flask
containing the electrolytic solution was reweighed to determine any loss
of solvent. The molality, m, of the solution was then calculated.

The performance of the experimental system is demonstrated in
Figure 4.2 where the results for aqueous solutions of KCL used as a test
system are compared with the very accurate results reported by Robinson
and Stokes (1959).

The results for the electrolytes used in this study are reported
in Appendix E. Values of AP, P, and ¢, the osmotic coefficient, are
given. The vapor pressure data are obtained by subtracting the
measured AP values from the vapor pressure of pure methanol reported
in each table under a molality of zero.

The osmotic coefficient is given by

d = -1000 1n B/P°/Ym(M.W.) (4-2)
where M.W. is the molecular weight of the solvent and P/ is the total

number of ions comprising the electrolyte.
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CHAPTER 5

Binary Data Reduction

5.1 The Binary Fquations and the Ternary and Binary Data Bases

For a binary electrolytic solution, equations (3-8), (3-19),
and (3-28), reduce to: (the subscripts 1, 2, and 3 refer to the

positive ion, the negative ion, and the solvent, respectively.)
L %
YA 2A®((M.W.)3/1OOO)(IB/ 2/1+b12))-ACprZ(M.W.)3/(1000(1+b12)2)

~v2(27Ta3/3)(N/1000%)m? d(M.W.) X (5-1)

b is given by equation (3-14).

1Y% = qy(1- (@Y 5 + Oy, + @Yy
- ®; W3/ @y + Oy + @5Wy)
- O3/ @Yy, + @Y, + ©3\))
- O @Y, 5+ ©, W + @30
(5-2)
From equation (3-27), QLEJ) %PZZ and WLB3 are equal to unity.
Also, Yy = WYy and Y, = s,
lﬁ?g'comb' = lanB'/x3' + 1-d?3'/x3' (5-3)
where qp3f and x3' are given by equations (3-29) and (3-32),
respectively.
The activity coefficient of the solvent is obtained by
substituting equations (5-1), (5-2), and (5-3), into equation
(3-7).

The solvent activity coefficient expression for a binary

electrolytic solution contains nine parameters.
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The Pitzer (Coulombic) term has one adjustable parameter, a,
which is the ion-size parameter. a reflects the hard-core volume of
the ions and its value may be between the sum of the crystallographic
radii or the sum of the solvated radii.

The Flory-Huggins (Combinatorial term) has two fixed parameters,
ho+j and ho-j' These values are obtained from Bockris and'Reddy (1977)
for various ions in water. They are estimated for ions in nonaqueous
solvents and the method for estimation will be presented later in this
chapter.

The residual term has six adjustable parameters: A3y Ayg) A31,
Azgs Afgs and A, . Equation (5-2) is simplified further with the
assumption

= A (5-4a)

Arp = Ay

that the interaction energy between two positive ions, Uiqs is the same
as the interaction energy between two negative ions, Usye (See
equation 3-27)

The parameters 11113 and 1P23 are combined to one parameter, A,.

8, = Wy + (B 10y (5-4b)
With the assumptions of equations (5-4a) and (5-4b), equation (5-2)
is
1n VRS = q,(1-1n®) A,/Q; + @)
- @3, /(@) + @y, + @Y
- @M@, + ®, + B3 - @y/(©4,/0; + @)

(5-5)
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The number of parameters in the residual term is reduced to four.

The expression for the activity coefficient of the solvent is

then given by
1n jé = equation (5-1) + equation (5-3) + equation (5-5) +
" 1In x3' - 1n Xq (5-6)

A31 and A32 represent the interactions between the solvent and
the solvated positive and negative ions, repectively. A12 represents
the short-range interactions between the solvated positive and negative
ions. Ai combines the interactions between the solvated positive and
negative ions and the solvent. To establish these parameters, an
extensive data base of salts in wvarious solvents is needed.

The data base for parameter estimation is shown in Table 5.1 and
includes osmotic coefficient or vapor pressure data for salts in water,
methanol, ethanol, isopropanol, and n-propanol.

This data base was selected since it includes most of the salts
and solvents for which ternary salt-mixed solvent data are available.
The ternary‘data base is shown in Table 5.2. In addition, the binary
data base includes salts not covered in the termary data base. The
parameters obtained for these systems are applied to the prediction
of binary systems at temperatures other than 25°C.

The UNIQUAC surface area (qi) and volume (ri) parameters of
equation (5-6) were calculated using equations (3-20) and (3-35),
respectively, and the group area (Qk) and group volume (Rk) parameters
given by Fredenslund, et.al. (1975). They are tabulated in Table 5.3.

The UNIQUAC group surface area (Q1 and Q2) and group volume (R1

and Rz) parameters for the positive (1) and negative (2) ions are

calculated using the Pauling (1960) crystallographic radii in the case
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of the spherical ions and the Yatsimirskii thermochemical radii
(Waddington, 1959) in the case of the nonspherical ions. The ionic
radii (Table 5.4) are then substituted into equations (3-21), (3-22),
(3-36), and (3-39), to obtain the ionic Q and R, . These values are

tabulated in Table 5.5.
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Data Base for Parameter-Estimation from Binary Electrolytic

Salt
Water

1-1 Chlorides
1-1 Bromides
1-1 Iodides
1-1 Chlorates
1-1 Acetates
1-1 Flourides
2-1 Chlorides
2-1 Bromides
2-1 Iodides
1-2 Sulfates

Methanol

LiCl
LiBr
NaTl
NaSCN
NH;SCN
KCH3CO0
NaBr
NaOH
CaCly
CuClp
KI

Ethanol
LiCl
LiBr
Nal
CaClp

TOC or
PmmHg

Maximum

Molality(

250C

250C

24.880C

150C

35°c¢C
500C

Solution Data

moles salt

(o)}

g — S o AN e AN o

w O O O

&= =

n)

O = DU = D UwE R
G O OV O U NYOFEWww oy

Ul oo O &

kg solvent

Reference

Robinson & Stokes (1959)

Tomasula (1985)
This Study

Bixon et al. (1979)

Janz & Tomkins (1972)

Czerwienski et al. (1985)



Salt

Isopropanol

TOC or
PmmHg,

Maximum
Molality

LiCl
LiBr
CaClo

n-propanol

CaClp

75.10¢C
75°C
760mm

760mm

(

moles salt

kg solvent

_ D .

1.

o W oo

)
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Reference

Sada et al. (1975)

Nishi (1975)

Nishi (1975)



Isothermal
Salt Data TOC

Methanol-Water

LiCl 25,60

NaCl

NaBr 25,40
NaF

KCl

CaClp

Ethanol-Water

LiCl 25
NaCl 30
Nal

NaF

KC1l

KI

NHyCl 30
CaCly

Isopropanol-Water

LiCl 75
LiBr 75

Methanol-Ethanol

CaClp

TABLE 5.2
Ternary Data Base

Isobaric

Data mmHg

760

760
760
760
760
760

760
755
700
700
700
700
760
760

760

References

Ciparis (1966)
Hala (1969)
Boone (1976)

Ciparis
Ciparis; Boone
Boone

Boone

Nishi (1975)

Ciparis; Boone
Ciparis

Nishi (1975)
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Sada et al. (1975)

Kato (1971)
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TABLE 5.3
UNIQUAC Volume (rj) and Surface Area (qj) Parameters

H>0 MeOH EtOH nPrOH IsoProp

ri 0.92 1.4311 2.1055 2.7799  2.7791
Qi 1.40 1.4322 1.9720  2.5120  2.5080



33

TABLE 5.4
Pauling Crystallographic & Yatsimirskii Thermochemical

Radii for the Ions Considered in this Study

Ton 8, Angstroms Reference
Li+ 0.60 Pauling (1960)

Na+ 0.95

K+ 1.33

Rb+ 1.48

Cst 1.69

Mg+2 0.65

Ca+2 0.99

Sr+2 1.13

Ba*? 1.35

Co*2 0.74

F= 1.36

Cl-= 1.81

Br-— 1.95

I- 2.16

SOu‘Z 2.30 Yatsimirskii (Waddington, 1959)
NO3~ 1.89

Cl0y~ 2.36

CNS-= 1.95

CH3C00~ 1.59

NHy* 1.48



TABLE 5.5
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UNIQUAC Group Volume (Ry) and Group Surface Area (Qy)

Ion

Li+
Na+
K+
Rb+
NHy+
Cs*+
Mg+2
Ca+2
Sp+2
Ba+2

Cl-

Br-—

Soy~2
NO3~
C10y-
CNS-
CH3C00-

Parameters

Rk

.03590
.14615
-39195
.5U4325
.54325
.75488
.03773
.16129
.23984
.40898
.06736
.39107
.97915
.23253
.67516
.02246
12223
. 18490
.23253
.66817

Qk

. 10893
27771
.53607
.66639
.66639
.82982
. 11260
.29657
.38638
.55148
.16570
.53526
.98696
. 15062
41179
.60073
.08090
.68534
. 15062
.76499
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5.2 Parameter Estimation from Binary Electrolytic Solution Data

The 1-1 chlorides at 25°C of Table 5.1, which consist of LiCl,
NaCl, KCl, RbCl, NH4C1, and CsCl, were chosen as the base systems
from which all aqueous ionic parameters of equation (5-6) are evaluated.
This means that the values of Agq and A32 obtained through regression
of these systems are the values of A31 and A32 to be used for all
salts containing the same ions. For example, the value of AWater/Li+
is the same for LiCl as it is for LiBr. The value of AWater/Cl_ is
the same for NaCl as it is for CaClz. (The values of a, A12, and At
are discussed under the headings Case 1, Case 2, and Case 3,
respectively.)

The 1-1 chlorides were selected over the other aqueous systems
of Table 5.1 since ion-pairing between a uni-valent cation and a
chloride ion is not observed. (Robinson and Stokes, 1959) In ad-
dition, the osmotic coefficient data for these salts is available up
to a molality of 6, with the exception of the KCl system which has a
maximum molality of 4.5m. A maximum molality of 6 is desirable since
the ternary salt-mixed solvent systems of Table 5.2 often extend to
this molality.

It is equally valid to use the 1-1 bromides or 1-1 iodides as a
base system since these salts also do not jion-pair. However, the
osmotic coefficient data for the majority of these salts do not
extend to 6m.

The LiCl and LiBr methanol systems at 25°C were chosen as the
base systems from which all methanol ionic parameters are evaluated.
The data for these systems are available up to a molality of 4.3.

The binary model of equation (5-6) was tested considering the
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three cases discussed below.

Case 1

a, the ion-size parameter of the Pitzer term, equation (5-1),
was set equal to the sum of the ionic radii given in Table 5.4.
Therefore, the Pitzer term has no adjustable parameters.

The values of ho+'

J
term, equation (5-3), were set equal to zero. This means that the

and ho-j of the Flory-Huggins combinatorial

ions are not considered "to be solvated.

The residual term, equation (5-5), was used assuming that the
value of Ay is the same for each salt and a particular solvent along
with the values of Ry and Qk given in Tables 5.4 and 5.5.

The 1-1 chlorides in water at 25°C and the LiCl and LiBr systems
in methanol at 25°C were used to obtain the model parameters. The
model parameters were calculated by minimization of the objective
function:

F = (P~ Pea1/ Py (5-7)
Cbexp is the experimental osmotic coefficient from the data of Table
5.1. CpcalAis the calculated osmotic coefficient and is obtained from
equation (5-6) using the relationship

D,y = -10001n( ¥ x,)/ V(MW m (5-8)

The results for Case 1 are shown in Table 5.6. The results for
the 1-1 chlorides were obtained by simultaneously solving for A12,

A31, A32, and A,. The value of A32, which represents the interaction
between a water molecule and a chloride ion, is the same for each of
the chloride salts. The value of Agqs which represents the interaction
between a water molecule and a positive ion, differs from salt to salt,

since it depends on the type of positive ion. A12, which represents
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TABLE 5.6

Case 1. Test of the Binary Model (Eq. 5.6) with

a = Ir, and ho,j and ho_j Set Equal to Zero
Avg. %
System Aq2 A34 A3 Error ¢
Water
LiCl -3624.1 -5925.1 -12224 .1 22.7
NaCl -5643.8 7.3
KC1 -2824.7 1.5
RbCl -2670.6 2.4
CsCl -2505.6 5.1
Average % error ¢-= 7.8
Methanol
LiCl 15820.6 -4633.0 -14788.1 56.0
LiBr -9077.4 52.5

Average % error ¢ = 54.3
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the interaction between a positive and negative ion, was assumed to
be the same for each salt. The value of At’ which was assumed to be
the same for all salts, was found to be approximately .zero.

The overall average percent error in ¢ for the 1-1 chlorides is
7.8. The performance of the model is especially poor for the LiCl
system where the average percent error in ¢ is 22.7.

The LiCl and LiBr methanol systems could not be correlated by the
model. The overall average percent error in ¢ is 54.3. The reasons
for the poor performance of Case 1 will be discussed after the
presentation of Case 3.. The other salt-methanol systems of Table 5.1
also could not be correlated by the model.

Although not shown, the value of At was also found to be zero in
the regression of the 1-1 bromides and the 1-1 iodides. The other
aqueous systems of Table 5.1 were not tested using Case 1.

Case 2

Case 2 is the same as Case 1 with the exception that a, the ion-
size parameter is now an adjustable parameter. The 1-1 chlorides and
the LiCl and LiBr methanol systems were again used to obtain the model
parameters. The regression procedure used in Case 1 to obtain the
model parameters was also used in Case 2.

The results for Case 2 are shown in Table 5.7. The overall average
percent error in ¢ for the 1-1 chiorides is 2.1 while that for the LiCl
and LiBr methanol systems is 1.9. These results are a significant
improvement over those in Table 5.6. Again, A, was found to be
approximately zero for the aqueous and the methanol systems.

The values of A31 and A12 obtained from the regression of the 1-1

chlorides were used to obtain the values of a and A32 for the 1-1
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TABLE 5.7
Case 2. Test of the Binary Model (Eq. 5.6) with

a an Adjustable Parameter and ho+j and ho_j Set Equal to Zero

Avg. %
System a Aqo Az A3; Error in ¢
Water
LiCl 3.98 -591.7 -341. -2907.6 0.9
NaCl 3.24 -302. 0.6
KC1 3.14 188. 1.5
RbCl 3.29 337. 2.4
CsCl 3.46 49y, 5.1
LiBr .24 -341. -232.5 1.8
NaBr 3.55 -302 C.4
KBr 3.28 188. 2.4
RbBr 3.44 337. 3.0
CsBr 3.61 Loy, b.7
Methanol
LiCl 5.53 -364.7 -166. 762.1 2.2
LiBr 5.88 -166. 919.7 1.5
NaBr 5.32 -353. 919.7 3.7
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bromides, where A.32 is the water-bromide ion interaction parameter.
The values of A32 and A12 obtained from the regression of the LiCl and
LiBr methanol systems were used to obtain the values of A31, the
methanol-sodium ion interaction parameter, and a for the NaBr-
methanol system. At was assumed to be zero. These results will be
utilitized in Chapter 6.

Case 3

a, the ion-size parameter of the Pitzer term of equation (5-6)
was set equal to the sum of the ionic radii given in Table 5.4. This
was done in Case 1 also.

The solvation numbers of the positive, ho+j’ and the negative
ions, ho-j’ in water were set equal to the values of the primary
hydration numbers given by Bockris and Reddy (1977). These values
are listed in the second column of Table 5.8. The wide variation in
the values of ho+j and ho—j for each ion arose since the hydration
numbers were determined by five different methods. Since the values
of ho-j are 1#1 for the C17, Br , and I ions, ho—j was set equal to
zero for these ions. ho-j was also set equal to zero for the other
anions encountered in this study for simplicity purposes.

Since no solvation numbers are available for ions in nonaqueous

media, it was assumed that ho+j for a positive ion in a nonaqueous

solvent is given by

nonaqueousy _ noNaqueousy Hco
ho+j< solvent ) ho+j water D( solvent )25 C/DH O.co
2725°C
(5-9)
where D(nggigzﬁgus) is the dielectric constant of the nonaqueous

solvent at 25°C and DH is the dielectric constant of water at 25°C.

2O
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TABLE 5.8
Hydration Numbers for Some of the Ions Used in This Study

ho,; or ho ho,; or ho_;

Ion (Bockrfs & Reagy, 1977) (Thfs Study
Li+ 5+1 5
Na+ 41 3
K+ 32 2
Rb+ 21 1
Cs+ 0 0
Ca+? 7.5-10.5 9
Mg*+2 13-16 10
F- 4+ 0
CL- 141 0
Br- 121 0
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n_ . is the hydration number of the ion from the values of
o] water

Table 5.8.

Again, the aqueous 1-1 chlorides and the LiCl and LiBr methanol
systems were used to evaluate the model parameters using the
procedure outlined under Case 1. A preliminary run indicated that
a should be an adjustable parameter for the methanol systems and that
the hydration numbers of the aqueous positive ions should be adjusted
to the values shown in the third colum of Table 5.8. These values
are within the experimental error indicated by Bockris and Reddy.

The regression resuits for the aqueous 1-1 chlorides and the
LiCl and LiBr methanol systems are shown in Table 5.9. The average
percent error in ¢ for the 1-1 chloridés is 1.4. This is an im-
provement over the value of 7.8 obtained in Case 1 and the value of
2.1 obtained in Case 2.

The average percent error in ¢ for the methanol systems is 1.9.
This is an improvement over the value of 54.3 obtained in Case 1 and
is the same as the value obtained in Case 2.

A comparison of the results of Cases 1, 2, and 3 indicates that
the model fails overall for the choice of parameters of Case 1. (a
was set equal to the sum of the crystallographic radii and ho+j and
ho-j were set equal to zero). The results for the KCl, RbCl, and
CsCl systems are comparable to those of Cases 2 and 3.

The Pitzer, Flory-Huggins, and residual terms for the LiCl-water
and the LiCl-methanol systems of Table 5.6 are plotted in Figures 5.1
and 5.2, respectively.

Figure 5.1 indicates that the contributions of the Pitzer, Flory-

Huggins, and residual terms tc the calculated solvent activity
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TABLE 5.9
Case 3. Test of the Binary Model (Eq. 5-6) with a = Irg

for the Aqueous Systems and Adjustable for the Nonaqueous Systems

Avg. %

System a ho j 442 A3 A3  Error in ¢
Water
LicCl 2. 41 5. -828.7 -368.2 -87.5 1.6
NaCl 2.76 3. -442.3 0.9
KC1 3.14 2. -13.7 1.7
RbC1 3.29 1. -142.0 1.4
CsCl 3.47 0. -89.7 1.5

Average % Error ¢ = 1.4
Methanol
LiCl 5.35 2. -253. 1 620.8 782.3 2.3
LiBr 5.70 2. 938.4 1.5

O

Average % Error ¢ = 1.
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Figure 5.1 Case 1. The Contribution of the Pitzer, Flory-Huggins,
and Residual Terms in the Calculation of 1n’Y for
the LiCl-Water System at 25°C 2
(The parameter values are found in Table 5. 6)

P o ¥ o /2
0.9 + + g f:zag
©
T,
O]
ln’XHZC 0
-0.1
O eXxperimental )
® czalculated
1 Pitzer
2 TFlory-Huggins
3 Residual
_o' 2 T T T T
0.0 1.0 2.0 3.0 4,0 5.0

molality
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Figure 5.2 Case l. The Contribution of the Pitzer, Flory-Huggins,

and Residual Terms in the Calculation of ln'yMeOF for

the LiCl-Methanol System at 25°C.

(The parameter values are found in Table 5.6)

-0.2
© experimental
@® calculated
1 Pitzer
-0.3 L 2 Flory-Huggins
3 Residual
-0.4 . ,
0.0 1.0 2.0 3.0 4,0

molality
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coefficients of water are negligible as the molality increases above
2m. The 1-1 chloride data were regressed again varying the starting
values of A12’ Ayy, and Ag,y, in equation (5-6) to check that the
parameter values of Table 5.6 are the optimum ones. A* was set equal
to zero. No changes in the parameter values or the value of the
residual term were noted indicating no multiplicity of roots in the
term.

Figure 5.2 shows that the contributions of the Flory-Huggins and
the residual terms to the calculated solvent activity coefficients of
methanol are negligible even at high molalities. The major contri-
bution is due to the Pitzer term. However, this contribution is
opposite in sign to that needed for the correlation of the experimental
activity coefficients. Again, the residual term was checked for multi-
plicity of roots by varying the starting values of A12, A31, and A32
in equation (5-6). Again, A* was set equal to zero. No changes in
the parameter values or the value of the residual term were noted.

In Case 2 (Table 5.7), the values of hb+j and ho-j were set equal
to zero and a, A12, A31, and A32 were adjustable parameters. At was
found to be zero. The results for the LiCl-water and the LiCl-methanol
systems at 25°C are plotted in Figures 5.3 and 5.4, respectively.

Figure 5.3 shows that the contributions of the Flory-Huggins and
the residual terms to the calculated activity coefficients of water are
negligible over the entire molality range. The major contribution to
the calculated activity coefficients is due to the Pitzer term which
decreases with increasing molality. This contrasts with Case 1 (Figure
5.1) in which the contribution of the Pitzer term is small.

Figure 5.4 indicates that the major contributions to the calculated



Figure 5.3 Case 2. The Contribution of the Pitzer, Flory-Huggins,

and Residual Terms in the Calculation of ln 4.0 for
the LiCl-Water System at 25°C. T2
(The parameter values are found in Table 5.7)
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Figure 5.4 Case 2. The Contribution of the Pitzer, Flory-Huggins,
and Residual Terms in the Calculation of 1n7Y, Op'for
the LiCl-MeOH System at 25°C. eV
(The parameter values are found in Table 5.7)
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activity coefficients of methanol are due to the Pitzer and the
residual terms. The Pitzer term decreases with increasing molality
while the residual term increases with increasing molality. This is
in contrast to Case 1 (Figure 5.2) where the Pitzer contribution is
positive and the residual contribution negligible. The Flory-Huggins
contribution in Cases 1 and 2 are identical.

Solvation of the positive ions was assumed in Case 3. a is the
sum of the crystallographic radii for the aqueous systems and is an
adjustable parameter for the methanol systems. (The case where a is
the sum of the crystallographic radii and solvation is assumed for
the methanol systems is not presented here since the methanol data
are correlated as they are in Case 1 with this option.)

The results for the LiCl-water and the LiCl-methanol systems are
plotted in Figures 5.5 and 5.6, respectively.

Figure 5.5 shows that the major contribution to the calculated
solvent activity coefficients of water is due to the Flory-Huggins
term. The Pitzer contribution is the same-as it is in Case 1. The
residual contribution is now positive where in Cases 1 and 2 it is
negative.

The Flory-Huggins term is always negative. The magnitude of
this term increases with increasing solvation number; i.e., the
contribution of this term is greatest for the LiCl system which has

the largest value of ho+j and smallest for the CsCl system which has

a value of ho+j of zero
Figure 5.6 presents the results of Case 3 for the LiCl-methanol
system at 25°C. The major contribution to the calculated solvent

activity coefficients of methanol is due to the Pitzer term; however,
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Figure 5.6 Case 3. The Contribution of the Pitzer, Flory-Huggins,
and Residual Terms in the Calculation of ln')j;vieOIJ for
the LiCl-Methanol System at 25°C. TR
(The parameter values are found in Table 5.9)
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this contribution is not as great as it is in Case 2. The contri-
bution of the Pitzer term is less in Case 3 than in Case 2 since the
Flory-Huggins contribution is greater in Case 3 than in Case 2. The
assumption of solvation decreases the value of this term. The
residual contribution in Cases 2 and 3 is approximately the same.
Although the performance of the binary model is similar for Cases
2 and 3, it will be demonstrated in Chapter 6 that only the parameters
of Case 3 allow the prediction of the properties of single salt-mixed
solvent systems. It is for this reason that only the parameters
determined using the assumption of Case 3 will be presented in the next

section for the binary data base of Table 5.1.
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5.3 Values of the Binary Ion-Solvent Interaction Parameters

The approach of Case 3 with a, the ion-size parameter of the
Pitzer term set equal to the sum of the crystallographic radii, and
ho+j of the Flory-Huggins term set equal to the values of the third
column of Table 5.8, is used to obtain the binary ion-solvent para-
meters of the residual term. The ho-j’ the solvation numbers of the
negative ion, are set equal to zero. The calculation scheme used to
obtain A ., A31, and Agy for the 1-1 chlorides has already been
described in Section 5.2. At was found to be zero and is assumed to
be zero for all salts in all solvents.

The parameters for the aqueous 1-1 chlorides at 25°C are shown
in Table 5.10. The average percent error in ¢p and the average percent
error in the vapor pressure, P, is shown for each salt. The overall
average percent errors ¢ and P are also reported. Since no value of
the crystallographic radii is available for the hydrogen ion, it was
assumed that the radius of the hydrogen ion is zero. The value of hO+j
for the hydrogen ion was obtained by regression since no value is report-
ed in the literature. The ammonium ion is assumed to have a solvation
number of one since this ion is the same size as the rubidium ion which
has a solvation number of one.

It is assumed that the value of A12 given in Table 5.10 is the same
for all salts in water. The values of A31 from Table 5.10, the water-
positive ion interaction parameters, and A12, were used to determine
Agns the water-bromide ion interaction parameter and the water-iodide
ion interaction parameter. Again, a is the sum of the crystallographic

radii and the ho+j are obtained from Table 5.8. The HBr, NaBr, KBr,

RbBr and CsBr systems were regressed together to obtain A - and
H20/Br



TABLE 5.10
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Binary Interaction Parameters for the Aqueous 1-1 Chlorides at 25°C

Salt

HC1
LiCl
NaCl
KC1
RbCl
NHyCl

CsCl

a=Ir,

1.

w W W w

81

41
.76
.14
.29
.29
U7

o O

(@]

Aveg. % Avg. %
A3 A3 Error, ¢ Error, P

-365.5 -87.53 3.0 0.44
-368.2 1.6 0.18
-442.3 0.9 0.05
-13.7 1.7 0.12
-142.0 1.4 0.10
-116.3 2.9 0.27
-89.7 1.5 0.17
Average % Errors = 1.9 0.19
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the HI, NaIl, KI, RbI, and CsI systems were regressed together to
obtain AHZO/I_’ The LiBr and Lil systems were predicted from the
resulting parameters.

The parameter values, the average percent error in ¢, and the
average percent error in P, for the 1-1 bromides and 1-1 iodides are
presented in Table 5.11. Tﬂe average percent errors in ¢ and P for
these systems are also tabulated.

The average percent errors in > for the 1-1 bromide and iodide
systems are 2.6 and 2.9, respectively, compared to the value of 1.9
obtained for the 1-1 chlorides. This is to be expected since only
one parameter was used to correlate these systems versus the three
parameters used to correlate a chloride system.

An attempt was made to correlate the 1-1 nitrates, perchlorates,
acetates, and flourides, the 2-1 chlorides, bromides, and iodides,
and the 1-2 sulfates of the binary data base of Table 5.1 using the
parameters of Tables 5.10 and 5.11, the values of ho+j given in Table
5.8, and the assumption that a is the sum of the crystallographic
radii. In the case of the 1-1 and 1-2 salts, the data were regressed
for Agy and in the case of the 2-1 salts, the data were regressed for

A While the results for the 1-1 flourides, perchlorates, and 2-1

31°
chlorides are not as good as those of Table 5.10 and 5.11, poor cor-
relation of the data was obtained for the 1-1 nitrates, acetates, and
the 1-2 sulfates.
Typical results are shown in Table 5.12 for the 1-1 nitrates at
o _ s .
25°C., The data were regressed for AWater/NO3 , the water-nitrate ion

interaction parameter. The average percent error in ¢ is 8.5 and the

average percent error in P is 0.55. These results are poor compared
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TABLE 5.11
Binary Interaction Parameters for the Aqueous 1-1 Bromides
and 1-1 Iodides at 259C

Ao = -828.7

Avg. % Avg. %
Salt asgrq ho, j A31 A3p Error, ¢ Error, P

HBr 1.95 6.0 -365.5 -49.9 3.7 0.08
¥LiBr 2.55 5.0 -368.2 3.5 0.70
NaBr 2.90 3.0  -442.3 2.1 0.13
KBr 3.28 2.0 -13.7 2.5 0.19
RbBr 3.43 1.0 -142.0 2.1 0.22
CsBr 3.61 0.0 ~89.7 1.5 0.14
Average % Errors = 2.6 0.24

HI .16 6.0 -365.5 -13.1 3.6 0.16
LiI 2.76 5.0 . -368.2 3.2 0.16
Nal 3.11 3.0 -442.3 3.4 0.20
KI 3.49 2.0 -13.7 3.4 0.07
RbI 3.64 1.0 -142.0 2.6 0.31
CsI 3.82 0.0 -89.7 1.4 0.19
Average % Errors = 2.9 0.18

¥Predicted from the binary parameters
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TABLE 5.12
Binary Interaction Parameters for the Aqueous 1-1 Nitrates

at 25°C

a = g and Aqp = -828.7

Aveg. % Avg. %
Salt a=Ir,  ho,j A3q A3p Error, ¢ Error, P
LiNO3 2.49 5.0 -368.2 555.0 5.5 0.46
NaNO< 2.85 3.0 -4y2.3 8.8 0.85
KNO3 3.22 2.0 -13.7 7 8 0.29
RbNO3 3.37 1.0 -142.0 11.9 0.55
Average % Errors = 8.5 0.55
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to the fit of the data obtained for the 1-1 chlorides, bromides, and
iodides.

For these systems, the Flory-Huggins term may be regarded as
fixed since it depends on literature values of the solvation number.
Likewise, the residual term may be considered fixed since two out
of three parameters, Ay, and either A, or Aj), have already been
established. (Tables 5.10 and 5.11) The only other parameter that
may be modified is a, which is assumed to be the sum of the crystal-
lographic radii for the 1-1 chlorides, bromides, and iodides, and is
adjustable for the methanol systems.

The 1-1 nitrates, perchlorates, acetates, and flourides, the 2-1
chlorides, bromides, and iodides, and the 1-2 sulfates, were regressed
again, with a as an adjustable parameter, and for either Agq and A32.
The results are shown in Table 5.13.

The average percent error in ¢ for the 1-1 nitrates is reduced
to 3.1 with a an adjustable parameter compared to a value of 8.5
where a is assumed to be the sum of the crystallographic radii. The
‘results for the other systems listed in Table 5.13 have also improved
dramatically,

It should be noted that the values of ho+j for the Ba++, Co++,
and ST ions, were obtained regarding ho+j as an adjustable parameter
since these values are not available in Bockris and Reddy (1977).

Even though Bockris and Reddy indicate that the value of the hydrgtion
number of the Mg++ ion is between 13 and 16, it was found that a value
of 10 gives better correlation results.

Robinson and Stokes (1959) indicate that the so called strong

electrolytes, those which completely dissociate in solution, are



Salt

LiNO3
NaNOg3
KNO3
RbNO3
HNO3

LiCl1l0y
NaClOy
HC1O0y

LiAc
Nalc
KAc

RbAc
CsAc

NaF
KF

LipoSOy
NazSOy
KoS0y

RboS0y
Cs»S0y

= oEFE W w -

N

Eowow N -
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TABLE 5.13
Binary Interaction Parameters at 25°C
a is an adjustable parameter

A12 = -828.7

Avg. % Avg. %
a ho, j A3, A3p Error, ¢ Error, P
.79 5.0 -368.2 -13.3 4.1 0.42
.45 3.0 -442.3 3.9 0.24
.69 2.0 -13.7 2.3 0.08
.98 1.0 -142.0 1.7 0.01
.05 6.0 -365.5 3.6 0.16
Average % Errors = 3.1 0.18
2.72 5.0 -368.2 -33.8 1.4 0.08
2.26 3.0 -4u2.3 2.3 0.15
1.42 6.0 -365.5 1.7 0.13
Average % Errors = 1.8 0.12
.60 5.0 -368.2 -=218.5 3.5 0.21
.28 3.0 -4u2.3 1.5 0.08
.93 2.0 -13.7 1.5 0.08
.14 1.0 -142.0 1.2 0.07
.36 0.0 -87.7 1.6 0.10
Average % Errors = 1.9 0.11
.23 3.0 -442.3 =147.3 0.8
3.27 2.0 -13.7 0.4 0.02
Average % Errors = 0.6 0.015
AT 5.0 -368.2 147.6 4.4 0.85
.16 3.0 -442.3 0.8 0.01
.32 2.0 -13.7 2.5 0.07
.63 1.0 -142.0 3.0 0.10
.18 0.0 -87.7 4.9 0.17
Average % Errors = 5.1 0.23
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Avg. % Avg. %
Salt a ho, j A3, J.EP) Error, ¢ Error, P
CaClp 2.93 9.0 -220.2 -87.5 2.8 0.67
CaBro 3.52 -45.9 2.8 1.14
Caly 3.72 . -13.1 1.6 0.07
BaCl, 3.19 7.0 -261.1 -87.5 3.3 0.14
BaBro 3.57 -45.9 2.3 0.11
Bal, 4.21 -13.1 1.4 0.08
CoCls 2.89 9.0 -235.0 -87.5 4.9 0.69
CoBro 3.56 -45.9 2.3 0.65
CoIs 3.98 -13.1 3.0 1.86
SrClp 3.19 8.0 -227.7 -87.5 2.2 0.13
SrBro 3.54 -45.9 1.7 0.07
Sris 3.94 -13.1 1.3 0.05
MgClo 2.82 10.0 -193.9 -87.5 2.8 0.50
MgBro 3.33 -45.9 1.6 0.23
Mgl 3.70 -13.1 2.2 0.67

Average % Errors = 2.4 0.47
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comprised of the alkali halides, the alkaline-earth halides and
perchlorates, and some transition-metal halides. The flouride,
perchlorate, and the 2-1 salts of Table 5.13 are in this category.
The nitrate, acetate, and sulfate salts are weak electrolytes since
it is believed that association occurs between the oppositely charged
ions as a result of electrostatic attraction.

The Pitzer term, if used alone in the correlation of 1-1 and
2-1 strong electrolytes in water, has been shown to be applicable up
to a molality of 6 for the 1-1 salts and a molality of 2 for the 2-1
salts, when a is an adjustable parameter. (Tomasula, et.al., 1985)
It does not correlate these systems if a is set equal to the sum of
the crystallographic radii. The addition of the Flory-Huggins and
the residual terms extends the molality range of the Pitzer term in
the case of the 2-1 salts of this study since the data are correlated
up to a molality of 6 when a is adjustable. If a is set equal to the
sum of the crystallographic radii, the average percent errors in
for the CaClz, CaBrz, and Ca12 systems are 4.5, 7.1, and 7.9, respect-
ively, up to a molality of 2. The addition of these terms allows the
correlation of the 2-1 aqueous salt systems up to a molality of 6.
The Bromley (1973) model which contains four fixed water specific
parameters and one salt-specific parameter, correlates these systems
up to a molality of 1. The Pitzer (1973) model, which contains two
fixed water specific parameters and three salt-specific adjustable
parameters, correlates the MgC12 system up to a molality of 4.5, the
SrC12 system up to a molality of 4, and the other 2-1 salts of Table
5.13 up to a molality of 2.

The addition of the Flory-Huggins and the residual terms also
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allows the value of a to be set equal to the sum of the crystallo-
graphic radii for the 1-1 chlorides, bromides, and iodides. This
is apparently coincidental since a must be an adjustable parameter
for the strong electrolytes listed in Table 5.13.

For the ion-pairing electrolytes of Table 5.13 (1-1 nitrates
and 1-2 sulfates), the value of a obtained through regression is
generally less than the sum of the crystallographic radii. Even
though equation (5-6) was derived assuming complete dissociation of
the electrolyte, the model correlates the 1-1 nitrates with an
average percent error in ¢ of 3.1 and an average percent error in
D for the 1-2 sulfates of 5.1. However, the LiZSO4 system is
correlated with an average percent error in @ of 14.4.

The binary interaction parameters for the salt-methanol systems
listed in the binary data base of Table 5.1 are shown in Table 5.14.
a is an adjustable parameter and hO+j is calculated using equation
(5-9). The LiCl and LiBr methanol systems at 25°C were regressed
together to establish the individual values of a for LiCl and LiBr,
A12’ A31, and A32. At was found to be equal to zero. The value of
Ay obtained for these systems is assumed to be the value of A12 for
all the other salts in methanocl. The values of Amethanol/Br_ and A12
were used to establish the value of a of the NaBr-methanol system and
the Amethanol/Na+ parameter. The Amethanol/Na+ parameter and Ay
allowed the determination of the values of a for the Nal and NaSCN
systems as well as the values of Amethanol/I- and Amethanol/SCN_'

The parameters for the other salts listed in Table 5.14 are determined
as above.

The overall average percent error in ¢ for the systems listed
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Table 5.14 Binary Interaction Parameters for Salt-Methanol Systems
at 25°C. a is an Adjustable Parameter. A12 = =253.1

Avg. 7% Avg. 7%

Salt a ho-i-j i@_]__ _A3_2 Error,D Error, P
LiCl 5.35 2.00 620.8 782.3 2.3 0.50
LiBr 5.70 2.00 620.8 938.4 1.5 0.43
Nal 5.35 1.25 -281.6 215.8 0.8 0.20
KI 4.73 0.88 -302.1 219.8 2.0 0.03
NaBr 5.19 1.25 -281.6 938.4 2.0 0.14
NaSCN 4.73 1.25 -281.6 -42.6 2.4 0.35
KCHBCOO 4.00 0.88 -302.1 213.0 3.3 0.30
CuC12 3.65 4.17 -2362.8 782.3 8.0 0.93
CaC].2 5.11 3.75 -118.2 782.3 2.7 0.42
NH4SCN 3.93 0.42 -410.7 42,6 7.9 0199
AVG. = 4.77 AVG. = 3.3
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in Table 5.14 is 3.3. Most systems are correlated well with the
exception of the CuClz-methanol system which has an average percent
error in ¢ of 8.0 and the NH,SCN system which has an average
percent error in ¢ of 7.9.

The binary interaction parameters for the salt-ethanol systems
listed in the binary data base of Table 5.1 are shown in Table 5.15.
The LiCl and CaCl2 systems were chosen as the base systems from which
the other salt-ethanol interaction parameters are determined. The
value of A12 was not regarded as an adjustable parameter for these
systems but was calculated based on the values of A12 obtained for
the water and methanol systems. This was done to decrease the number
of parameters in the residual term which need to be established for
solvent systems in which few salt-solvent data exist.

The values of Ay for the water and methanol systems were assumed
to be linear functions of the dielectric constants of these solvents
at 25°C. The relationship between Ao and the dielectric constant is

Ay = 156.8 - 12.57D (5-10)

25°C

The values of A, and the values of ho+j calculated using
equation (5-9) were used to determine the value of Az, the
ethanol/Cl™ interaction parameter, and the values of Agqs the
ethanol/Li+ and ethanol/Ca+2 interaction parameters. The values of
a of the Pitzer term for LiCl and CaCl, were also calculated.

The ethanol/Li+ parameter allowed the calculation of the values
of a and A32 for the LiBr-ethanol system. The parameters for the
NaIl-ethanol system, with the exception of Ay, were determined

independently since no other salt-ethanol data are available which

have ions in common with this system.
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Table 5.15 Binary Interaction Parameters for Salt-Ethanol and
Salt-Isopropanol Systems. a is an Adjustable Parameter.

=-147.9 A isopropanol -68.8

2 ethanol
(The parameters were established at the indicated

temperatures.)

Ethanol . A A Avg. % Avg. %
Salt T°C a 31 32 Error,cD Error, P
LiCl 35.0 4,84 4634.1  926.9 3.3 1.33
LiBr 50.0 6.60 4634.1 1349.5 2.9 2.29
CaCl, 50.0 5.27 90.3 926.9 3.7 0.50
Nal 50.0 6.08 -279.2 1098.3 1.6 0.34
AVG. = 5.70 AVG. = 2.9
Isopropamol A A Avg. % Avg. %
Salt 1°C a 31 32 Error,p  Error, P
LiCl 75.1  6.10 2398.9 9377.9 4.3 0.51
LiBr 75 6.50. 2398.9 2160.0 3.2 0.80

AVG. = 6.30 AVG. = 3.8
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The binary interaction parameters for the salt-isopropanol
systems are presented in Table 5.15. A12 was calculated from
equation (5-10) and the value of h0+j for the 1i' ion was calculated
by equation (5-9). The LiCl and LiBr-isopropanol systems were
regressed simultaneously to obtain the values of a for the two salts,

and A. . The values

Aisopropanol/Li+"Aisopropanol/Cl_ isopropanol/Br
of a and A, for the CaClz-isopropanol system could

isopropanol/Cat+
not be established since this system could not be correlated by the
binary model.

The parameters for the CaClz—propanol system are not presented,
since this system could not be correlated by the binary model.

The possible reasons for the failure of the model to correlate

the CaClz—isopropanol and the CaClz-propanol systems are discussed

in Chapter 7.
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5.4 Temperature Extrapolation of the Binary Parameters

It is important to examine the effect of temperature on the
parameter values of the model since in the iscbaric salt-mixed
solvent systems, temperature varies with composition.

Table 5.16 presents the prediction results, based on the
parameter values at 25°C, for some aqueous systems. These results
can be considered good for the temperature range involved. The
average percent error in ¢p for all systems is 4.2. An average
percent error in P surpassing 107 is observed only for the LiCl-
water system at 150°C.

The parameters of the Bromley (1973) model and the Pitzer
(1973, 1977) models, which were obtained at 25°C, were used to
predict the osmotic coefficients and vapor pressures of some salts
in water up to an ionic strength of ém. (Tomasula, et.al., 1985)
The Bromley model, termed B-1, contains four fixed water specific
parameters and one adjustable parameter. The Pitzer (1973) model,
termed P-3, has two fixed water specific parameters and three salt-
specific adjustable parameters. The Pitzer (1977) model, termed
P-1, is given by equation (5-1) and has one adjustable parameter.

The models are compared in Table 5.17. The binary model of
this study allows the prediction of salt-water systems with temper-
ature independent parameters as well as the B-1, P-1, and P-3 models,

Table 5.18 presents the prediction results, based on the
parameter values at 25°C, for some methanol systems. The average
percent error in ¢ for all systems is 3.2 and it may be concluded
that this model provides reliable extrapolations with respect to

temperature using temperature independent parameters up to a molality
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Table 5.16 Average 7 Error in ¢ and in P in Prediction from

Parameter Values at 25°C in Aqueous Systems

Avg. % Avg. % Maximum
Salt T°C Error,P Error, P Molality Reference
Licl 50 3.8 0.35 3.2 Campbell and
Bhatnagar (1979)
75 5.7 0.57
100 4.4 0.43
125 6.7 0.65
150 10.2 0.93
CsCl 110 2.5 0.43 6.0 Holmes and Mesmer
(1981)
140 3.4 0.56
170 4.3 0.67
200 5.4 0.77
KCl 40 1.7 0.11 4.5 Snipes, et.al. (1975)
50 1.6 0.08
60 1.5 0.09
70 1.5 0.09
80 1.5 0.09
KI 100 8.5 2.68 10.0 Weast (1970)
Lil 100 3.1 1.28
Nal 100 7.7 2.09
KI 100 3.7 0.59 6.0
Lil 100 2.3 0.85
Nal 100 8.0 1.60
LiBr 100 1.3 0.29 10.0
NaBr 100 5.1 0.84 8.0

LiBr 100 1.5 0.24 6.0



Table 5.16 continued

Avg. % Avg. % Maximum
Salt T°C Error,d>  Error, P Molality

References

NaBr 100 5.8 0.80 6.0

Weast (1970)
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Table 5.17 A Comparison of the Average 7 Error in ¢ in Prediction
from Parameter Values at 25°C in Aqueous Systems for
Four Models

Avg. % Frror,

This Maximum
Salt T°C B-1 P-1 P-3 Study Molality
LiCl 50 3.4 3.6 3.0 3.8 3.2
75 6.2 6.4 5.1 5.7
100 4.9 4.8 3.5 4.4
125 7.6 7.3 5.7 6.7
150 11.6 10.9 9.1 10.2
KCl 40 0.9 1.9 1.1 1.7 4.5
50 1.4 2.4 1.7 1.6
60 1.8 2.8 2.2 1.5
70 2.0 3.1 2.6 1.5
80 2.3 3.4 2.9 1.5
CsCl 110 4.9 6.5 7.0 2.5 6.0
140 5.1 7.3 8.1 3.4
170 4.9 7.9 9.1 4.3
200 4.5 8.2 10.6 5.4
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Table 5.18 Average % Error in ¢ and in P in Prediction from

Salt

LiCl

LiBr

NaSCN
NHASCN
KCH3COO
Nal

°c

35
45
60
35
45
40
40
40
40

Parameter Values at 25°C in Methanol Systems

Avg. 7

Error,P
1.9
1.6
3.6
1.9
2.6
3.1
7.0
4.2
2.9

Average % Erron P 3.2

Avg. % Maximum

Error, P Molality Reference
0.46 4.6 Tomasula (1980)
0.29

1.30 5.9 Hala (1969)
0.44 4.3

0.46

0.53 3.4 This Study
0.89 5.2

0.40 2.5

0.76 4.3
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of 6.0 and up to 60°C.

The results of this study are compared to those of the B-<1, P-1,
and P-3 models in Table 5.19 and are comparable in all cases to those
of the P-3 model.

The temperature dependency of the ethanol and isopropanol salt-
solvent parameters could not be investigated since the data for these
systems (Table 5.1) which are at temperatures other than 25°C, were

used to establish the model parameters.
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Table 5.19 A Comparison of the Average % Error in @ in Prediction
from Parameter Values at 25°C in Methanol Systems for
Four Models

Average % Error in the Predicted Osmotic Coefficients

Salt T°C B-1 P-1 P-3 This Study
LiCl 35 2.4 4.1 1.1 1.9

45 4.7 6.6 1.4 1.6

60 5.4 8.5 3.5 3.6
LiBr 35 5.5 7.0 1.2 1.9

45 4.6 7.0 2.0 2.6
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5.5 Molality Range of the Binary Model

The binary parameters of Table 5.13 were used to predict the
osmotic coefficients at 25°C of some 1-1 electrolytes in water at
molalities greater than 6m. The results are shown in Table 5.20 and
are reported as the relative percent error in ¢» at each molality.

The results indicate that relative percent errors in
greater than 107 are to be expected if the parameters obtained from
regression of the data up to a molality of 6 are used to extrapolate
to molalities greater that 6. The only exception occurs with the
LiCl-water system. Reliable predictions are obtained up to m = 13,

The dashed lines for some of the salts in Table 5.20 indicate
the region in which the model breaks down entirely. This occurs when
the model indicates there are no longer any solvent molecules with
which to solvate the ions, or x3', given by equation (3-32) becomes
ZEero.

x3', the mole~fraction of the free-solvent molecules in a binary
electrolytic solution, is given by

x3' = (X3 -x1h0+1x3)/(1 —x1h0+1) (5-11)
where ho+1 is the solvation number of the positive ion, X35 is the
apparent mole-fraction of the positive ion. Xq and X5 are given by
equations (3-24) and (3-26), respectively. x3' becomes zero when the
numerator of equation (5-11) is zero, of when
Xy = 1/h0+1 (5-12)

For the LiCl-water system in which the solvation number of the
Li* ion is 5, x3' from equation (5-11) is zero and x; from equation
(5-12) is 0.2. This corresponds to a molality of 18.5. At molalities

greater than 18.5, x3' becomes negative.



75

Table 5.20 Prediction of the Osmotic Coefficents at 25°C of Some
Aqueous Systems at High Molalities. The Data are from
Robinson and Stokes (1959).

Rel. % Rel. %

Salt m Error,D Salt m Error
HC1 7.0 -10.8 LiN03 7.0 ~-12.6
8.0 -14.8 8.0 -17.3

9.0 -19.9 9.0 -22.6

10.0 -27.8 10.0 -28.8

11.0 -39.2 11.0 -36.1

12.0 -56.5 12.0 44 .4

13.0 -87.2 13.0 -54.5

14.0  -186,2

15.0 ——— LiBr 7.0 10.8
16.0 ———- 8.0 12.2
9.0 13.1
HClO4 7.0 -10.8 10.0 14.2
8.0 -10.6 11.0 14.8
9.0 -11.3 12.0 13.6
10.0 -13.7 13.0 12.3
11.0 -18.3 14.0 9.4
12.0 -27.1 15.0 3.7
13.0 -44.9 16.0 -4.9
14.0 -109.3 17.0 -19.5
15.0 ——— 18.0 ~-54.3

16.0 - 19.0 -



Table 5.20 continued

Salt

LiCl

m
7.0
8.0
9.0

10.0
11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0

19.0

Rel. %

Errorgjg

3.7
4.3
4.0
2.8
0.9
-2.3
-6.9
-13.3
-22.2
-35.3
-56.8
~-105.9

Salt m
CsCl 7.0
8.0
9.0
10.0
11.0

Rel. %

Error,gg

-10.6
-15.0
-20.6
-27.1
~-34.3
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It is recommended, therefore, that the binary model parameters
not be used to predict the thermodynamic properties of electrolytic
solutions beyond a molality of 6 in water.

The molality range for the salt-nonaqueous systems could not be

investigated since data greater than 6m are not available.



5.6 Values of the Binary Solvent (1) - Solvent (2) Interaction

Parameters
The solvent activity coefficient of component i in a multi-

component nonelectrolytic solution is:

F .
1n7 = 1n7. (Hlllzgns + 1n Vi(Resmual) (5-13)

where

Flory— _ ) 0 -
In y (Hugglns - lnCDi/xi +1- CIDi/xl (5-14)

and ln’yi(Resuiual) is given by equation (3-19). The volume fraction,

D;» is defined

= 0 -
CD_i = T,Xy /erJXJ (5-15)
and the area fraction, ®i’ is defined
o
®; = q;x; /ZJqJ j (5-16)

where the xj° are the mole-fractions of the solvents. The UNIQUAC
volume (ri) and surface area (qi) parameters for the solvents in this
study are found in Table 5.3.

The solvent activity coefficient of solvent 1(3), in a binary
nonelectrolytic solution of 3 and solvent 2(4), is obtained from
equations (5-13), (5-14), and (3-19).

ln'y:3 = lncb3/x3° +1 - CI>3/x3°
+ qy(1- (@5 + O, Ys) - ®/(@; +@, )
@,/ (@5, + ®,)) (5-17)
The solvent activity coefficient of 4 is given by
1n ’)2 = ln¢4/x4° + 1- CI.'>4/x4°

+ q,(1- (@3, + ®,) - O3Y,5/(®; +@,Y,3)

- ®,/(@3Y,5 + ®,)) (5-18)

The group interaction parameter, 11le, is defined
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thn:= exp - (Amn/T) (5-19)
The binary nonelectrolyte solvent activity coefficient
expressions ;ontain two adjustable parameters, A'34 and Ayge
The mixed solvent data of this study were correlated using the
objective function

NP

NP
_— 2 2
= Sz'l((Pcal - Pexp)/Pexp)s * sz=1 ((Yaeqr - Y3exp)X1O) s
(5-20)

where Pexp and Y are the experimental values of the total

3exp
pressures of the mixed solvent system and the vapor-phase compositions
of solvent 1. A weighing factor of 10 is used for the deviation in
vapor-phase composition in order to make the magnitude of this term
equal to that of the first term of equation (5-20).

For isothermal P-x-y data, PCal is obtained from the value of the
temperature, the values of the solvent mole-fractions, equations (5-17)

and (5-18), and the relationships developed in Chapter 1.

P A
cal = %3 V3D3"Py (exp(Py) - B3®)va/RT)/cDs

+ %, Y, 0,5, (exp(®_, - B, /RDD, (5-21)
Yaear = %5 ¥V 5D5 PR3 (exp(B ) - Bo%)vy/RDDR )
(5-22)
The fugacity coefficients are calculated using the Hayden-O'Connell
(1975) correlation which is presented in Appendix A. The Hankinson
(1979) correlation is used to calculate the pure-component liquid
volumes. This method is discussed in Appendix B.
Equations (5-21) and (5-22) are solved by using a bubble point
calculation.

For isobaric T-x-y data, Tcal and Y3cal are obtained from the
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value of the experimental total pressure of the system, the values
of the solvent mole-fractions, equations (5-17) and (5-18), and the
relationships of Chapter 1. P is set equal to P in equations
cal exp
(5-21) and (5-22). A bubble point calculation is used.
The regression results for the mixed-solvent systems of this
study are presented in Table 5.21. The quality of the correlation
of the data is shown by comparing the experimental and calculated

quantities through the following expressions:

NP
AT = (1/NP)Z[Tcal - Texp|°K (5-23a)
NP
AP = (1/NP)3 ,Pcal - Pexp[mﬁg (5-23b)
NP 2
By = (/BR)Z ZlYeq1 = Yexpl (5-23¢)

In the case of the isothermal systems, AP and Ay are reported.
AP, AT, and Ay are reported for the isobaric systems.
No Ay is reported for the H,0-EtOH system at 30°C since

experimental values of Y3 and y,, were not available.
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CHAPTER 6

6.1 The Ternary Model for the Prediction of Salt-Mixed Solvent Data

Equations (3-8), (3-19), and (3-28) are used to obtain the solvent
activity ccefficients for a ternmary electrolytic solution containing a
single salt. (The subscripts 1,2,3, and 4 refer to the positive ion,
the negative ion, solvent 1(3), and solvent 2(4), respectively, in the
following discussion.)

The Coulombic contributions to the solvent activity coefficients
are calculated directly from equation (3-8). The terms in equation
(3-8) are defined by equations (3-9) - (3-18).

The residual contributions to the solvent activity coefficients
are calculated from equation (3-19). The terms of equation (3-19) are
defined by equations (3-19) - (3-27).

The Flory-Huggins contributions to the solvent activity
coefficients are given by equation (3-28). The terms of equation (3-28)
are defined by equations (3-29) - (3-38).

The solvent activity coefficient for component 3 in a salt-mixed
solvent solution is therefore given by

1n ’)/3 = In %COUlombic(equation 3-8) + lncI)3'/x3' + 1- CID3'/X3'
T 4 gy(l- In(@,A%/Q + @y + @)
- ©1Y¥51/(@ + By + @35 +OY,)
“®, W3/ (@Y, + @, + O3, +O,Y,y)
- @ /(@0 + @5+ @, Y,5)
“®, Y5,/ (B B/ + B3y, + @)
+ lnx,' - Inx, (6-1)
The solvent activity coefficient for component 4 in a salt-mixed

solvent solution is given by

82
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1n }2 = 1n %COUlombic(equation 3-8) + 1nc1>4'/x4' + 1- Cba'/xa'
+q,(1- In(®B/Q, + @Y, + @,)
- ®; Y/ @; + @Y, + @Yy, + @,
- O, Y/ @, + @, + @3, + @,
- O3 V,y/ (@A + @3 + ©,Y)
- @,/(® B/ + @Y, + ®@,))
. + lnxa' - Inx, (6-2)
At is defined by equation (5-4b). Bt is defined
Bt = QW + (vp/vQ Y, (6-22)
(Note that the solvent was referred to as component 3 in Chapter 5
for both aqueous and nonaqueous electrolytic solutions. In this
Chapter, component 3 is generally water and component 4 is the
nonaqueous solvent.)

The values of At and Bt were found to be zero from the
regression of binary aqueous and nonaqueous data.

It is also to be noted here that the solvation numbers of the
negative ions are assumed to be zero. .

For isothermal P-x-y data, the experimental values of the liquid-
phase mole fractions for each component, the temperature of the
system, and equations (6-1) and (6-2) allow the calculation of the
pressure and vapor~phase mole fraction at each data point. From the

relationships of Chapter 1,

]
L= ZJ xj 7ijSCDjS(exp(Pcal - Pjs)vj/RT)/ij
(6-3)
Yical = x]_’y]'_Piscbis(exP(Pcal - Pls)vi/RT)/CDiPcal

(6-4)
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The vapor pressures, PiS, of the solvents are determined using the
Antoine equation. The constants are given in Appendix A. The
Hayden-0'Comnnell (1975) correlation is used to calculate the fugacity
coefficients. The procedure is discussed in Appendix A. The
Hankinson and Thomson (1979) correlation is used to calculate the
pure-component liquid volumes, v;. (See Appendix B) Equations (6-1) -
(6-4) must be solved using a bubble point calculation.

For isobaric T-x-y data, the experimental values of the system
pressure and the liquid-phase mole fractions for each component are
used to generate the bubble-point temperatures and the vapor-phase
mole-fractions. Pcal in equations (6-3) and (6-4) are replaced by
Pexp’ the experimental system pressure. A bubble point calculation

is used to solve the equations.

The ternary model of equations (6-1) -~ (6-2) was used in the
prediction of the vapor-phase compositions given by equations (6-3)

and (6-4) considering the cases discussed below.
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6.2 Case 1. Solvation Effects are Neglected in the Model

The binary solvent-ion parameters of Table 5.7 énd the binary
solvent-solvent parameters of Table 5.21 are utilized. The binary
solvent-ion parameters of Table 5.7 were obtained with a, the ion-
size parameter of the Coulombic (Pitzer) term, an adjustable
parameter. The solvation numbers of the positive ion were set to
zero. The prediction results for the corresponding data of the
ternary data base (Table 5.2) are presented in Table 6.1. The
quality of the prediction of the data is indicated by AP, AT, and
Oy, defined by equations (5-23a), (5-23b), and (5-23c). The average

percent errors in /)g and ’)2 given by

j
Average % Y = (1/NP) S.{(V. - Y. /Y.
verage % error /. 26[ 7Gexp 73 73 Y x 100

cal exp
(6-5)
are also reported.
The average percent ratio is defined
J
- ¥, . salt-free
Average 7 _ (__l_) s (yajcal 43 ) x 100
Ratio NP j Yy - Y. salt-free
exp J
(6-6)

and is a measure of how well the calculated values of y, agree with
the experimental values of s+ The calculation is based on Yy, since
this component is enriched in the vapor-phase upon the addition of a
salt to a mixed-solvent system. Component &4 is referred to as the

salted-out component and component 3 is referred to as the salted-in

component. This will be discussed in a later section.
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A value of Average % Ratio equal to zero indicates that the
predicted vapor-phase compositions of component 4 in the salt-
mixed solvent solutions are the same as the vapor-phase compositions
of component 4 in the salt-free mixed-solvent solutions of the same
salt-free liquid phase composition. This indicates poor prediction.
A value of Average 7 Ratio equal to 100 indicates that the predicted
vapor-phase compositions of component 4 equal the experimental values,
or perfect prediction. An Average 7 Ratio between O and 100 shows
that the predicted vapor-phase compositions of component 4 lie
between the experimental values of Yy for the salt-mixed solvent
solutions and the values of Y for the salt-free mixed solvent
solutions.

Negative Average 7 Ratios indicate that the model predicts that
component 3 is enriched in the vapor phase instead of component 4,
a sign of very poor prediction. Average % Ratios greater than 100
mean that the model overpredicts the vapor phase composition of
component 4 in the salt-mixed solvent system relative to the

experimental values.

The results presented in Table 6.1 show that the Average 7% Ratios
for the LiCl-H,O-MeOH system at 25°C and the NaBr-H,0-MeOH systems at
25°C and 40°C are between 0 and 100 indicating that the model predicts
correctly the salting-out of methanol. The negative values of the
Average 7, Ratios for the LiCl-HZO-MeOH systems at 60°C and 760mm Hg

and for the NaBr-H,0-MeOH system at 760mm Hg indicate that the model

2
predicts that water is salted-out instead of the methanol, clearly



88

a failure of the model.

Figures 6.1 and 6.2 show the y-x diagrams for the LiCl-HZO-
MeOH systems at 25°C and 760 mm. Figure 6.1 shows that even
though the Average 7 Ratio for the LiCl-HZO-MeOH system is 31.0,
the relative 7 ratios range from approximately unity at low mole-
fractions of methanol x4° = .152 to over 100 at high methanol mole-
fractions x,° = 0.958. This indicates that the model, where the
solvation numbers of water and methancl are assumed to be zero, is
only applicable at mole fractions of methanol greater that 0.95.

The impact of molality can not be ascertained for this system since
the data are available only at m = 1.

Figure 6.2 shows that the model, where the solvation numbers of
water and methanol are assumed to be zero, predicts that methanol is
salted-in at mole fractions of methanol less than 0.5. The data for
this system are available at molalities ranging from 0.1 - 3.8.
Molality has no impact on the prediction of the vapor-phase
compositions of component 4.

Figure 6.3 compares the solvent activity coefficients for the
H,0-MeOH system at 25°C with and without LiCl. In the absence of
the salt, the solvent activity coefficients of water and MeOH exhibit
positive deviations from Raoult's law. The addition of LiCl increases
the activity coefficient of MeOH, indicating that MeOH is salted-out,
but causes the activity coefficient of HZO to exhibit negative
deviations from Raoult's law. Negative deviations from Raoult's law
are indicative of solvation effects, in this case, between the salt
and the water. (An example of solvation effects in nonelectrolytic

solutions is observed for the chloroform-acetone system.)



Figure 6.1 Predicted y-x Diagram for the LiCl-HZO-MeOH System at

25°C and m=1.

( Solvation Effects are Neglected.)
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Figure 6.2 Predicted y-x Diagram for the LiCl—HZO—MeOH System at

760mm He and Molality Range 0.1-3.8m. (Solvation

Effects are Neglected.)
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Figure 6.3 Comparison of the Activity Coefficients of the

HZO-MeOH System With and Without Added Salt.

Salt System: LiCl-H,0-MeOH at 25°C and m=1.
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Figure 6.4 compares the solvent activity coefficients for the

H,0-MeOH system at 760mm with and without LiCl. The activity

coefficients of HZO in the presence of salt are less than their values
in the salt-free solution, but négative deviations from Raoult's law
are not always observed. Activity coefficients less than unity for
this system are only observed at molalities greater than 1 and at
salt-free mole fractions of water greater that 0.45. This is to be
expected since the greater the molality, the greater the number of
ions in the solution which can remove water from the bulk solvent to
enter into solvation. At salt-free mole fractions of water less than
0.45 and any molality the activity coefficient of HZO is less than it
is in the salt-free mixture but is not negative. This indicates that
there are not enough water molecules available to solvate the ions of
the salt.

The addition of LiCl increases the activity coefficients of MeOH
relative to those in the salt-free solution with one exception. At a
salt-free mole fraction of water of 0.06, and m=0.1 the activity
coefficient of MeOH in the absence of salt is 1.00194 and that in the
presence of salt is 0.99875. VWhile it can be argued that the lowered
activity coefficient is due to experimental error, it will be shown
that negative deviations from Raoult's law are observed at low (around
x3°= .1) mole-fractions of water indicating that methanol, as well as
the other solvents of this study, is involved in the solvation of the
ions of the salt. Unfortunately, this is observed only at one data:
point for this system.

Figure 6.5 shows the contributions of the Pitzer, Flory-Huggins,

and the residual terms to the calculated activity coefficients of
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Figure 6.4 Comparison of the Activity Coefficients of the HZO-
MeOH System With and Without Added Salt.
Salt System: LiCl-HZO-MeOH at 760mm Hg and Molality

Range 0.1-3.8m.
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Figure 6.5 Contribution of the Pitzer,Flory-Huggins,
and Residual Terms to 1n 7/H 0 for the
LiC1-MeOH-H,0 System at 25°C°and 1 molal,

O 1n HZO exp.
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water for the LiCl-HzO-MeOH system at 25°C. (Solvation is not
considered.) It is seen that that contribution of the Pitzer term
is positive while that of the Flory-Huggins term is negative. The
sum of these terms gives a negligible contribution to the calculated
activity coefficients. The major contribution to the calculated
activity coefficients is due to the residual term which is positive
and predicts water activity coefficients greater that unity up to a
salt-free mole fraction of water of 0.3. The residual term is
negative at a salt-free mole fraction of water of 0.042. Although
not shown, the model predicts solvent activity coefficients of MeOH
which are essentially the same as those in the salt-free solution.
With the exception of the data point at x3°= 0.042, it is e&ident
that solvation should be considered in the model. Aﬁ x3°= 0.042,
the solvation of the ions by water is negligible due to the low
concentration of water.

Figure 6.6 shows the contributions of the Pitzer, Flory-Huggins,
and the residual terms to the calculated activity coefficients of
water for the LiCl-HZO-MeOH system at 760 mm Hg. Again, solvation
is not considered.

The contribution of the Pitzer term is negligible in most cases
except at molalities greater than 3.0 and salt-free mole fractions of
water greater than 0.75. The contribution of the Flory-Huggins term
is negligible at all molalities and water compositions. The
contribution of the residual term is negligible at molalities greater
than 1 and salt-free mole-fractions of water greater than 0.8. The

contribution is significant for the other compositions. In most cases,

the calculated activity coefficients agree closely with those in the
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Figure 6.6 Contribution of the Pitzer, Flory-Huggins, and Residual
Terms to 1n ), » for the LiCl-H,0-MeOH System at 760mm Hg

H,0
2
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Neglected.)
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salt-free solution indicating the failure of this model. The
calculated activity coefficients of MeOH in the presence of the

salt (not shown) also agree with those of the salt-free solution and
not the experimental values.

The trends observed in Figures 6.1 - 6.6 for the LiCl-HZO-

MeOH systems at 25°C and. 760 mm Hg are also observed for the LiCl-
HZO-MeOH system at 60°C and the NaBr-HZO-MeOH systems at 25 and 40°C
and at 760 mm Hg.

It is to be noted that the results for the LiCl-H,0-MeOH at 60°C
are reported for two molality ranges. While Hala (1969) reports the
experimental ternary data up to a molality of 14.1, the binary inter-
action parameters used to predict the data were established from binary
data that are available up to a molality of 6.0m. Also, as discussed
in Section 5.5, the model should be used up to a molality of approx-
imately 6.0 since all the binary interaction parameters were determined
up to this molality.

Figures 6.3 and 6.4 indicate that solvation effects are important
in salt-mixed solvent systems and must be considered in a model which
predicts the properties of such solutions. (The trends observed in
these figures also apply to the other systems of the ternary data base
of Table 5.2.) 1In the next section, solvation effects will be

considered.
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6.3 Case 2. Solvation Effects are Considered

The binary solvent-ion parameters of Tables 5.10-5.15 and the
binary solvent-solvent parameters of Table 5.21 are utilitized in
equations (6-1) and (6-2). The binary solvent-ion parameters of
Tables 5.10 and 5.11 for the aqueous 1-1 chlorides, bromides, and
iodides were obtained with a, the ion-size parameter of the Pitzer
term, set equal to the sum of the crystallographic radii of Table 5.4.
a is an adjustable parameter for the other aqueous 1-1 electrolytes,
the 2-1 aqueous electrolytes, and for all binary nonaqueous
electrolytes. The solvation numbers of Table 5.8 for the solvation of
the positive ion by water at infinite dilution were used. The
solvation numbers at infinite dilution for the solvation of the
positive ion by nonaqueous solvents are given by equation (5-9). The
positive ion in a mixed solvent solution is assumed to be solvated by
both solvents. The solvation numbers are assumed to vary linearly with

the mole-fractions of the solvents. (See equation (3-33))

B3 = hois%3 (6-8)
g = DorgXy

The prediction results for the corresponding data of the termary
data base of Table 5.2 are presented in Table 6.2. AP, AT, and Ay,
which indicate the quality of the prediction, are defined by equations
(5-23a), (5-23b), and (5-23c). The average percent errors in ?é and
‘2:, defined by equation (6-5), and the average percent ratio, defined
by equation (6-6) and discussed in Section 6.2, are also presented in

the table.
The results for the LiCl—HZO-MeOH and the NaBr-HZO-MeOH systems

are significantly improved. (See Table 6.1 for the case where
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solvation is not considered.) The salting-out of methanol is now
observed in all cases. The LiCl-H,0-MeOH system at 60°C is now
overpredicted.

The results for some salts in the mixed solvents, water-ethanol,
water-isopropanol, and ethanol-methanol are also presented. The
results are good for the water-ethanol systems but are poor for the
water-isopropanol systems. (The results for the water-isopropanol
systems are shown for two molality ranges.) Salting-in is observed

for the CaCl.,-MeOH-EtOH system.

2

Figure 6.7 shows the contributions of the Pitzer, Flory-Huggins,
and residual terms to the calculated solvent activity coefficients of
vater for the LiCl-HZO—MeOH system at 25°C and a molality of 1. A
comparison of Figure 6.7 with 6.5 shows that with solvation of the
positive ion by water and methanol, the magnitudes of the Pitzer and
Flory-Huggins terms decrease. Where in Figure 6.5 the sum of these
contributions is approximately zero, in Figure 6.7, there is a net
negative, although small contribution to the calculated activity
coefficients at high methanol concentrations. In addition, the
residual contribution does not decrease as drastically above a mole
fraction of methanol of 0.7 as it does when solvation effects are
neglected.

Figure 6.8 shows the contributions of the Pitzer, Flory-Huggins,
and residual terms to the calculated solvent activity coefficients of
methanol for the CaClz-MeOH-EtOH system at 760 mm and 1.806m. Ethanol
is the salted-out component for this system. At this molality, the

activity coefficients of methanol show negative deviations from Raoult's

law at salt-free mole fractions of ethanol from 0.1 to 0.9. Below a
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Figure 6.7 Contribution of the Pitzer, Flory-Huggins, and Residual
Terms of In 7%20 for the LiCl—HZO-MeOH System at 25°C

and m=1. (Solvation of Lit by H,0 and MeOH is Assumed.)

- 1n HZC exp.
7
in HZO calc. A

- Pitzer
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Figure 6.8 Contribution of the Pitzer, Flory-Hug-
gins, and Residual Terms to 1n7&eOH for

the CaCl,-MeOH-EtOH System at 760 mm Hg

and 1.806 molal,(The positive ion is sol-

. vated by MeOH and EtOH.)

0.4 | - experimental

- calculated
salt-free

- Pitzer
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mole-fraction of 0.1, positive deviations from Raoult's law are
observed.

The Pitzer term is the major contribution to the calculated
activity coefficients of MeOH at salt-free mole fractions of EtOH
less than 0.4. The sum of the Flory-Huggins and residual contributions
is approximately zero in the region. Above a mole-fraction of 0.4
the residual term becomes important.

The results indicate that salting-out is always predicted when the
solvation number of the salted-in component is much greater than that of
the salted-out component. For example, the solvation number of the Lit
ion in water is 5 while that of the Ti' ion in methanol is 2. However,
in the case of the CaClZ-MeOH—EtOH system, the solvation number of the
Ca+2 ion in methanol is 3.8 while it is 2.8 for the Ca+zion in ethanol.

Since the model breaks down for the CaClZ-MeOH-EtOH system, it is
apparent that the solvation numbers calculated by equation (6-7) and
(6-8) should be modified to give some recognition to the properties of
the mixed solvent system. This will be done in the next section

utilizing the concept of preferential solvation.
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6.4 Case 3. The Preferential Solvation of the Positive Ions in

Mixed-Solvent Systems is Considered.

Debye (1927), who introduced the concept of preferential
solvation, showed that the solvent with the higher dielectric
constant will preferentially solvate the ions in a mixed-solvent
system. He assumed that the solvent activity coefficients are unity.
(Ideal solution)

He developed an expression which relates the salt-free mole-
fractions of the components of the bulk mixed-solvent system to the
mole-fractions of the solvent species in the vicinity of an ion.

vllnxz/x2° - vzlnxl/x1° = - v2(212e12/87TkT)(1/D2r4)(jD/(jnl

(6-9)

r is the average distance between the central positive ion and the
nearest solvent molecules. x1° and x2° are the mole fractions of each
of the solvents in the bulk solution when r =°o, Xy and X, are the
mole-fractions of the solvents in the vicinity of the positive ion;
i.e., the solvated compositions. vy and v, are the molar volumes of
the solvents and D is the dielectric constant of the salt-free mixed-
solvent.

Equation (6-9) cannot be used readily since the value of r is
unknown. If it were to be used, an additional parameter would be added
to the ternary model which could only be evaluated through regression
of the ternary data.

While equation (6-9) cannot be adapted for use in equations (6-1)
and (6-2), it does suggest which solvent properties and system
conditions are important if one is to account for preferential

solvation; namely, the change in the dielectric constants of the
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nixed-solvent systems with composition, the temperature of the system,

and the molar volumes of the solvents. The effect of the molar
volumes of the solvents was not considered since the solvents of this
study have nearly identical molar volumes.

To maintain the predictive capability of the model, only the

CaCl,-MeOH-EtOH system at 760 mm and m = 1.806 was used to develop the

2
expressions which account for preferential solvation. (If the other
systems listed in Table 6.2 were used, the model would reduce to a
correlation method.)

Several sets of expressions were developed and were tested using
the CaCl

-MeOH-EtOH system. The expressions for h+ and h_,_4 given by

2 3
equations (6-7) and (6-8) were replaced by the equations for
preferential solvation. Only two of the sets of expressions caused
equations (6-1) and (6-2) to predict the salting-out of EtOH and the
salting-in of MeOH. The first set of expressions are given by
h = h ,3%3 exp(z+z_(Dm/D3T)x4) (6~10a)
h,, =h_.x, exp(- z+z_(Dm/D4T)x3) (6-10b)
The second set of expressions are given by
by = h0+3x3 exp(z+z_(Dm/D3T)x4)(298.15/T) (6-11a)
9 exp(—z+z_(Dm/D4T)x3)(298.15/T) (6-11b)

h,, =h

4 ot

and will be discussed in the next section. In equations (6-10) and
(6~11), component 3 is the salted-in component and componment & is the
salted-out component.

Equations (6-10a) and (6-10b) recognize the temperature of the
system indirectly through the dielectric constants of the mixed-
solvents, Dy and the pure solvents, D3T and D4T' Dm’ D3T’ and D4T

are evaluated at the system temperature. Both equations reduce to
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aquation (3-33), which gives h+3 and h+4 as functions of composition
for the binary solutions, when the appropriate limits are taken.

The results for the CaClz-MeOH-EtOH system using eguations (6-10a)
and (6-10b) in equations (6-1) and (6-2) are shovn in Table 6.3. The
expressions were also used in the predictions of the other systems of
Table 6.3.

The CaCl,-MeOH-EtOH system now has an Average % Ratio of 152
compared to the value of -49.6, obtained when the concept of
preferential solvation was not utilized. The average value of Ay is
now 0.034, which is a significant improvement over the value of
0.070 obtained previously.

The contributions of the Pitzer, Flory-Huggins, and residual terms
to the calculated activity coefficients of MeCH for the CaClz-MeOH-EtOH
system are shown in Figure 6.9. The Pitzer and residual terms are ihe
same as those in Figure 6.8 since tne same binary interactions are
utilized. However, the contribution of the Flory-Huggins term is now
more negative than it is when preferential solvation is not considered.
While the average percent error in 72 is approximately the same in
both cases, the calculated activity coefficients with the assumption
of preferential solvation correctly indicate negative deviations from
Raoult's law.

The contributions of the Pitzer and residual terms to the
calculated activity coefficients of EtOH for the CaClz—MeOH-EtOH
systems are the same as the case when preferential solvation is not
considered. The Flory-Huggins contribution is negative when
preferential solvation is not taken into account and positive when it

is. The Flory-fuggins term, when used in nonelectrolytic systems,
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Figure 6.9 Contribution of the Pitzer, Flory-Huggins,

and Residual Terms to ln?&eOH for the
CaCl,-MeOH-EtOH System at 760 mm Hg and
1.806 molal. (Preferential Solvation

assumed, )

w N~ P @O

experimental
calculated

salt-free
Pitzer
Flory-Huggins
Residual
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should never predict positive deviations from Raoult's law since its
development is based on the assumption of an athermal solution. The
Flory-Huggins solvent activity coefficient for EtOH on a solvated
basis, ln?y'EtOH’ is negative, which is correct since this term is
identical to the Flory-Huggins equation for nonelectrolytic solutionms.
This contribution only becomes positive when the term lnx'EtOH XeroH

is added to lnf)“ were

(See equation (3-6)) If ln?y'

EtOH" EtOH

positive, the model would be incorrect.

The introduction of preferential solvation increases the
magnitude of the Flory-Huggins term for the salted-in component; i.e.,
causes it to become more negative. The magnitude of the Flory-Huggins
term for the salted-out component becomes more positive.

The contributions of the Pitzer, Flory-Huggins, and residual terms

to ln’>/

H
2
6.10. A comparison with Figure 6.7 shows the impact of preferential

o for the LiCl-H,0-MeOH system at 25°C are shown in Figure

solvation. The Flory-Huggins contribution to the solvent activity
coefficient has become more negative. Although not shown, the Flory-
Huggins contribution to the coefficients of MeOH have become more
positive. However, this term is negligible compared to the residual
term.

The introduction of preferential solvation given by equations
(6-10a) and (6-10b) in equations (6-1) and (6-2) worsened the results;
i.e., the Average % Ratio, for many of the systems of Table 6.3.
(Compare with Table 6.2, where preferential solvation is not taken
into account). Poor results are indicated when the Average percent

ratio is greater than 150% (overprediction) and Ay is greater than

0.03. A value of Ay of 0.03 was chosen since predictions of the
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Figure 6.10 Contribution of the Pitzer, Flory-Huggins,
and Residual Terms to 1n’yH o*
(The positive ion is solvaté&d by water and

methanol.. Preferential Selvation assumed)

005
@) lny,{ o exp.
2
) 1n'}"H20 calc. A
- 1 Pitzer
2 Flory-Huggins
3 Residual
A ln’)/,r{ 0 (salt-free)
0.3 T2
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vapor phase compositions by the UNIFAC model of nonelectrolytic
solutions are usually considered poor if Ay is 0.03.

For example, when preferential solvation is not taken into
account, the average error in Ay and the Average percent ratio for
the CaClZ-HZO-MeOH system at 760mm Hg and m = 1.806, are 0.010 and
96.7, respectively. When preferential solvation is used, Ay is
0.055 and the Average % Ratio is 215.0.

The contributions of the Pitzer, Flory-Huggins, and residual
terms are plotted in Figure 6.11 for the CaClZ—HZO—MeOH system. The
results with and without preferential solvation are indicated. The
Pitzer and residual contributions are the same in both cases. It
is obvious that the Flory-Huggins term overcompensates for the
preferential solvation of the Ca+2 ion by water. In this case, no
preferential solvation term is needed.

The results of Table 6.3 for the LiCl-Isopropanol—HZO and LiBr-
Isopropanol—HZO systems at 75°C improved with the introduction of
the preferential solvation term. The results for the LiCl-Isopropanol-
H20 system up to a molality of 11 are poor since this system was
predicted with binary interaction parameters obtained only up to a
molality of 1.8.

The contributions of the Pitzer, Flory-Huggins, and residual terms
are plotted in Figure 6.12 for the LiBr—Isopropanol-HZO system at 75°C.
The results with and without preferential solvation are indicated.
Since the Pitzer and residual terms are the same, the improvement in the
results is due solely to the Flory-Huggins term. Again, the Flory-
Huggins term with preferential solvation is more negative that it is

without preferential solvation. The results would be further improved
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Figure 6.11 Contribution of the Pitzer, Flory-
Huggins, and Residual Terms to ln};{ o
Comparison of Preferential Solvatio%
Assumption and Solvation,

8 oo © O - experimental
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A - szalt-free
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Figure 6.12 Contribution of the Pitzer, Flory-Hugging,
‘and Residual Terms_to 1ln ZH o—Lor the LiBr-
H,0-Isopropanol System at 3500 and m = 1.4,
(With and Without Preferential Solvation,)

P.S. = Preferential Solvation

O =~ experimental.
1.0 F© - calculated with P.S.
o - calculated with no P.S.
M -~ Flory-Huggins with P.S. A
B - Flory-Huggins with no P.S.
- A - Residual
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if the Flory-Huggins term with preferential solvation was more
negative at salt-free mole fractions of isopropanol of 0.48.
In the next section, the results using the preferential solvation

results of equations (6-1la) and (6-11b) will be presented.
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5.5 Case 4. The Preferential Solvation of the Positive Ions in Mixed-

Solvent Systems. The Temperature Correction Term is Applied.
(Equations (6-11a) and (6-11b) are Used.)

Equations (6-1la) and (6-11b) recognize the temperature of the
system implicitly through the dielectric constants of the solvents,
and explicitly, through the factor 298.15/T. These equations reduce
to equation (3-33) for the binary systems when the appropriate limits
are taken.and only if the temperature of the ternary system is
298.15°K. Their use is not strictly valid unless the solvation
numbers in the binary are temperature dependent in the same manner;
i.e., equation (3-33) is multiplied by the factor 298.15/T.

The temperature correction term serves to lower the values of

h,

3 and h, given by equations (6-10a) and (6-10b). This correction
in turn decreases the impact of the Flory-Huggins term for the
salted-in component; i.e., makes it less negative, depending on the
values of ho+3 and h0+4, and decreases the values of the Flory-
Huggins terms for the salted-out component; i.e., makes them less
positive.

The temperature correction term wiil not affect the results
already shown in Table 6.3 for the systems at 25°C. The results
utilizing equations (6-11a) and (6-11b) are shown in Table 6.4.

As expected, the Ay and Average 7 Ratios for the systems which are
overpredicted (See Table 6.3) have decreased.

While this is desirable for most of the systems of Table 6.3,
it is not desirable for the Isopropanol-H,0 systems. (In Section 6.4,
it was pointed out that the preferential solvation numbers calculated
by equations (6-10a) and (6-10b), should be larger at salt-free mole-

fractions of isopropanol of 0.47.) In addition, the Average 7 Ratio
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for the NaBr-HZO-MeOH gsystems at 760mm Hg is lowered from 67.9 with
no’ temperature correction term to 56.7 with the temperature

correction term.

It is recommended that the temperature correction term be used
to improve the results of systems that can only be predicted using
preferential solvation. The CaClZ-HZO-EtOH system at 760mm Hg and
the CaClZ-MeOH—EtOH system at 760mm Hg are examples of systems that

can be predicted well using preferential solvation.
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6.6 The Use of Preferential Solvation

It is apparent from Tables 6.2 and 6.3 that the prediction
results for some systems are improved when preferential solvation
is used and worsened in other cases. The results of Table 6.3
indicate that the prediction results are improved for the NaBr—Hzo-
MeCH system at 760mm, the CaClZ-HZO-EtOH system at 760mm, the
Isopropanol-H2O systems, and the CaClZ-MeOH—EtOH system at 760mm.
The prediction results for the LiCl—HZO—MeOH at 60°C deviated
considerably. The results for the other systems, which deteriorated
with the introduction of preferential solvation, are acceptable and
represent good prediction of the experimental data.

It is recommended that the preferential solvation equations,
(6-10a) and (6-10b), be used for all nonaqueous mixed-solvent systems
that have dielectric constants less than that of water. As shown in
Table 6.2 and Figure 6.8 salting-in is predicted for the CaClz-MeOH-
EtOH system if preferential solvation is not used.

It is also recommended that preferential solvation be used for

all salts in HZO—MeOH mixtures except for the lithium and calcium

salts, and for all other salts in H20-nonaqueous solvent mixtures.
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6.7 Comparison of the Prediction Results of this Study with the

Correlation and Prediction Results of Other Models.

The prediction results of this study are compared to the
correlation and prediction results of the Rastogi (1981), Hala (1983),
Mock, et.al. (1984), and Sander, et.al. (1984) models. The
comparisons are shown in Table 6.5.

The Rastogi model combines a modified Debye-Huckel equation and
the NRTL (Renon and Prausnitz, 1968) equation. The interaction
parameters are salt-solvent specific as opposed to the ion-solvent
specific parameters used in this work. Prediction is only possible
when the constituent binary data are available. The maximum molality
at which data can be predicted is 2m.

The prediction results of this study are much better than those
of the Rastogi model. In addition, the model allows the prediction
of the data up to a higher molality range.

The Mock, et.al., model can only correlate electrolytic solution
data. The model is based solely on the NRTL model and contains salt-
solvent and solvent-solvent interaction parameters. The model, which
contains 9 adjustable parameters, does not represent the long-range
coulombic forces through an additional term. For a salt-water-alcohol
system, three of the adjustable parameters represent the water-alcohol
interactions, three represent the salt-water interactions, and the last
three represent the salt-alcohol interactions. Salt-water data and
water-alcohol data were correlated to obtain the needed interactidn
parameters for the ternary model. This reduces the number of
parameters in the termary model to three salt-alcohol parameters.

These salt-alcohol parameters were determined through the regression
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of the ternary salt-water alcohol data. The authors did not regress
these systems with the available binary salt-alcohol data meaning
that a unique set of salt-alcohol interaction parameters which
correlate the ternary as well as the constituent binary data were
not obtained. The authors obtained a different set of binary salt-
alcohol interaction parameters through the regression of salt-alcohol
systems. Substitution of these parameters, along with the 3 solvent-
solvent and 3 salt-water parameters, do not allow the prediction of
the ternary system.

The prediction results of this study compare remarkably well with
the correlation results of Mock, et.al. The only exception noted is
for the LiCl—HQO-Isopropanol system up to a molality of 11. However,
this system was predicted with ion-water parameters established from
data available up to a molality of 6 and ion-isopropanol parameters
established from data available up to a molality of 1.8.

The Hala model, which contains six adjustable parameters, combines
a semi-empirical electrostatic term and the Wilson (1964) equation.
The model was used only in the prediction of the LiCl-HZO-MeOH system
at 60°C. Two of the adjustable parameters, which represent the
interactions between water and methanol, were established through the
regression of water-methanol data at 60°C. Two of the parameters
were established through the correlation of LiCl-water data at 60°C
and the other two through correlation of LiCl-methanol data at 60°C.

The results of this study compare well with those of Hala.
Apparently, the Hala model performs better at high molalities of salt.
It should be pointed out that in this study, the LiCl-HZO-MeOH system

at 60°C was predicted from binary solvent-ion interaction parameters
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determined from data at 25°C and water-methanol parameters determined
at 60°C. As shown in Section 5.4, the binary interaction parameters
obtained at 25°C allow the prediction of (P and P for binary data up
to 200°C in the case of aqueous systems and up to 60°C in the case of
methanol. (See Tables 5.16 and 5.18)

The Sander, et.al., model combines the Debye-Huckel and UNIQUAC
(Abrams and Prausnitz, 1975) equations. The UNIQUAC parameters are
functions of concentration and are ion-solvent specific. Parameters
were established for salt-Water-alcohol and salt-mixed alcohol systems
through the simultaneous. regression of the ternary data and the
constituent binary data. Since the binary and ternary data bases were
used to establish the parameters, (the data base of Sander, et.al. is
similar to that given in Tables 5.1 and 5.2) few systems were left with

which to test the predictive capabilities of the model.

The results of this study compare well with those of Sander, et.
al., especially when the temperature corfection term is applied. The
results for the CaClZ-MeOH—EtOH system of this study are not true
prediction since this system was used to establish the preferential
solvation equations. However, the ion-solvent parameters were obtained
only from binary data at 25°C whereas the ion-solvent parameters of
Sander, et.al., were determined from isothermal and isobaric binary
and ternary data. It is unknown if the Sander model allows the
prediction of ternary and higher-order systems from binary data alone,
since the concentration dependency of the parameters can only be
established in mixed solvent systems and not in single solvent systems.

This would be a true test of the model.
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The models presented here, with the exception of the Mock, et.al.
model, were developed assuming that the excess free energy of solution
is the sum of two terms. The first term is a Coulombic term, which
represents the long range ion-ion interactions. The second term
represents the short-range interactions between the various species in
the solution. The Mock model neglects the Coulombic term.

The activity coefficients of the solvent in a binary electrolytic
solution exhibit negative deviations from Raoult's law except for a
region at low salt concentrations (typically, for 1-1 salts, at m<1),
where positive deviations from Raoult's law are observed. In this,
study, these deviations are‘interpreted through a solvation model of
the electrolytic solution.

If a solvation model is used to describe the properties of a
binary electrolytic solution, it is assumed that the ions of the
solution are solvated by the solvent. At extremely low concentrations
of the electrolyte (m< 0.001m) where positive deviations from Raoult's
law are observed, the long-range forces between the solvated ions
predominate. These forces, which are inversely proportional to the
distance between the species squared (rz), are the most important
since there are too few ions in the solution available to interact
with each other at close distances, or to affect the properties of the
bulk solvent. As the concentration of the electrolyte increases to
approximately 1 molal, the short-range interactions between the ions
become important and remain important over the entire concentration

range. These short-range solute-solute interactions are of the
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charge-induced dipole type; i.e., the solvated ions induce dipole
moments in the other ions. These forces are inversely proportional
to r6. In addition, there are dispersion (London) interactioms
which occur when two ions are attracted to each oﬁher. These

. . . . 7
dispersion forces are inversely proportional to r'.

Increasing the salt concentration causes more and more solvent
molecules to be removed from the bulk solution. At molalities above
1 molal, sufficient numbers of solvent molecules are removed from the
bulk solution to cause a decrease in.the solvent activity coefficient.

There are also short-range interactions between the solvated-
ions and the solvent molecules of the bulk solution. These are of
the same type as those which operate between the solvated-ions.

The solvent-solvent interactions are also short range in nature
and have been described in Chapter 3.

The forces between molecules which operate in binary electrolytic
solutions also operate in salt-mixed solvent solutions. However, in
these systems, the ions of the salt are preferentially solvated by
the solvent with the larger dielectric constant in most cases. The
activity coefficents of the solvent which preferentially solvates the
ions are lower than their values in the salt-free solution and most
times exhibit negative deviations from Raoult's law. The activity
coefficients of the salted-out solvent exhibit positive deviations
from Raoult's law. This is in contrast to its behavior in the pure
solvent.

The quality of the prediction of salt-mixed solvent systems

from binary data alone indicates that the assumptions used to
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develop the model of this study are wvalid.

The model of this study differs from those previously mentioned
in that solvation effects are explicitly accounted for. In addition,
the short-range interactions between ions are accounted for in the
Pitzer term. These interactions are neglected in the Rastogi and

Sander models.
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6.8 Use of the Ternary Model in Data Correlation

The ability of the ternary model, given by equations (6-1) and
(6-2), to represent salt effects is important in the event that the
experimental salt-mixed solvent data are already available.

The correlation capability of the model was tested using the
LiCl-H,0-MeOH systems at 25 and 60°C, and the LiCl-H,0-Tsopropanol
systems at 75°C. In the examples to follow, it is assumed that the
ion-nonaqueous solvent parameters aire unknown.

The number of parameters in equation (6-1) and (6-2) are reduced
to five immediately since daté for the HZO-nonaqueous solvent and
LiCl-H,0 systems are readily available. These systems were regressed
to obtain the binary interaction parameters given in Tables 5.10 and
5.21, respectively.

Two of the five paraﬁeters in equation (6-1) and (6-2) are the
solvation number of the nonaqueous solvent and A12. The solvation
number is calculated from equation (5-9) and A12 may be estimated
from equation (5-10). The parameters that need to be established
are a,, A.41 and A42.

The ternary data can now be regressed for s A41, and A42. To
show that meaningful parameters are obtained when the model is used
in correlation, the ternary systems were regressed for s A41, and
A42 along with the binary salt-nonaqueous data. This is not possible
using the Mock, et.al., (1984) correlation. (See Section 6.7)

The LiCl-H,0-MeOH and LiCl-MeOH systems at 25°C were regressed
to obtain s A41, and A42. These parameters were used to predict
the LiCl-H,0-MeOH systems at 760mm Hg. (The preferential solvation

terms given by equations (6-10a) and (6-10b) were not utilized.)
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The LiCl-H,0 and LiCl-MeOH systems at 60°C were regressed
together and the resulting parameters were used to predict the

LiCl-H,0-MeOH systems at 25°C and 760 mm Hg.

2

Finally, the LiCl-HZO—isopropanol and LiCl-Isopropanol systems
at 75°C were regressed to obtain a s A41, and AAZ'

The results for all systems are shown in Table 6.6. The error
in Oy obtained through regression of the ternary system and the
average percent error in ¢ for the binary data are indicated, as
well as the Ay for the predicted systems.

The Ay obtained from the regression of the ternary systems
agrees well with those of Table 6.2 and 6.3. This is to be expected
since the data were correlated with the same binary data used to
predict them. The only exceptionAto this is for the LiCl—HZO-MeOH
system at 60°C which was correlated with the binary LiCl-MeOH data
at 60°C. This would explain the éifference in the values of the
parameters obtained in Table 6.6 compared to the parameters of
Table 5.14.

The results of Table 6.6 indicate that the model can be used in
the correlation of ternary data. The parameters are meaningful since
the same ternary systems at different temperatures or isobaric
conditions can be predicted from the parameters. Also, the model
parameters allow the prediction of the osmotic coefficient data of the

LiCl-MeOH system at 25°C using the parameters obtained from the 60°C

data and vice versa. This is not possible with the Mock model.
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6.2 Use of the Nodel in the Prediction of Salt-Mixed

Solvent Systems when a,. or Amn has not been
Established.

For the NaCl and KCl-HZO-MeOH systems and the NaCl-
H20-EtOH systems of the ternary data base of Table 5.2, the
values of a,), the ion-size parameter of the Pitzer term in
equations (6-1) and (6-2), have not been established since
the constituent salt-alcohol data do not exist. (The data
are not available since sodium chloride is generally sol-
uble in alcohols up to a molality of approximately 1.0.)
The values of Amn have been established for these systems.
(See Tables 5.14 and 5.15) In order to predict these
gystems, the average values of ay obtained from the re-
gression of the halide salt-alcohol data are assumed to be
the values of a), for these salt éystems.

The prediction results (preferential solvation terms
of equations (6-10a) and (6-10b) are used) are shown in
Table 6.7. The average value of a, for the halide salt-
methanol systems is 5.23. The average value of a, for the
halide salt-ethanol systems is 5.70.

The prediction results for the HZO-EtOH systems
are reported up to two maximum molalities. Reducing the
molality ranges improves Ay but does not improve the
Average % Ratio sigﬁificantly.

Examination of Table 6.7 for the H,0-EtOH systems,
indicates that at the upper molality limit reported for
- each system, the average percent error in 7L is generally

large compared to that in 7;. Reducing the molality range
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reduces the average percent error in 7@ but has no affect
on the average percent error in 73.

To see why this occurs, the contributions of the Pitzer,
Flory-Huggins, and residual terms to the solvent activity
coefficients of ethanol for the NaCl-HZO-EtOH system at
30°C are plotted in Figure 6.13. At low ethanol concen-
trations and high salt molalities the residual term pro-
vides the major contribution to the calculated solvent
activity coefficients. The data would be predicted well
in this region if the Pitzer and Flory-Huggins terms were
positive. However, the Flory-Huggins term is correct at
this low concentration of ethanol, where solvation of
the positive ion by ethanol is negligible. Therefore, it
is the Pitzer term which is causing the poor results at
high molalities.

The Pitzer term which accounts for the long-range
ion-ion and short-range ion-ion interactions, incorrectly
predicts the salting-in of ethanol instead of the salting-
out of ethanol at high molalities and low ethanol concentra-
tions. The reason for this is that the Pitzer equation
assumes that the dielectric constant of the solvent is
constant. It does not allow for changes in the dielectric
constant with salt concentration.

The NaCl-H,0-EtOH system at 30° C was regressed for

a, to see if the assumption that a), is the average value

of a, for the halide salts is a valid one. The regression

results yielded a value of a; of 11.0, Ay of 0.014, and an



Figure 6.13

136

Contribution of the Pitzer, Flory-

Huggins, and Residual Terms to ln’yEtOH
for the NaCl-Hzo—EtOH System at
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Average % Ratio of 112, The average percent error in 73
is 6.2 and that in 7, is 3.8. hen a, is 11.0, the Pit-
zer term is positive. However, this value of ay, is un=-
reasonable in light of the values of a) obtained for the
ethanol systems of Table 5.15.

There is also the possibility that the experimental
data are inexact, but this is unlikely since the trends
observed for the NaCl-HZO-EtOH system at 30°C are also
observed for the other systems of Table 6.7.

There does appear to be a link between the solubility
of the salt in ethanol and the molality range to which
the ternary data can be predicted. The salts of Table
6.2 are soluble in the nonagueous solvents over the en-
tire molality range at which the ternary data are avail-
able. The prediction of the terﬁary data frem the binary
is also excellent. (See Tables 6.2 and 6.3.) Good pre-
dictions are obtained-up to twice the saturated values
for the NaCl-HZO—EtOH systems. The results for the NaCl
and KCl-Hzo-MeOH systems are not significantly improved
by reducing the molality range.

The values of a,; and AMeOH/F- for the NaF—HZO-MeOH
system, a, and AEtOH/F' for the NaF-Hzo-EtOH system, and
a), and AEtOH/K+ for the KI—HZO-EtOH system have not been
established since the constituent salt-alcehol data are

not available. These salts are not very soluble in the
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nonaqueous solvents.

As in the case discussed abeve, ), is assumed to
equal the average halide values of ay obtained from the
regression of the salt-alcohol data. The average value of
8, for methanel is 5.23. The average value of ay, for the
ethanol systems is 5.70.

The AMeOH/F- interaction parameter is assumed to
have the same value as the AMeOH/Cl- interaction para-
meter. This was done since the C1~ ion is the only neg-
ative ion which is close in size to the ¥ 1ion. The
crystallographic radii of the C1~ ien is 1.81 X while that
of the P ion is 1.40 Z. The AEtOH/F- interaction para-
meter is assumed to have the same value as the AEtOH/bl'
interaction parameter.

It is further assumed that the AEtOH/K+ interaction
parameter may be calculated from a linear relationship
between Asolvent/K+ and the dielectric constant of the
solvent at 25 °C. The i + and A,

HZO/K MeOH
parameters of Tables 5.10 and 5.14 are used to establish

/K+ interaction

this linear relationship.

The value of A + calculated from equation (6-12) is

EtOH/K
-353.8.
The average halide values of a), and the estimated
parameters were used to predict the vapor phase composi-
tions for the systems of Table 6.8. All of the salts

listed in the table are barely soluble in the nonaqueous



139

£°06
A
6°C¢

9°0¢

o13BY

% o3eaaAy

T
1°6
%°G

qr<

¥ 93eIDAY

0°¢ G0 AV £00°0C [
9L LT "0 £e0'0 G'9
G'¢ 8 0 [y 010°0 870
GG %70 0 %1070 071
mA\.uouum Dol ol Wy AV A TTBTON
¢ o3eaany LNWTXE)

3y umpp/L T

SH 00/ Jey
Ho7A-0%11

3y wup9/ Jet]

SHWEd 3769
30 9,1

HOPH-0CT1

i
€ pue

,.E_

V JO SON[eA pP91BewIlsSy suls( S1TNS9y

UuoT10Tpaly g°9 STqE],



140

solvent alone.

The results for the KI—H20-EtOH system are improved
when the maximum molality is reduced to 2.2. As in the
NaCl-H,0-EtOH system, it is the Pitzer contribution te
the solvent activity coefficient of ethanel which lowers
the contribution of the residual term. The residual term
predeminates at high molalities and low ethanol concen-
trations.

The NaF-Hzo-alcohol system$ are predicted with Ay
values of 0.01 but low Average % Ratios. No conclusions
can be drawn as to why the Average % Ratio of the NaF-
Hzo-EtOH system is low since there are too few data
points for this system with which to analyze the data.,

The contributions of the Pitzer and Flory-Huggins
terms to the calculated activity coefficients of MeOH
for the NaF-H,0-MeCH system are negligivle compared to
the contribution of the residual term. Although nega-
tive deviations from Raoult's law are observed for this
system at salt-free mole-fractions of water of 0.8, the
model predicts pesitive deviations from Racult's law.
Increasing the solvation number of the Nat ion in water
would decrease the Flory-Huggins centribution and in-
crease the Average % Ratio. However, this option is not
possible since the solvation numbers are fixed in this
study. The residual term can be read justed through re-

gression of the data to find an optimum value of AMeOH/F-'
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6.10 Use of the Model in the Predictien of Salt-Mixed
Solvent Systems When More Than one Value of a), or

&mn has not been Established.

In Section 6.9, the model was used to predict salt-
mixed solvent systems in the case where a, or Amn has not
been established. The value of ay in the salt-mixed solvent
system was assumed to equal the average halide value of
a), obtained from the values of a, for the halide salt-
nonaqueous systems already established, The value of
Amn was assumed to equal the value of the ion of the
same charge and nearest in size if it is unavailable in a
particular solvent., For example, the values of AMeOH/F-
and AEtOH/F' were assumed to have the same values as
AMeOH/Cl' and AEtOH/Cl-’ respectively. If the value of
Amn was established in twe of the solvents but unavailable
in a third, a linear relationship between the values of
A and the dielectric constants was assumed. (See
equation (6-12).) This relationship was used to obtain
the value of AEtOH/K+ from the values of AHZO/K+ and
Ayeon/x*

Since these metheds of predicting the unknewn para-
meters gave reasonably good prediction results, they are
utilized in this sectien.

The values of A may be estimated using

solvent/ion
the equations shown in Table 6.9. All the equations,
with the exception of that for the As/k+ parameter, were

established using the values of the interaction parameters
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obtained for water, methanol, and ethanol. The equation

correlates the A values with a correlatien coeffi-

s/ion
cient of 1.0 for three of the ions. Poor correlation is
obtained for the iodide, lithium, and calcium ions. (Log-
arithmic and exponential equations were alsc tried, but
similar results were obtained.)

It is recommended that the equatiens of Table 6.9 be

used only when the values of A are not available.

s/ion

The systems of Table 6.10 were predicted using the
equations of Table 6.9 for the missing parameters. Pref-
erential solvation is assumed. The values of a) were
assumed to equal the average halide value of a), obtained
from the values of a) for the halide salt-nonaqueous
systems already established. Since no values of a, for
salts in n-propanel are available at all, it was assumed
that a, for LiCl in n-propanol has the same value as the
average a), of the salt-isoprepanocl systems. (At 25°, the
dielectric constants of isopropanel and n-propanol are
18.0 and 20,2, respectively. This indicates that the
Pitzer contribution is approximately the same for both
systems.

It should be noted that the binary data for the
CaClz-Isopropanol system could not be correlated by the
binary model given by equation (5-6). The binary data

were regressed for ay and A +2, The value

isopropanel/Ca

of A; . opropanol/c1~ Was established from regression of

the LiCl-Isopropanol system at 75.100. A12 was calcula-
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ted from equation (5-10). Since the data were correlated
poorly using the approach above, the CaClz-Isopropanol
system was then regressed for all the parameters of
equation (5-6). The data were still correlated poorly.
Since the LiCl and LiBr-Isopropanol systems were corre-
lated well using the model, (see Table 5.15), it cah only
be concluded that the binary data for the CaClZ-Isopropanol
system are poer and that the poor results are not due te

a failure of the model.

The data for the CaClz-Hzo—Isopropanol system at 75.l°C
are available up to a molality of 6.0. The prediction
results up te this molality indicate a value of Ay of
0.281, which is extremely poor. The reason for this is
that the range of the model, given by equatien (5-12),
has been exceeded. This occurs when either x3' or x, ',
the mole-fractions of compoﬁents 3 and &, réspectively, on
a solvated basis, become zero. (For the CaClZ-HZO-Iso-
propanocl system, XHZO' becomes zero when the molaiity is
greater than 4.0) The values of Ay are alseo very poor
at molalities greater than 0.44m and up to salt-free
mole-fractions of isopropanol of 0.33, the maximum value
reported by the workers. The value of Ay is 0.012 at a
molality of O.L4,

Mock,et al.,(1984), correlated this system only at
a molality of 0.44 and report a value of ay of 0.013,

This system cannot be predicted beyond a molality of

O.44 since it splits into two liguid phases at a molality
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of approximately unity. No data are reported between a
molality of O.44 and 1.0.

The prediction results for the LiCl-HZO-n—propanol
system are good. This system was predicted with estima-

ted values of &y, Ay . opano1/nitr 34 An_prepanocl/c1”™"

Ay is 0.021.
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5.11 Use of the Model in the Prediction of Salt-=Multi-
component Solvent Systems.

In Sections 6.9 and 6.10, the model was used te
predict salt-mixed solvent systems in the cases where
2, or Amn have not been established. The value of a,,
was assumed to equal the average halide value of a
obtained from the values of a, for the halide salt-non-
agueous systems already established. Amn may be cal-
culated from the equations of Table 6.9.

In this section, the LiCl-water(3)-methanol(4)-n-pro-
panol(5) and the LiCl-water(3)=-ethanol(4)-n~-propan-
01(5) systems at 760 mm Hg are predicted using the methods
described in Sections 6.9 and 6.10. The data are from
Boone(1976).

The Pitzer term contains one parameter, a. a is
calculated using equation (3-17). The values of a4 and
a), have been established. (See Tables 5.10, 5.14, and
5.15.) The value of a5, the ien-size parameter of LiCl
in n-propanol, must be estimated. As in Section 6.10,
it is assumed that ag for LiCl has the same value as the
average a5 of the salt~isopropanol systems.

The values of the solvation numbers for the Li¥ ion
in water, methanol or ethanol, and n-propanol for use in
the Flory-Huggins terms are given by the following expres-

sions: (Preferential solvation is assumed.)

h, = ho+3x3exp(z+z_(DM/D3T)(xu + x5)) (6-12a)

3
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h+4 = ho_*_uxuexp(-z_,_z_(DM/DuT)(x3 + xg))  (6-12b)

h

+ = h0+5x5exp(-z+z_(DM/D5T)(x3 +x,)) (6-12¢)

5
The exponents of equations (6-12b) - (6-12¢) are neg-

ative since the alcohols are the salted-out ceomponents.

The values of Ajl’ ABZ’ Ahl’ and Ay, of the resi-
dual term are found in Tables 5.10, 5.14%, 5.15. The
values of A34, AUB’ A35, ASB' A45 and A54 are found in
Table 5.21. The values of ASl and A52 are calculated
from the equations of Table 6.9.

The prediction results for the two systems are shown
in Table 6.11. The Ay are compared to those of Beone who
used the Wilson and UNIQUAC equations and a pseudo-
binary approach. )

The results of this study compare well with those
of Boone. They are surprisingly good considering that
only binary parameters and estimated binary ﬁarameters
were used to effect the multicomponent predictions. The

Boone approach utilizes ternary data to effect multi-

component predictions.
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CHAPTER 7
DISCUSSION OF RESULTS

The objective of this study was te develep a model
for the predictien of mixed soelvent-single electrelyte
mixtures from binary data alene. The follewing appreach
was takens 1) Establish a phase equilibrium data base
of systems containing mixed solvents with one electreo-
lyte, 2) Develop the correspending binary data base
from the literature data, 3) Provide the missing data
through experimental measurements ef salt-methanol sys-
tems, &) Develop a model containing binary parameters
only, 5) Evaluate the model with binary data and
determine the corresponding binary parameters, and
6) Test the model with multicomponent data.

The phase equilibrium data base for salt-mixed sol-
vent systems is shown in Table 5.2 and contains data for
16 salt-water-alcohol systems and one salt-mixed alcohol
solvent. These systems were chesen since the coenstruc~
tion of a group contribution medel for the predictien
of salt-mixed solvent data from binary data alene requires
that the ien-solvent interactien parameters evaluated from
the censtituent binary data be firmly established. This
is only poessible if the binary data are reliable; i.e.,
verified through a variety of measurements,

The only binary data meeting these requirements are
those for the salt-water systems. The compilation of

Robinson and Stokes (1959) reports osmotic coefficient

150
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and mean activity coefficient data for these systems. The
aqueous data used in this study are listed in Table 5.1.
The data for the salt-nonaqueous systems (also shown
in Table 5.1) coemprising the ternary systems of Table 5.2,
were obtained through vapor pressure measurements only.
The methanol data base was extended in this study. (See
Chapter 4 and Appendix E.) The data base is almoest com-
plete for the methanol systems; i.e., the values of 8 the
ion-size parameters of the Pitzer term, and the interaction
parameters of the residual term can be obtained directly
from the regression of the data in the binary model, The
values of a, cannot be established for the NaCl, NaF, and
KCl-water-methanel systems, nor can the value of AMeOH/F-'
They were estimated in this study. The method is presented
in Chapter 6 and will be discussed later in this section.
The values of a, for the NaCl, NaF, KCl, and KI-water-
ethanol systems as well as the values of AEtOH/K+ and
AEtOH/F" also had to be estimated since the data for
these systems are not available. These salts, as well as
those listed above for the methanol systems, are not very
gseluble in their respective solvents. This means that if
the data were available, they would extend to a molality
of no more than unity. Meaningful ion-sgolvent parameters
are not obtained if data below this molality are regress-
ed since each parameter is multiplied by a concentration

term. If the concentration is below unity, the ion-
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solvent parameters of the residual term will assume any
value. For example, consider one of the terms of the

binary residual expression of equation (5-5) given below.
If C)l and ®,, the area fractiens of the solvated posi-
tive and negative ions, respectively, are very small,
then C)i#iz + C)2 is negligible compared to C)5¢g2. Even
if 1o assumes a large value in regression, it is mini-

mized through multiplication by ()1. The term then reduces
to
- 0¥, / OV,

and any value of 1P52 will give the same value for this term,

The only way to obtain meaningful parameters for
these systems is to regress them with a system that'has
"a common ion and is soluble in the solvent up to a high
molality. For example, the maximum molality of the KI-
MeOH system is 0.8 meaning that this system cannot be
regressed in the binary model to obtain a and the ion=-
solvent parameters. However, it can be regressed with

either the KCH,C00-MeOH system which has a maximum

3
molality of 2.5 or the Nal system which has a maximum
molality of 4.3,

The binary data base for the prediction of the salt-
isopropanol-water and methanol-ethanel systems is complete.

The binary medel presented in Section 5.1 (equation

(5=-6)) was developed assuming complete dissociation of
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the salt. Ion-association effects are neglected. The
dissociation of a salt in a solvent depends on the charge
densities of the ions comprising the salt, the dielectric
constant of the solvent, and the temperature of the sys-
tem. An increase in temperature results in a 1owering

of the dielectric constant.

Most of the salts in water at 25°C of this study are
completely dissociated, with the exception of the 1l-1
nitrates and 1-2 sulfates. The dielectric constant of
water at this temperature is 78.38. In solvents other
than water, incomplete dissociation of the salt usually
occurs., Dissociation constant data are reported for
some of the salts in this study including the NaSCN and
KCl salts in methanol and the LiCl1l, NaCl, KCl, and KI
salts in ethanol at 25°C. (Kratochvil and Yeager, 1972)
It is reported that LiCl is completely dissociated in
methanol. Waddington (1969) gives the rule of thumb that
an electrolyte can be considered completely dissociated
up to a moderate concentration range in a solvent witﬁ
a dielectric constant greater than 30. The dielectric
constant of methanol at 25°C is 32.6 and that of ethanol
is 24,3, The incomplete dissociation of LiC1l and LiBr in
isopropanol can be assumed based on Waddington's rule and
the fact that LiCl is incompletely dissociated in ethanol
which has a2 higher dielectric constant.

The assumption of complete dissociation appears to

be valid for the agueous 1l-1 and 2-1 halides, the 1-1
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chlorates, and the 1-1 acetates of this study since the
average percent error in ¢ for these systems is 2,24,
However, the average percent error in P for the 1-1 ni-
trates and 1-2 sulfates is 4.1 indicating a decline in
the correlation ability of the medel for these systems.
In systems in which there is incomplete dissociation, the
decrease in the solvent activity coefficient curves with
increasing molality is not as greaﬁ as it is for systems
in which there is no ion=-pairing. This effect can be
explained in terms of the hydration model. As the con-
centration of the electrolyte is increased, the incidence
of ion-pairing increases; i.e., since there are more
ions in solution, the probability that they will come
into contact increases. This contact is likely to
reduce the ion-solvent interactions, so that the paired
ions will have less complete solvation sheaths. (Robin-
son and Stokes, 1959) The net effect, then, is to return
solvent molecules to the bulk solution which results in
solvent activity coefficients which are higher than those
noted for completely dissociated systems having the same
positive ion or lowered osmotic coefficients. At a molal-
ity of 3.0, the LiCl-water system has an osmotic coeffi=-
cient of 1.286, while the LiNOB-water system has an os-
motic coefficient of 1,181,

Two terms in the model can be modified to account
for ion-pairing, the first being the Flory-Huggins con-

tribution. For the LiCl-water system of Figure 5.5, the
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Flory-Huggins term represents the largest contribution to
the calculation of the activity coefficients of water.,
This contribution is approximately the same for the LiNO3
system since the crystallographic radii of the nitrate ion
is 1.89 £ while that of the chloride ion is 1.81 R.

The values of h_ in this study are assumed to be a
linear function of the solvent mole fractions. (See equa-
tion (3-33).) For a particular negative ion, decreasing
the value of h°+ decreases the contribution of the Flory-
Huggins term, (making it less negative). The value of h
should not be adjusted to improve the results for the LiNO3
system since at low molalities, the osmotic coefficients of
LiNO3 and LiCl are of nearly the same magnitude. At a molal-
ity of 0.1, the osmotic coefficient of LiCl is 0.939 while
that of LiNO3 is 0.938. This indicates that the "amount
of solvent removal" by the Li+ ion is about the same in
both cases. The values of the osmotic coefficients diverge
at a molality of 0.7. Since ho+ cannot be adjusted, the
concentration dependence of the solvation number would have
to be investigated for ion-pairing systems. A power
law model, where X4 is raised to the ( n ) power in equa=-
tion (3-33), would decrease the value of h+ and therefore
increase the Flory-Huggins contribution, (making it less
negative.) This would increase the calculated values of the
activity coefficients of the LiNO3 system compared to these
of the LiCl system.

The Pitzer term could also be modified, but any

modification would involve the addition of a parameter
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to the equation. This parameter would have to include
an equilibrium constant to account for the fraction of
ions removed from the solutioen.

The values of a obtained from regression of the
nitrate and sulfate salts are less than the sum of the
crystallographic radii of these salts. (See Table 5.13.)
This indicates a "failure"” of the Pitzer term since the
minimum value a can have is the hard-core distance
between the ions which is assumed to be the sum of the
crystallographic radii.

In a sense, the model has already been modified since
it has been found that a should be less than the sum of
the crystallographic radii to improve the correlation of
the nitrate systems. The average percent error in @, when
a is set equal to the sum of the crystallographic radii
is 8.5 and 3.1 when a is an adjustable parameter.

It is most likely that both of the modifications
suggested above would have to be incorporated into the
present binary model to improve the correlation of in-
completely dissociated salts, as well as the physical
reality of the model.

The data of Kratochvil and Yeager (1972) indicate
that while LiCl completely dissociates in methanol, NaSCN
and KCl do not. The value of a for the LiCl system is
5.7 while that of NaSCN is 4.73. The values of a for

LiBr, Nal, NaBr, and CaCl2 are also above 5.,0. Since
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the value of a gives some indication of whether or not

a salt undergoes ion~pairing, it can be deduced that KI,
KCHBCOO, and CaCl2 form ion~pairs since their values of a
are less than 4.73. In addition, the fit of the CuCl,
and NH,SCN systems is poor compared to that of the other
systems. With the exception of these systems, the model
correlates the data well with an overall average percent
error in @ of 3.3.

Even though ion-pairing is observed for the LiCl=-
ethanol system (Kratochvil and Yeager, 1972), and most
likely occurs in the other systems of Table 5.15, the
fit of the data is quite good. The average percent error
in @ for the ethanol systems is 2.9. The average percent
error in @ for the isopropanol systems is 3.8.

It should be noted that the CaClz-Isopropanol and
the CaClZ-n~propanol systems of the binary data base could
ﬁot be correlated by the model. The average percent
errors in ¢ for these systems were approximately 60,

The LiCl and LiBr-Isopropanol systems were correlated well,
It can only be concluded that the binary déta for the
CaC12-Isopropanol system are poor and that the poor
results are not due to a failure of the model. Since no
other salt-n-propanol data are available, it is difficult
to conclude if the CaClz-n—propanol data are poor by

comparison.

Even though the model neglects the effects of ion-

pairing, it is evident that in the ma jority of cases the
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model gives a good representation of the experimental
data. Since this representation is good, the assump=-

tion of complete dissociation of the salt is a valid one.

The Pitzer(1973) term accounts for the long and
short-range ion interactions. It gives some recognition
to ion~-solvent interactions since it is a function of the
dielectric constant. The contribution of this term is
smallest in water systems and largest in‘*the iseopropanol

systems. (greatest negative contribution)

P p P P
1n7’H20 < Y5 < IV i ou< 1n')’Isoprop

This is to be expected since the forces between ions
are inversely proportional to the dielectric constant
of the solvent. Decreasing the dielectric constant of
the solvent, increases the magnitude of the forces
between the ions.

The residual term accounts for short-range inter-
actions between the species of the solution not defined
in the model. The contribution of the residual term is
negligible for the agueous systems indicating that the
model adequately accounts for the intermolecular forces
eperating in the solution.

It would be expected that the contribution of the
residual term would be greatest for the ion-pairing
systems. However, the method of parameter estimation in

this study prevented this observation. The values of
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A 5 and A3l were established from data for the 1l-1

1
chlorides, where the residual term gives a negligible
contribution to the calculated solvent activity coeffi-
cients. These values of A12 and A31 were then used to
estimate A32 for the nitrate and sulfate interaction
parameters, respectively. However, since the contri-
bution of the term is essentially "set" by A12 and A31,
the value of Ay, affects the residual term by at most
5%. It can be argued that the 1-1 nitrates or the
1-1 sulfates should have been selected as the base
system for parameter estimation. However, these
aqueous lon-pairing systems are not included inAthe
ternary data base of Table 5.2. All of the salts of the
ternary data base are completely dissociated in water.

The Flory-Huggins term accounts for deviations
from ideality due to the sizes of the molecules. (En-
tropic Effects) In other words, it is assumed that a
solution of solvated ions would not show ideal beha-
vior if the interionic forces were absent. In addition,
the term accounts for the lowering of the solvent ac-
tivity due to the removal of solvent molecules by the
ions, (See equations (3-1)-(3-7)). This was done to
simplify the model. The impact of h°+ and h_ on the
Flory-Huggins term has already been discussed.

While literature values of h°+ are available for the
aqueous systems, none were found for the nonaqueous sys-

tems. They were estimated from equation (5-9). This
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equation was chosen because it relates the values of ho+
of water to the best values of ho+ which fit the binary

LiCl and LiBre-methanol data at 25°C.

The model for the prediction of the properties of
single electrolyte-mixed solvent systems is presented in
Section 6.1, The Pitzer term contains the parameter, a,
which is the mole-fraction average of a3 and ay, obtained
from the constituent binary data. The Flory-Huggins term
.y, where the j refers to each

J
of the solvent species. The residual term contains seven

contains the parameter, h0+

parameters. Ion-solvent interactions are represented
through four of the parameters. Two of the parameters
represent the interactions between the solvent molecules,
~and one represents the short-range interactions between
the positive and negative ions. The ion-solvent, sol?ent-
solvent, and positive ion-negative ion interaction para-
meters are obtained directly through regression of the
constituent binary data. Since the ternary expression
contains only one positive ion-negative ion interaction
parameter, it is assumed that A12 is the mole-fraction
average of the 512 obtained from the constituent binary
data.

The performance of the model was first evaluated by
neglecting the solvation effects; i.e., h0+3 and h0+4

were set equal to zero. The performance of the model
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is extremely poor as indicated by negative values of the
Average % Ratio for some of the systems. (See Table 6.1.)
The model predicts the salting-in of methanol instead of
the salting-out of methanol.

The contributions of the Pitzer, Flory-Huggins, and
residual terms to the calculated activity coefficients of
water, are shown in Figure 6.5 for the LiCl-H,0~MeOH sys-
tem at 25°C., (Water is the salted-in component.) The
Pitzer term in this case, predicts the salting-out of
water (indicated by its positive contribution at high
salt-free methanol mole-fractions) instead of the salting=-
in of water. The Flory-Huggins term is in the right dir-
ection but its magnitude is approximately equal to that
of the Pitzer term canceling the effects of both terms.
The residual contribution is positive at salt-free mole
fractions of methanol less than 0.7, and becomes negative
at salt-free mole~-fractions of methanol of approximately
0.9. Since the Flory-Huggins term is in the right dir-
ection, it can only be concluded that the poor results are
due to the Pitzer and residual terms.

Regression of the binary LiCl-water system at 25%c,
where solvation effects are neglected and a is an ad justable
parameter in the Pitzer term, shows that the major con-
tribution to the calculated solvent activity coefficients
of water is due to the Pitzer term. See Figure 5.3.)

Since the solvation effects are neglected, the Flory-
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Huggins contribution only accounts for entropic effects
and their effects are negligible. The residual contri-
bution is also negligible. This indicates that the
Pitzer term alone adequately describes the system. At a
molality of unity, which corresponds to the molality of
the LiCl-HZO-MeOH system for which data are available,
the Pitzer contribution is very small. In the ternary
system, the Pitzer term initially decreases and then
increases with increasing salt-free methanol. mole-frac-
tion. As the mole-fraction of methanol increases, the
dielectric constant of the mixture changes from that of
water to that of methanol., Apparently, the Pitzer con-
tribution to the calculated solvent activity coefficients
of water, behaves like the solvent activity coefficients
| of methanol in the LiCl-MeCOH binary. (See Figure 5.4.)
Although not shown, the Pitzer contribution to the calcu-
lated solvent activity coefficients of methanol is nega-
tive, where it should be positive. The Pitzer contribu-
tion to the activity coefficients of methanol is similar
to the contribution for the LiCl-HZO system,

The Pitzer (1977) term was derived through consideration
of the long and short-range ionic interactions only. It
does not account for interactions between different solvent
molecules or explicitly for ion-solvent interactions.

The behavior of the residual term is dictated solely

by the parameter values obtained from binary regression.
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It corrects for any short-range interactions not account-
ed for by the Pitzer and Flory-Huggins terms. Figure 6.5
shows that at salt-free methanol mole-fractions less than
0.6, the residual term represents the salt-free activity
coefficients of water in the water-methanol system. Above
this concentration, the residual term gives the value of
the infinite dilution activity coefficient of water.
Solvation effects were introduced into the model
to correct for the inadequacies of the Pitzer, Flory-
Huggins, and residual terms in predicting ternary electro-

lytic solutions. (See Section 6.2.)

Rastogi (1981), whose model is based on the Debye-
Huckel and NRTL equations, noted that the Debye-Huckel
equation calculates the salting-out of water in a salt-
water-alcohol system, instead of the salting-in of water.
He modified the Debye-Huckel term using a semi-empir- .
ical expression. The expression cannot be extended to
systems consisting of more than two mixed solvents,
Sander, et al.,(1984), developed 2 model based on the
Debye~Huckel and the UNIQUAC equations. The UNIQUAC
equation corrected for the deficiencies in the Debye-
Huckel term through the introduction of concentration

dependent parameters.

The results when sclvation is introduced into the

model are shown in Table 6.2. Salting-out of the correct
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component is predicted in every case with the exception
of the CaCl,~MeCH-EtOH system at 760 mm Hg.

The contribution of the Pitzer, Flory-Huggins, and
residual terms for the LiC1-H,0-MeOH system at 25°C to
the calculated values of the activity coefficients of
water when solvation of the lithium ion by water and
methanol is assumed, is shown in Figure 6.7. The intro-
duction of solvation increases the negative contribu-
tion of the Flory-Huggins term. The larger the value of

h the larger the negative contribution. A comparison

o+’
of Figures 6.5 and 6.7 indicates this. The Flory-Huggins
term also corrects for the residual term. The residual
term does not become negative at mole fractions of meth-
anol greater than 0.9, but its contribution is approximate-
ly the same at mole fractions of methanol less than 0.7.
The contribution of the Pitzer, Flory-Huggins, and
residual terms to the calculated activity coefficients
of methanol for the CaClz-MeOH-EtOH system are shown in
Figure 6.8. The effects of introducing solvation to the
model are canceled by the magnitudes of the Pitzer and
residual terms., The contribution of the Pitzer, Flory-
Huggins, and residual terms to the calculated activity
coefficients of ethanol are almost equal in magnitude but
opposite in sign to those shown in Figure 6.8. The sol~-
vation number.of the calcium ion by methanol is 3.7, while
that of the calcium ion by ethanol is 2.7.
To improve the results of the CaClZ-MeOH-EtOH system
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at 760 mm Hg, the concept of preferential solvation was
introduced in Section 6.4. The contributions of the
Pitzer, Flory-Huggins, and residual terms to the calcu-
lated activity coefficients of methanol are shown in
Figure 6.9. hO+ for methanol and ethanol are calculated
by equations (6-10a) and (6-10b).

The Flory~-Huggins term cancels the effects of the
Pitzer term; however, its effects are extreme. The
Plory-Huzgins term decreases rapidly with concentration
as the salt-free mole fraction of ethanol increases.

Many expressions for ho+ and ho+ were tested
for their effectiveness in causing the salting-in of
methanol, but only those of equations (6-10a) and (6~
10b) gave the desired results. According to Debye (1927),
the expressions for hO+3 and h0+4 must be functions of
the dielectric constant of the mixed solvent and the
temperature of the system. The expressions were used in
the prediction of the systems shown in Table 6.3. A com-
parison of these results with those of Table 6.2 indi-
cates a worsening of the predicted Ay and Average % Ratio
for many of the systems; i.e., they are overpredicted.

The preferential solvation term works to increase
the solvation number of the salted-in component and to
suppress the solvation number of the salted-ocut component.
The solvation numbers of the calcium ion by methanol and
ethanol, with and without preferential solvation are plot-

ted in Figure 7.1. The use of preferential solvation
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Figure 7.1 A _Comparison of the Solvation Numbers
of the Calcium Ion by Methanol and
Ethanol with and Without Preferential
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enhances the solvation number of methanol over the entire
concentration range while suppressing that of ethanol.

As already indicated, the preferential solvation term
overcalculates the solvation number of methanol.

The results of Table 6.3 suggest the possibility
that equation (5-9), which was developéd to relate the
solvation number of the lithium ion in methanol to that
of water, should be modified. (This relationship .is
assumed to be valid for all systems.) The form of this
relationship can only be established using the systems of
Table 6.2, This study would then reduce to a correla-~

tion scheme,

To reduce the impact of the preferential solvation
term if the contribution of the Flory-Huggins term is
too large; e.g., for the CaClaneOH-EtOH system, the
preferential solvation term was multiplied by the factor
298.15/T, (See equations (6=~1la) and (6-11b) and Table
6.4,) Even though this correction term is useful for some
systems, it was found to be inapplicable for the LiCl-HZO-
Isopropanol system at 75.1°C which would be predicted
better if the Flory-Huggins term were more negative; i.e.
if the value of the solvation number of water were in-
creased and that of isopropanol decreased. In addition,
the introduction of this term prevents the ternary

expression from reducing to the binary expression.
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In Sections 6.9 and 6,10, the model was used in the
prediction of salt-mixed solvent systems when a, or Amn
have not been established because the constituent binary
salt-alcohol data do not exist. In order to predict
these systems, the average halide values of a, obtained
from the regression of halide salt-alcohol data are assum-
ed to be the value of ay, in the ternary system. If an ion-
solvent interaction parameter is not available, it is
assumed to have the same value as the ion nearest in
size and of the same charge. For example, the AMeOH/F-
interaction parameter, which is unavailable, is assumed
to have the same value as the AMeOH/Cl* interaction para-
meter. The prediction results are shown in Tables 6.7
and 6.8.

The results indicate that good prediction of the
ternary data are achieved for salts in H,0-MeOH mix-
tures and for Hzo-EtOH mixtures up to approximately
twice the solubility of the salt in the nonagueous solvent.
It is also important to note that the salts of Tables
6.7 and 6.8 are not completely dissociated in the non-
agqueous solvents of the ternary systems. However,
this does not seem to affect the quality of the pre-
dictions. If it did, the predictions would probably
be valid only up to molalities of 0.5 where the prop-
erties of incompletely dissociated electrolytes diverge
from those of completely dissociated solutions.

If A is available for at least two of the

s/ion
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solvents, the value of A for another solvent may

s/ion
be estimated by assuming a linear relationship between

the already established A and the dielectric con-

s/ion
stant of the solvent at 25°C. This method was used to
develop the equations of Table 6.9 in Section 6.10.
n-propanol/Ii+ parameter and the
parameter were estimated from the equa-

For example, the A
An-propanol/Cl-
tions for As/Li+ and As/Cl- of Table 6.9. Even though
the correlation coefficient of the equation for As/Li+
is 0.5, indicating a poor correlation of the As/Li+
with dielectric constant, the prediction results for
the LiCl-HZO(B)-n-PrOH(b) system of Table 6.10 are quite
good. The correlation coefficient for the As/bl' equa -
tion is 1.0. a, was also estimated.

It is not recommended that the estimated values of
a, and Amn or the equations of Table 6.9 be used to pre-
dict the osmotic coefficients or vapor pressures of
binary nonaqueous electrolytic solutions. As shown in
Chapter 5, the major contribution to the calculated
solvent activity coefficients of the nonaqueous solvent
is the Pitzer term. The wide range in the values of ay,
within each nonaqueous system shown in Tables 5.14 and
5.15, indicate that it would be coincidental if the
average halide value of a), was able to predict the bi-
nary data.

Tt is possible to use an average halide value of



170

ay in the prediction of the ternary systems since in
most cases, the Flory-Huggins and residual terms pro-
vide the largest contributions to the calculated solvent
activity coefficients.

In Section 6.11, the model was used to predict the
salt~effects on the vapor-liquid equilibrium of the LiCl-

water(3)-methanol(4)-n-propanol(5) and the LiCl-water(3)-

ethanol(4)-n-propanol(5) systems at 760 mm Hg. The data
are from Boone (1976). The parameters of Tables 5.10,
S5.14, and 5.15 and the estimation techniques of Sections
6.9 and 6.10 were used to effect the predictions.

The results are shown in Table 6.11 and compare well
with the results of Boone who used a pseudobinary approach
and ternary data to obtain the parameters for the multi-
component pr;dictions.

The results of this study would of course be improved
if bpinary data for the LiCl-n-propanol system were avail-
able. Even though the LiCl-HZO-n-propanol system at 760
mm Hg of Table 6.10 was predicted with a Ay of 0.021, it
should be noted that a plot of the vredicted vapor phase
compositions of n-propanol as a function of the salt-~free
mole-fractions of n-propanol indicates that the model pos-
sibly predicts an immiscible region around a mole-fraction
of 0.2 for the molalities indicated. (See Figure 7.2. The
results for a molality of 2.0 are not indicated. The molal-

ities are on a propanol-free basis.)

To investigate this possibility, a plot of the exper-
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Figure 7.2 Predicted y-x Diagram for the LiCl-
H,0-n=-PropOH System at 760 mm Hg.
(Indicated molalities are on a pro-

panol-free basis.)

1.0
A - salt-free
i O - experimental m = 1.0
® - calculated m = 1.0
0.8 | O ~ experimental m = 4,0
' B - calculated m = 4,0
0.6 |
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(m
0.l | g f o Q
@
A
0.2 |
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imental and predicted activities of n-propanol as a func-
tion of the salt-free mole fractions of n-propanol at
molalities of 1.0, 2.0, and 4.0, respectively, was pre=-
pared. (See Figure 7.3.) The figure indicates that the
experimental data exhibit a point of incipient instabil-
ity at a mole-fraction of n-propanol of approximately 0.2

and a propanol-free molality of 4.0.

A point of incipient instability is indicated when
( Olna, / cbxu)T,P =0 (7-1)
(O1nay, / Ox{)p 5 = 0 (7-2)
Graphically, a point of incipient instability is indicated
by a horizontal inflection point.

An unstable system is indicated by a maximum on a
pl§t of activity as a function of liquid-phase mole frac-
tion.

Equations 7.1 and 7.2 require that isothermal data
be available to evaluate the derivatives. However, as
Boone (1976) indicates, the boiling point range for
the LiCl-HZO-n-propanol system is 14°C, but for the n-
propanol composition range (0.03-0.8 mole-fraction pro-
panol) for which data are available, the boiling point
varies only 3°C. Therefore, the system can be assumed

to be isothermal.

The prediction results of Figure 7.3 indicate that at
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Figure 7.3 A_Comparison of the Activities of n-

propanol Calculated Using the Model

with the Experimental Values,

System: LiCl-H,O0-n-Propanol at 760 mm Hg.
(Indicated molalities are on a propanol=-

free basis.)
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a propanol-free molality of 2.0, a point of incirpient
instabllity exists at a mole~fraction of propanol of
approximately 0.2. At the same mole-fraction and a molal-
ity of 4.0, the model predicts that the system is unstable.
Boone's model gave similar results. Boone's experi=-
mental data indicate that the LiCl-H,0-n-propanol sys-
tem at 760 mm Hg splits into two liquid phases at a
propanol-free molality of 4.4 and a mole fraction of
propanol of 0.2.

Even though the model predicts a point of incipient
instability at a molality of 2.0 and an unstable system
at a molality of 4.0, it does predict correctly the mole
fraction of n-propanol at which the point of incipient
instability is observed for the experimental data.

Figures 7.4 and 7.5 show the contributions of the
Pitzer, Flory-Huggins, and residual terms to the calcu~
lation of the solvent activity coefficients of n-pro-
~ panol as a function of the salt-free mole fractions of
propanol at molalities of 2.0 and 4.0, respectively. As
?igure 7.4 shows, the agreement between the experimental
and calculated activity coefficilents of n~propancl is
good., The figure gives no information as to why a point
of incipient instability is predicted. The contribution
of the Pitzer term is negligible over the entire concen-
tration range of n-propanol. Of course, an adjustment
in the value of the solvation number of the Li‘ ion

in n-propanol to lower the contribution of the Flory-
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Figure 7.4 Contribution of the Pitzer, Flory-Hugegins,
and Residual Terms to In) for the LiCl-
H,0-n-PropQH System at 760 mm Hgz. (m = 2
on a n-propanol-free basis,)

- experimental
calculated

3.0 - Pitzer

- Flory-Huggins
- Residual

wwn e @0
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Figure 7.5 Contribution of the Pitzer, Flory-Huggins,

and Residual Terms to 1n7£ for the LiCl-
H,0-n-PropOH System at 760 mm He. (m = 4

on a n-propanol-free basis.)

O = experimental
@® - calculated
3.0 |® 1 - Pitzer
2 = Flory-Huggins
® 3 - Residual
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Huggins term (make it more negative), would decrease the
contribution of the residual term and improve the results;
i.e., a point of incipient instability would not be predic-

ted. Adjustments in the values of A + and

n-propanol/Li
could also be made but the binary data

An-propanol/Cl'
for the LiCl=-n=-propanol system are not available.

As shown in Figure 7.5 for a propanol-free molality
of 4.0 where an unstable system is predicted at a mole-
fraction of propanol of approximately 0.2, the agreement
between the calculated and experimental activity coeffi-
cients of n-propanol is not good. The relative percent
error in the activity coefficient at this point is =-5.0.
(At a mole fraction of provanol of 0.38, the relative
vercent error in the activity coefficients is -8.8) Ap-
parently, at a mole fraction of 0.2, the contribution of
the Pitzer term is too large. (negative contribution)
The contribution of the Flory-Huggins term is negligible.
However, at a mole fraction of 0.28, the contributions of
the Pitzer and Flory-Huggins terms are negligible and the
residual term is the predominate contribution. As in the
case where the molality is 2.0, the results would be im=-
proved through an ad justment of the solvation number of the
1i% ion in propanol. However, at a molality of 4.0, the
Flory-Huggins term should be increased in a positive dir-
ection where for a molality of 2.0, this term must be

more negative. In both cases, adjustments in the value of

a,, of the Pitzer term would also improve the results but of
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course, this would require the experimental data of the
LiCl-n-propanol binary.

It is generally difficult to predict liquid-liquid
equilibria using parameters obtained from vapor-ligquid
equilibrium data. In the case of the LiCl-Hzo-n—pro—
panol system and the systems of Table 6,11, the value of
ay, or ag and the values of the ion-solvent interaction
parameters for the constituent LiCl-n-propanol binary
were estimated. Even though these parameters were
estimated, the correct mole-fraction at which the point
of incipient instability occurs for the experimental
data of Boone is predicted although the molality at
which this occurs is incorrect. The results of Table

6.11 can also be considered good.
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CHAPTER 8
CONCLUSIONS

A group~-ceontribution model for the prediction of salt-
effects on the vapor-liquid equilibria of multicomponent
electrolytic solutions containing a single electrolyte has
been presented. The model uses only binary parameters ob-
tained from the regression of binary salt-solvent osmotic
coefficient and vapor-pressure depression data at 25°C and
binary solvent VLE data.

Methods are presented for the estimation of the ion-
solvent and ion-size parameters needed for multicomponent
prediction when the constituent binary data are not avail-
able. However, these parameters should not be used in
the prediction of binary electrolytic solutions.

The prediction of liquid phase activity coefficients
and vapor phase compositions was demonstrated for 25 data
sets of isothermal and isobaric salt-water-alcohol and
salt-alcohol mixtures and gave an average absolute error
in the vapor phase compositions of 0.019.

The ability of the ternary model to represent salt-
effects was also shown. The results are superior to
those of Mock, et.al., (1984),

The liquid phase immiscibility of the LiCl-water-n-
propanol system was also predicted. Although the model
predicted that phase separation occurs above a molality
of 2.0, the correct mole-fraction of n=propanol at which

phase separation occurs was predicted.
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1. Vapor Pressures of Solvents Used in this Study

The Antoine equation

B
TOC+C

log pP;Sat = p - (A-1)

where Pisat 1s the saturated vapor pressure in mmHg and T is the
temperature of the system in ©C, is used to calculate vapor
pressures. This equation is not used in the following cases: 1)
for binary aqueous systems at all temperatures, where the vapor
pressures are given by Weast (1970); 2) in the calculation of
osmotic coefticients from the vapor pressure depression data of
salts in methanol measured in this study since the vapor pres-
sures of methanol at m=0 are given; and 3) in the calculation of
osmotic coefficients of salts in various solvents measured by

other workers where the vapor pressure at m=0 is given.

The constants of equation (A-1) are given in Table (A-1).



TABLE A-1

182

Antoine Constants for Solvents Used in this Study

All Values are from Gmehling and Onken (1977)

Solvent

Water
Methanol
Methanol
Ethanol
n-Propanol

Isopropanol

A

8.07131
7.76879
7.97010
8.11220
7.61785

8.11676

B

1730.630
1408.360
1521.230
1592.864
1374.890

1580.630

c

233.426
223.600
233.970
226.184
193.00

219.610

Temperature

Range

1-100°C
25-56°C
65-100°C
20~-93°cC

1-100°cC

1-100°cC
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2. Calculation of the Fugacity Coefficients at Saturation

and of the Vapor Phase Using the Hayden-0'Connell

Correlation

The generalized method of Hayden and O'Connell (1975) for
the prediction of pure component and cross second virial co-
efficients for simple and complex systems is used to calculate
the fugacity coefficients at saturation and of the vapor phase.
This method was chosen since it does not require experimental
data to obtain parameters. The correlation requires only the
critical temperatures and pressures, the dipole moments, the
mean radii of gyration, and association and solvation parameters

for the components of the mixture.

The fugacity coefficient of component i in the vapor is
given by

In ¢ = 1].\:—,1, };(Vi - %—T‘)dP (A-2)

where T is the system temperature and V; is the partial molar

volume of i in the mixture.

The density-explicit virial equation which is valid at low

pressures is

g = PV _ BP -
z—RT 1+RT (A-3)

where 2 is the compressability factor and V is the molar volume

of the mixture. B is the second virial coefficient for the

mixture and is given by



184

Bmix = Yi¥3Bij (A-4)

1
=
lfM =
i_b

for i, j =1, 2, 3, ...., N components.

The Bjj and B4 represent interactions between like com-
ponents and are termed the pure-component second virial co-
efficients. Bj4, the cross second virial coefficient, repre-

sents interactions between unlike molecules i and j.

Combining equations (A-2)-(A-4) gives
N

P
ln ¢35 = [2 .Zl YjBij - Bmix] RT (A-5)
J:

Hayden and O'Connell assume that the B are the sums of various

types of molecular interactions.

B = Bfree * Bmetastable T Bbound * Bchem (A-6)

Bfree @accounts for unbound pairs of molecules; Bpetastabler
for metastably bound pairs of molecules; Bpoungr £or physically
bound pairs of molecules; and Boheps, for chemically bound pairs

of molecules.

Bfree in equation (A-6) is the difference between

Bfree-nonpolar @nd Bfree-polar- For interactions between like

molecules, Bfree-nonpolar 1S given by

Bfree-nonpolar = Po(-94-1.47/T""'-.85/1*"2+1.015/T*"3

(A-7)

T*', the reduced temperature, is

1

* !

=e/T - 1.6 w (A-8)

=]
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where w, the nonpolar acentric factor is a function of R', the

mean radius of gyration.
w= .006 R' + .02087 R'2 - .00136 R'3 (A-9)

¢, the energy parameter for polar pairs of molecules is

2
€ =€1(1 - zen + n(n+l) QE) (A-10)
where
€1 = Tc(.748 + .91w - .4n/(2+20w)) (A-11)

Tc is the critical temperature and n the association parameter.

=]
I

(16 + 400w)/(10 + 400w) (A-12)

n4/(Coeyec®eTe5.723%x1078) (A-13)

«
I

where y is the dipole moment and
C = 2.882 - 1.882w/(0.03 + w) (A-14)
o = (2.44 - w)(Te/Pe)1/3 (A-15)

0 is the molecular-size parameter for non-polar pairs. bg, the

egquivalent hard-sphere volume of molecules is given by
bg = 1.2618 g (A-16)

where o', the molecular-size parameter for pure polar and

associating pairs is
'3 =03(1 + 3¢/(10 + 400w)) (A-17)
Bfree-polars for interactions between like molecules, is
given by equation (A-18).

Bfree-polar = Pol™ (.75-3/T*'+2.1/7*'2 + 2.1/7*'3)

(A-18)
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where b, and T*' are given by equations (A-16) and (A-8),
o

respectively. U*.' the polar-reduced dipole moment is related

to the reduced dipole moment by the following

u*' = u* - .25 u* 2 .25
=0 .252U*> 04
= u¥ .04>p* >0 (A~19)

*

H® is given by

*

u* = 7243.8 p2/¢ec’ (A-20)

€ and 0' are given by equations (A-10) and (A-17), respectively.

The sum of Bpetastable and Bpoung is given by

Bpetastable + Bbound = PoA exp[AHe/T] (A-21)
where

A=.3- .05u" (A-22)

AH = 1.99 + .2 %2 (A-23)

u* is given by equation (A-20).

Bchem is given by

Bchem = bo€Xp(n (D-4.27)) (1-exp(1500n/T)) (A-24)
where
D = 650/(€ + 300) (A—25)

Values of Tc, Peoin s R', and | for the solvents used in this

study are given in Table (A-2).

To evaluate Bj 4 f{or interactions between unlike polar mole-
cules, the following mixing rules must be used in equations (A-

6), (A-7), (A-18), (A-21), and (A-24):



187

TABLE A-2
Constants Used to Evaluate the Pure-Component Second Virial

Coefficients B in Equation (A-6)

Ref: (Fredenslund, et al., 1977)

Solvent TcPK  Pclatm) R"(R) w(D) n
Water 647.3 218.3 0.615 1.83 1.70
Methanol 512.6 78.5 1.536 1.66 1.63
Ethanol 516.2 63.0 2.250 1.69 1.40
n-Propanol 536.7 51.0 2.736 1.68 1.40

Isopropanol 508.3 47.0 2.726 1.66 1.32
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eij = 0.7(ejey) /2 + .6(1/cy + 1/ej) (A-26)
o'ij = (c'io'j)l/z (A-27)
wij = .5(wj + wy) (A-28)
Mi* = 7243.8 HiH§/(€540 1 4) (A-29)

The €, €j,0i, 65, wi, and w4, are calculated from equations
(A-10), (A-17) and (A-9), respectively. N, in equation (A-24)
is replaced by nij, the solvation parameter for unlike inter-

actions. The values of Nnj4 are found in Table (A-3).

Once the pure-component and the cross second virial co-
efficients are evaluated from equation (A-6), they are sub-
stituted into equation (A-4) to obtain Bpjyx. The virial co-
efficients and Bpjyx are then substituted into equation (A-5) to
obtain the vapor phase tugacity coefficients for each conden-

sable component of the mixture.

The pure component virial coefficients calculated above are
also used to evaluate the fugacity coefficients, ¢ ;S, at satu-
ration. ¢;5 is evaluated at the system temperature and saturated

vapor pressure, P;Sat, of component i and is given by

B: :.P:Sat
ln ¢;8 = —Llﬁfi——— (A-30)

p;8at is given by equation (A-1).
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TABLE A-3
Constants Used to Evaluate the Cross Second Virial

Coefficients, Bj4, in Equation (A-6)

Ref: (Fredenslund, et al., 1977)
Solvent Mixture nij
Water—-Methanol 1.4
Water-Ethanol 1.7
Water-Isopropanol 1.55
Methanol-Ethanol 1.63

Isopropanol-n-Propanol 1.50

Water—-n-Propanol 1.55
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1. Densities of Pure Solvents Used in this Study

Solvent
Water
Methanol
Ethanol
n-Propanol

Isopropanol

TABLE B-1

Temperature Range

0-100°C
25-500cC

0-40°C

0-30°c

0-30°c

Reference
Perry (1973)
Mikhail & Kimel (1961)
Perry (1973)
Perry (1973)

Perry (1973)
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2. Estimation of the Densities of Pure & Mixed Solvents

The correlation for the prediction of saturated densities
of liquids and their mixtures developed by Hankinson and Thomson
(1979) is used in this study. The correlation is a corresponding
states equation which requires the reduced temperature, acen-
tric factor, and a characteristic volume for each pure compound
comprising the mixed solvent. 8Six combinations of mixing rules
are presented to evaluate the pseudocritical constants of the
mixture. The model is applicable over the reduced temperature

range 0.25<TRr<0.98.

For a pure or mixed solvent, the saturated liquid volume,

Vg, is given by

Vg = V*VR{0) [1-WgpgVg( )] (B-1)
where
VR(0) = 1 + a(1-T) Y3 + b(1-1R)%/3 + c(1-TR)
+ d(1-Tg)¥/3 (B-2)
and
V(8 = [e + feTR + geTR2 + heTp31/(Tgr-1.00001) (B-3)

The parameters for equations (B-2) and (B-3) are given in Table
B-2.

V*, the only adjustable parameter, is the characteristic

volume specific for each pure compound and Wgrg is the acentric

factor determined from the Soave equation of state.
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TABLE B-2

Parameters for Equations (B-2) and (B-3)

a. -1.52816
b. 1.43907
c. -0.81446
d. 0.190454
e. -0.296123
f. 0.386914
-0.0427258

h. -0.0480645
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Table B-3 presents the values of Wggrgr V', and Tc for the
solvents used in this study.

For the estimation of the densities of mixed solvents, v*

and Wgrg ©of equation (B-1) are replaced by Vp*, the charac-
teristic volume of the mixed solvent, and Wy, the acentric factor
for the mixed solvent. Six combinations of mixing rules may be
used to evaluate T, the pseudocritical temperature of the
mixed solvent, and Wp. Vp* and the six combinations of mixing

rules, Aa, Ab, Ba, Bb, Ca, and Cb, are given by the following

equations:
Uk = gl Exgvir + 308V (axgvye /) (B-4)
i i i
A, Tem = ?gxixjvij*Tcij/Vm* (B-5)
ij
Viy*Tecijy = (Vi*TCiV*chj)l/2 (B-6)
B. Tem = IxiVi™Tci/ ZixiVi* (B-7)
i
C. Tem = [;xiVi*(Tci)l/2]2/(;xiVi*)2 (B-8)
i i
a. Wy = IXjWgRki (B-9)
i
b. Wy = IXjVi*WgRrKi/ IXjVi* (B-10)
i i

The six combinations of mixing rules were evaluated for the
methanol-water system at 25 and 50°C, the ethanol-water system
at 259, the n-propanol-water system at 30°C, and the iso-
propanol-water system at 30°C, using equations (B-1) to (B-10).

The reduced temperature in equations (B-2) and (B-3) is given by



Solvent

Water
Methanol
Ethanol
n-Propanol

Isopropanol
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TABLE B-3

Values of Wgrg, V*, and Tg

liter

WsRK V¥ (ot ) T°K Reference
-0.65445 0.04357 647.3 Reid, et al. (1977)
0.5536 0.1198 512.6
0.6378 0.1752 516.2
0.6249 0.2305 536.7
0.6637 0.2313 508.3



196

The liquid volumes were converted to density, d, using the

relationship
d = ZjxijMW;/(Vge1l000) grams/cc (B-12)

where MW; is the pure component molecular weight. The results

are shown in Tables B-4 and B-5.

Combination BAa is used in this study although combinations

Ba and Ca give comparable results.
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TABLE B-4
Results of the Evaluation of Mixing Rules for the
Methanol-Water System at 25 and 50°C

(The data are from Mikhail and Kimel (1961))

Mixing Ruie Combination Average Percent Error in Density
25°¢ 500¢
Aa 2.16 2.50
Ab 2.48 1.59
Ba 2.23 2.58
Bb 2.40 1.50
Ca 2.28 2.64

Cb 2.33 1.43
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TABLE B-5
Results of the Evaluation of Mixing Rules for the
Ethanol-Water, n-Propanol-Water, and Isopropanol-Water Systems

(The data are from Perry (1973))
Average Percent Error in Density

Mixing Rule

Combination  piog/g,0, 250C n-Prop/H;0, 30°C  iso—Prop/H,0
Aa 1.77 1.12 1.24
Ab 5.15 6.93 6.61
Ba 1.72 0.729 1.034
Bb 5.27 7.45 6.92
Ca 1.76 0.763 1.093

Cb 5.21 7.40 6.84
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3. Estimation of the Change in Density of Mixed Solvents

with Composition

Differentiation of equation (B-12) with respect to the mole
fraction of each component of the mixture gives the change in
density of the mixed solvent system with composition. All
derivatives presented here are with respect to component 1 for

a k component system.

From equation (B-12)

9d  _ 1 . | 9%y Vg
3% T T000 Vg™ 2 M3 gy T @ gy (B-13)
Vg | ) i
g;I is obtained from equation (B-1)
Vg . (s) 2vg' % (0) (8),8Vm*
§§I = Vp (1 - WnVr ) aXl + Vg (1 - WpVRr )axl
(0) VR (5) 9%m
— * —
avg Q) avg(®) Ay B . _
3xy ' Oxy ' Xy and B3 are obtained through differ-

entiation of equations (B-2)-(B-4) and (B-10) with respect to

X].
0) '

BVR( a -2/3. 2b -1/3 ad 1/3,9TR

5§I——— = —[§(l—TR) + 3_(1_TR) + ¢ + §_(1_TR) ]5;;

(B-15)

)

vg' = [f + 2gTg + 3hTR2 - V (5)](335)/(T ~ 1.00001)

TRy gTR R R 3% 1 R .

~ vg!® (87p/8x7) /(TR - 1.00001) (B-16)
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* ex- BXc
Vm” _ l(Vl* + I Vike—d 4 3(V1*2/3 + X Vj*2/3 5;%)(Eixivi*l/3)

ax
+308xvi* 2/ 3y (rprl/3 4 g upt/3 3 (B-17)
j#1 1
9 Wp 09X
= =W + I Wgpg. =—a B-18
oT
5;% is determined from equations (B-8) and (B-11).
TR _ IR Tem (B-19)
ax1 Tem 0X1
8 Tem . N 9 X+ 0 Vp*
aXl = l/Vm [ZZ'Z'XIVIJ TCiJ 3Xl ~ Tem W] (B-20)
1]

The change in density with respect to the number of moles

of component j in the mixed solvent is

3 _ 3(d) 3x1

an - 9x] anj (B-21)
where

dx] 1

3n; ~ np (1 - x71) (B-22a)
and

ox

_l = e eeeme for j#l (B—22b)
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1. Dielectric Constants of Pure and Mixed Solvents Used

in this Study

TABLE C-1
Solvent Temperature Range
Water 0-350°cC
Methanol/Water 5-550¢C
Ethanol/Water 20~-80°cC
n-Propanol/Water 20-80°cC

Isopropanol/Water 20-80°cC

Reference
Bradley & Pitzer (1979)
Albright & Gosting (1946)

Akerlof (1932)
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2A. Correlation of Dielectric Constant Data for Binary

Alcohol-Water Systems When Data are Available

The constants of the equation,

D = AeBt (C-1)

where t is in ©C, were determined from the data of Table C-1 at

a fixed alcohol composition. The values of A and B thus obtained

were fit to a fifth-order polynomial where

Y4 ace)xy’

A=A(l) + A(2)xg" + A(xg'2 + A(d)xg'> + A(S)xy "
(C-2)
and

3 v 4

B = B(1) + B(2)xg' + B(3)xg'% + B(4)xg'> + B(5)x4'? + B(6)xg’

(C-3)

X4' is the mole fraction of the alcohol on a salt-free basis.

The values of A(l) through A(6) and B(1l) through B(6) are

shown in Tables C-2 and C-3 for the alcohol-water systems of this

study.

5

5
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2B. Calculation of the Change in Dielectric Constant with

Composition of Binary Solvents When Data are Available

Differentiation of equation (C-1) with respect to the mole
fraction of each component of the mixture gives the change in

dielectric constant of the binary solvent system with respect to

composition.
D . eBt[ BB, ¢ 0B (C-4)
9xX4 9x4 0Xq

where trom equation (C-2)

aaA. = A(2) + 2.A(3)xg' + 3.A(4)xg'2% + 4.A(5)x4"> + 5.A(6)x4" 2
X4
(C-5)
and from equation (C~3)
aaB. = B(2) + 24B(3)x;" + 3.B(4)x4'% + 44B(5)x4'> + 5.B(6)xg" "
X4
(C-6)

The change in dielectric constant with respect to the number

of moles of alcohol or water is given by

8D _ 8 3%g (c-7a)
8n4' 3X4' 8n4'
and
3D 9D 94
- e 9D 974 (C-7b)
8n3 3X4 3n3
where
3X4' ' 1
T = X3 /np (Cc=-7¢)

ang
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e (C-74)

X3' is the mole-fraction of water on a salt-free basis.
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3A. Estimation of Dielectric Constant Data for Multicomponent

Systems When Data as a Function of Composition are

Unavailable

The mixture dielectric constant data for the methanol-
ethanol and isopropanol-n-propanol systems were estimated as-

suming that the dielectric constant of the mixture is given by
) 1
D = D3x3 + DgXy (C-8)
D3 and D4 are the dielectric constant of the pure solvents at a
fixed temperature.

D3 and D4 are calculated from equations (C-1), (C-2), and
(C-3) with X4' set equal to unity. The values of A(1l) through

A(6) and B(1) through B(6) are given in Tables (C-2) and (C-3).

The change in dielectric constant with composition is ob-
tained through differentiation of equation (C~-8) with respect to

X3' and X4'.

oD ' '
; = D3 + Dy 9xg4 /9x3 (C-9a)
0X3
—AQT = D3 BX3'/8X4' + Dy (C-9b)
90Xy
where
]
dX3
- = -1 (C-9c)
dX4

The change in the dielectric constant with respect to the number
of moles of components 3 and 4 are given by equations (C-7a)

through (C-7d).
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Derivation of the Gibbs Free Energy Expression of the Pitzer

(Coulombic) Term Used to Obtain the Activity Coefficients

of the Salt and the Solvents

The coulombic contribution to the activity coefficient of
the salt or of the solvent is evaluated using the equation for

the osmotic coefficient developed by Pitzer (1977).

_ -wIK 2ma3 | mawlL2
RN VA R TEFrayy (p-1)
whe: e
2
L = % , (D-2)
w= 54i2i2 Cj/Vc (D-3)
k2 = 4TLwvc (D-4)

a is the ion-size parameter; e, the electronic charge; D, the
solvent dielectric constant; k, the Boltzmann constant; T, the
temperature of the system; v, the total number of ions; zj, the
ionic charge; ej, the concentration of ion i; and ¢, the total
ionic concentration. c¢ is converted to molarity in this study

since the units of ¢ given by Pitzer are ions/cc.
c = cN/1000 (D-5)

Expansion of equation (D-3) gives

2 2
Zz + Z_%y-
4+ v+v v (D-6a)

where v; and v_ are the number of positive and negative iocons,

respectively. From the principle of electroneutrality
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|veze| = | v-z-] (D-6b)
equation (D-6a) becomes

w= (|voz_|z4 + |vizelz2)/v

_lzez[(vg + vo)

= |242_]| v (D-6¢)
since vy + v = v,
The ionic strength on a molar basis is defined
Ic = cwv/2 (D-7)

Substitution of equations (D-5), (D-6c), and (D-7) into equa-

tions (D-4) and (D-1) gives the following expressions for 2 and

¢

2 = 87L Ie (D-8)

__N_
1000
and

2na3 raw?r2
3 3(1+Ka)2

lz4z-|c  von

6(1+xa) T Tooo (D-9)

¢ - 1=~ (

Equation (D-~9) must be converted to a molal basis since the
experimental osmotic coefficient data are in terms of molality.
With the assumption that concentration is proportional to mo-
lality

c = mdg (D-10)
where m is the molality and dy the density of the pure solvent,

equations (D-7), (D-8), and (D-9) become

In = Io/do (D-11)
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2 = 8ML(Ndg/1000) Iy (D-12)
and
|zi2._ | KL vmd oN 3 Taw2L2
-1 = - = +  —_— -
® - 1=-%(1+¢a) T 1000 (2m/3F ST 02 (b-13)

The coulombic contribution to the activity coefficient of
the solvent for a binary salt-solvent system is easily obtained

from the following relationship
Inyg = -(¢-1)vm(M.W.) /1000 (D-14)

where (M.W.) is the molecular weight of the solvent.

. 2m2
. Pitzer _ KIL vemédgN 2753 Taw?L2
ln'YS = (M.W-/lOOO)(3(l+Ka) - 1000 3 3(1+Ka)))
(D-15)

Pitzer gives the following expression for the excess Gibbs
free energy of a binary eliectrolytic solution

Coulombic
GE = LW e 1 -
S ) = - (18 + T 1n(l+xa)) + 2ma3c/3 (D-16)

(
GE has units of ergs/cc solution.
To convert GE to calories, let

GE = nygF (D-17a)

where nj, has units of total number of moles of solution/cc

solution and gE of calories/total number of moles of solution.

The total number of moles of solution is given by

np = Ngolvent ¥ Vlgalt (D-17b)
Multiplying equation (D-16) by cngq/np, gives

E ¢ : Lwcnmp K Lwcn 2qa3cln
GE Coulombic_ T T In(1+ a)+ =T T i

kT ~ " eng(l+ka) ~ " 6ang,

(
(D-17c)
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Replacing k by R/N and letting

and
Ngalt = XgalthT (D-17e)

equation (D-17c) becomes

GE _ _ Whhsalt k1
RT ~ 6 (i7ig * 3 1» (1 +xa))

- dON .
+v2(2ma3/3)¢( T000) MMsalt (D-17f)

From the definition of molality

m= 1000 nga1t/(M.W.)ngojvent (D-17g)

and equation (D-17f), the excess Gibbs free energy on a molality

basis for binary electrolytic solutions is:

K 1
)m(1+Ka + 3 ln(l+Ka))

Coulombic_ _ (M.W.)ngplvent wL

E

doN
2 -
looo)m ] (D 18)

+y<(2rad3/3) (

Equation (D-18) may be written in terms of the Debye~Huckel

parameters, A¢ and b, given by equations (3-13) and (3-14).

3/2 1
GE, Coulombic_ (M.W.)ngolvent, ,—a—t"" + L In(1+b1l/2)]
(RT) = m2R,( 1000 Jl1+p1l/2 ~ b
+ v2(2na3)( N )(do(M.W.)nsolventmz) (D_l9)
3 10002 |

Equations (D-18) and (D-19) are easily extended to multi-

component solutions containing one salt by replacing (M.W.), the
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molecular weight of the solvent, by the molecular weight of the
mixed solvent, given by equation (3-9). a, the ion-size para-
meter, 1is evaluated using equation (3-17}). The density and
dielectric constant are given by their values in the salt-free
mixed solvent system. ngglvent 1S replaced by the total number

of moles of mixed solvent.

Differentiation of equation (D-18) or (D-19) with respect
to the number of moles of solvent i gives the expression for the
Coulombic contribution to. the activity coefficient of the sol-

vent (see equation 3-8).

The mean activity coefficient of the salt is obtained using
the following relationship:

9GE/RT 20
TMsalc) (D-20)

viny, = {(
Differentiation of equation (D-19) with respect to the
number of moles of salt and substitution cof this result into

equation (D-20) gives
_ 211/2 1 1/2
vin Y__t = —V|Z+Z_iA¢[‘l+—bI-1—--/—2 + b In(l + bI )]

ﬂaw2L2 )
3(1+b1l/2)2

+ (mdeNv2/1000) (4mad3/3 + (D-21)

Equation (D-21) is applicable to single and mixed-solvent sys-

tems containing one salt.
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ERROR ANALYSIS

Determination of the Maximum Error in

The osmotic coefficient where

1000 in P/PS

b = - mm.W. (E-1)

and
P = PS —~ AP (E-2)

is a function of PS, APS and m. M.W. and y are constant. m is
a function ot the number of moles of salt, ng, and the number of

moles of solvent, n3. m is defined by the following:

m = 1000 ng/(n3M.W.) (E-3)
Differentiating equation (E-3) yields

dm = (am/3ngldng + (9m/3n3z)dny (E-4)
or

— = = - (E-5)
wg is the weight of the salt and w3 is the weight of the solvent.

It is assumed that the errors in weighing the salt, dwg, and the

solvent, dw3, are ¥0.000lg.

Taking the absolute value of equation (E-5) gives

1.

dm = m(O.OOOl)[v—Vl + ;g] (E-6)
S ‘

dm was calculated for each electrolytic solution in this study

and was found to be }0.0001m.

Differentiation ot equation (E-1) gives
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3o o) 3ad
d¢ = (ga)dm + (SEE)dPS + (gF)dP (E-7)
3 .
= (gﬁ)dm + (3p/0a)da (E-8)
where

a = P/Ps (E-9)

Differentiation of (E-9) gives

P dpS. ‘

da = a[-—ﬁ - ——P—g] (E-10)

and taking the absolute value of (E-10) gives

- =z (E-11)

P is the error in the measurement of the vapor pressure of the
electrolytic solution. APS is the error in the measurement of
the pure solvent. APS is 10.06 mmHg. AP is X0.1 mmHg since it

is calculated by subtracting AP from PS,

Combination of equations (E-8) and (E-11) and taking the
absolute value gives

1000 APS _ AP, _
vmt.w.! ps * ! (BE-12)

pp = L am +

For the methanol systems of this study

15.60452 [0.06 + O.l]

- oS B (E-13)

a¢ = £(0.0001) +
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Calculation of the Mean Activity Coefficient of the Salt in Single

and Mixed Solvents

Stokes and Robinson (1948) present the following relation
between the observed molal mean activity coefficient, ?yi, and the
rational (mole-fraction basis) activity coefficient, f%', of the
solvated solute for binary electrolytic solutions. jnt and f#'

observe the unsymmetric convention.

m
in%% = 1n 2" - [ n/VdIn ay - In(1-((4.0.)/1000) (b -V)m)
0
(F-1)

h, is the solvation number of the solvated positive ion and is
discussed in Chapters 3 and 5. ag is the activity of the solvent.

In f+' is separated into three component terms:

FLORY=
Inft' = Inft'(Coulombic) + Inft'(HUGGINS) + lnf*'(Residual)
(F-2)
The Coulombic contribution is evaluated using the equation for

the mean molal activity coefficient presented by Pitzer (1977).

i % L
In %" = - 12,z 1Ag(2T/(11%) + 1/b In(1+b19)
) L
+ (nd N V/1000)(4TTa%/3 + Traw?L2/3(1+61)7)
(p-21)

Equation (D-21) is derived in Appendix D.

Since the value of a in equation (D-21) may have a value between
the sum of the crystallographic radii and the sum of the solvated
radii, it is assumed that equation (D-21) predicts the rational
coefficient of the solvated ions or ft', This assumption was made

by Stokes and Robinson where Inf*' in equation (F-1) was replaced by
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the Debye=Huckel equation in the development of their hydration
model.,
1 (FLORY= . . . .
Inf+' (fUCGING) is readily obtained from equation (3-28) and
the following relationship:

Vinft' = Vllnfl' + l/zlnfz' (F-3)

where f,' is the rational activity coefficient of the positive ion,
(component 1), and f?_' is the rational activity coefficient of the

negative ion, (component 2).

VInfx' GUGeINs) = Y4 (InDy'/xg " + 1~y /xy ")

+ U (ln(IDZ /x2 + 1~y /X2 (F-4)

Equation (F-4) is normalized to the unsymmetric convention by taking
the limit of equation (F-4) as the mole fractions of the positive and
negative ions approach zero (Equation (F-5)) and subtracting this

result from equation (F-4), (Equation (F-6))

Lim Vlnf+,(F'L.ORY-HUGGINS) = Y (nr, Z/eg 4+ 1- 1 ”/r3)

xl'-—)O + Z/z(ln ' /r3 + 1- r2"°/r3)
X2 — 0
(F=5)

F1ORY=HUGGINS
Vinfs' (UNSYWEIRIC ) = V3(IndDq'/x;" + 1= D, '/xq")

+ Vz(lncbz'/xz' + 1= Py /xy') - Y (In rl' [ty + 1- rl'g/r3)
= Vy(In rz'm/r3 + 1- r2'°°/r3)
(F-6)
rl'“is given by
(F=6a)
and

)t =1, (F=-6b)
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since the negative ion is not solvated.
The residual contribution to equation (¥-2) is obtained from
equation (3-19) and the relationship of equation (F-3).
Vinf+(Residual) = 14 Q (1~ In(®, + @2¢;21 +® 3¢31)

- ®,/@; + B, + Osyin))- @Y ,/@1 Y, +@, 1@, -

@3 @ A/Q + @) + 1Q(1- (@, Y, + @, +@3a))-

O1Y21/@1 +@y; + @3Y3) - @)@, + @) +@513))-

@3, /@,45/Q + @) (F-7)
At is defined by equation (5-4b) and is set equal to zero. The
fifth and tenth terms of equation (F-7) may be combined using
equation (5-4b). Equation (F-7) then reduces to the following:

Vlnfx(Residual) = 1,0 (1~ In(@ + @,y + Oi3)
- ®,/@, + @Yy, + O3y - @Y ,0, Yy, + @, + B3i)
+1)Qy(1- In(®; Y, + @, + @330

- @Y /@) + Oy + @33 - @B Yy + @) +@5f3,)
(F-8)
Equation (F-8) is normalized to the unsymmetric convention by
taking the limit of.equation (F-8) as the mole fractions of the
positive and negative ions approach zero (equation (F-9)) and
subtracting this result from equation (F-8). (Equation (F-~10))
limit Vlnft(Residual) = V,Q (1~ 1o\, ) + 14Q,(1- Inifh,)

X '—0

1
x2'-—40 (F-9)
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L/lnfi(UReSldual )

nsymmetric) equation (F-8) - equation (F-9)

(F-10)

Substitution of equations (D-21), (F-6), and (F-10) into
equation (F-2) allows the calculation of 1nf%' in equation (F-1).
Inf+' is therefore given by:

Inft' = equation (D-21) + (1/V)(equation (F-6))
+ (1/V)(equation (F-10)) (F-11)
Substitution of equation (F-11) into (F-1) allows the calculation of
ln?yi.

The mean activity coefficient of the salt in a single solvent can
be calculated in two ways from equation (F-1). In both methods, ft'
is given by equation (F-11).

The first method, (method 1), utilizes the experimental values of
the solvent activities, as, and the parameter values obtained through
the regression of the osmotic coefficient data shown in Tables 5.10,
5.11, 5.13, 5.14, and 5.15.

To evaluate the integral of equation (F-1), the values of h,
the solvation number of the positive ion given by equation (3-33),
are plotted against 1n33. The area under the curve up to a molality
of m is then determined. For computational purposes, h, may be fit
to a polynomial in lna3.

h, = A(L) + A(2)Ina, + A(3)lnas® + A(4)Inay> + A(S)lna"

A(6)lna35 + A(7)lna36 (F-12)
Once the constants are determined, equation (F-12) may be integrated to

give:

g 2 4
J/- h+dlna3 = A(1)1na, + A(Z)lna3 /2 + A(S)lna33/3 +A(4)lna3 /4 +
5 3
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A(S)1na /5 + A6)Inay®/6 + A(7)Ina,’/7  (F-13)

This method was used to caiculate the mean activity coefficients
of the LiCl-water and the NaCl-water systems at 25°C. The parameter
values given in Table 5.10 were used to evaluate lnf*'. The solvent
activities were calculated from the osmotic coefficients of these
systems (Robinson and Stokes, 1959) using equation (4-2). The results
are presented in Table F-1 and are compared to the values of the mean
activity coefficients given by Robinson and Stokes.

In method 2, the values of a; in equation (F-1) are calculated
from equations (2-1) and(5-6), or

lna; = equation (5-6) + Inx, (F=-14)
where X3 is the mole-fraction of the solvent given by equation (3-26).
f+' is evaluated as in Method 1. Method 2 represents true
prediction since only the parameters obtained through regression of
the osmotic coefficient data are used to predict the mean activity
coefficients of the salt.

To evaluate the integral of equation (F-1), h_is fit to a poly-
nomial in lna,, given by equation (F-14). The polynomial expression
of equation (F-12) is used. The constants thus obtained are then used
in equation (F-13).

The results for this method are shown in Table F-2 and are
comparable to those of Method 1.

Equations (F-1) and (F-12) through (F-14) can also be used to
obtain the model parameters if mean activity coefficient data only are
available. This was done for the HC1-MeOH and HCl-EtOH systems at 25°C.

No osmotic coefficient or vapor pressure data are available for these
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TABLE F-1
Method 1. Average Percent Errors in y* in Prediction
from Parameter Values at 25°C and Experimental

Solvent Activities for Aqueous Systems

Average % Maximum Relative
Salt Error, y* £ Error, v*
LiCl 5.0 -13.1 at 6bm

NaCl 4.1 -11.3 at 6bm
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TABLE F-2
Method 2. Average Percent Errors in y* in Prediction
Only from Parameter Values at 25°C

for Aqueous Systems

Average % Maximum Relative
Salt Error, y* ¢ Error, y*
LiCl 4.8 -10.4 at 6m

NaCl 4.2 -11.2 at 6m
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systems.

The values of el for HCl in methanol and HCl in ethanol as well
as the values of AMeOH/H+ and AEtOH/H+ were determined. For the HCl~-
MeOH system, the values of A12 and the methanol-chloride ion inter-
action parameter, Asy) from Table 5.14 were used since they have already
been established from the methanol data base. The values of A12 and

the ethanol-chloride ion interaction parameter, A32, from Table 5.15
are used for the HCl-EtOH system.

The results are shown in Table F-3. The values of A31 obtained
through the regression of these systems are meaningless since the
maximum molality range for the HCl-MeOH system is 0.56m and that for
the HC1-EtOH system is 0.10m. The Flory-Huggins and residual
contributions are negligible at such low molalities. Any value of
A31 would give the results of Table F-3. The values of A31 obtained
here should be used with caution in extrapolation to higher molalities.
In addition, the poor performance of the model in the correlation of
these systems at such low molalities suggests that extrapolation is
not possible.

The expréssion which relates the rational activity coefficient,
f£', of the solvated solute for a salt in two solvents to the observ-
ed molal mean activity coefficient, 74t, is developed below.

If colvation is not considered, the activity of the salt, ag, is
related to the activities of solvent 1 (a3) and’ solvent 2(a4) by

nsdlnaS = - n3dlna3 - n4dlna4 (F-15)
where ng, N and n, are the numbers of moles of the salt, solvent 1,
and solvent 2, respectively.

If solvation is considered, the activity of the solvated salt,
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TABLE F-3

Binary Interaction Parameters for the HC1-MeOH and HCl1-EtOH
Systems Obtained Through Regression of y * Data at 25°C

(Reference: Harned and Owen (1958))

Molality Avg. % Max. Rel.
System a Range A1 A34q A3p Error, y* % Error, y*
HC1 -MeOH 4.03 0.56 -253.1 0.0 782.3 3.9 7.4 at .56m

HC1-EtOH 1.27 0.10 -147.9 0.0 926.9 10.7 =15.7 at .01m
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aS', is related to the activities of solvent 1 and solvent 2 by

' - t - ' -
nsdlnaS = - ng dlna3 n, dlna4 (F-16)
where n3' and n4a are the numbers of moles of solvent 1 and solwvent
1 ]

2 not involved in solvation of the salt. ny and n4' are related to

g and n, by the following:

| - -

ng' =n, h+LinS (F~17a)
'

n,' =n, - d+b§ns (F-17b)

In equations (F-17a) and (F-17b) solvation of the positive ions alone
is assumed. h+ represents the number of solvent 1 molecules involved
in solvation and d_ the number of solvent 2 molecules involved in
solvation. h, and d_ are given by equation (3-33).

Substitution of equations (F-15), (F-17a) and (F-17b) into (F-16)

gives
' - —-—
dlnaS dlnaS + h+L1dlna3 + d+1/1dlna4 (F-18)
By definition
a_ = aibl= (f£x )L/ (F-18a)
s s
and
' 1 V |} |} l/
a ' =a't’ = (f£'x ") (F-18b)

where Xq and xs' are the mole-fractions of the salt on the two bases.
Substitution of equations (F-18a) and (F-18b) into equation (F-18)
yields
dinf+' = dlnft + h+(bi/bOdlna3 + d+(la/1/1;/)dlna4 + dln(xs/xs')
(F-19)
dln(xs/xs') may be written in the following manner.
dln(xs/xs') = din(1+ (- h, -d+)(m(M.w.)/1000))
- dln(1+ ¥“m(M.W.)/1000) (F=19a)

where M.W. is the molecular weight of the mixed solvent.,
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If solvation is not assumed, the observed mean activity
coefficient is related to the rational activity coefficent by the
following expression A

dlnft = dlnYt + dln(1+Vm(M.W.)/1000)  (F-19b)
Substitution of equations (F-19a) and (F-19b) into equation (F-19)

gives

/ dln /Yt = dlnfi' - (/W) / h,dlna, - (/) / d,dlna,
0

-/ din(1+ @~ h, -d,)(m(M.W.)/1000))  (F-20)
0
Integration of equation (F-20) gives the following expression which

allows the calculation of the observed mean activity coefficient of

a salt in a mixed solvent.

In)+ = Inf*' - (L&/DO 6? h+dlna3 - (Li/bb 6? d,dlna,

- In(1+ (L~ h, -d )(m(M.W.)/lOOO)) (F-21)

Equation (F-2) is used to evaluate f*'. Equation (D-21) is used
to evaluate the Coulombic contribution to equation (F-2). However,
the density and dielectric constant of the pure solvent are replaced
by the densities and dielectric constants of the mixed solvent. The

molecular weight of the pure solvent is replaced by that of the mixed

solvent. The value of a in equation (D-21) is replaced by equation

(3-17).
fi'(Fﬁggg&ﬁggg%gs) is given by equation (F-6). ¢D1' andci)z' must
be replaced by their values in the ternary solution. rl'“’is given by
12 _
=g+ ho+R3 + do+R4 (F-21a)
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and rz'“z is given by equation (F-Gb).

The residual contribution to equation (F-2) is obtained from
equation (3-19) and the relationship of equation (F-3).
Vinf(Residual) = 1/,Q,(1- (@, + @, Y, + O Y. + ©, Y, ) -

- ©1/(@; + @Yy + @5y + O, Y1)
@Y1,/ (@Y, + @, + O3y + O, Y,)
- @3 5/(©@4%/Q + @3 + B,
- @Y,/ @Bt/ + @Y, + @)
+ U)Q(- (@Y, + @, + @3, + @Y,
- @Y/ (® + Oy + @3ty + O,Yy,)
- 0,/ (@Y, + ©; + O35 + O,Y,)
- @33/ (@144/Q; + @3 + @43,3)
- @Y/ (©@1B4/Q + @33, + ©))) (F-22)

At and Bt are“equal to zero in this study. The sum of the fifth,
sixth, eleventh, and twelfth.terms of equation (F-22) are equal to
zero from the definitions of A+ and B*. Equation (F-22) then reduces
to
V1nft(Residual) = L&Q1<1-(C>l +C)2q921 + C)3Hb51 + C)4\D41)
- @/(©@ + @,y + O3y + @, Yy)
- W1/ (@ Yy + @) + O3, + @,Y0))
+ 1hQ,(1- In(@; Yy, + @, + itz + @, Y0
- @;Yp/(@; + @y + @3y + @)
- @Y @Yy + @y + By + O WYp))  (F-23)
The limit of equation (F-23) as the mole-fractions of the positive
and negative ions approach zero is given by
limit Vlnft'(Residual) = YQ, (1~ (@3, + @)

xll__40
[
x2—+0
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+ V1= (@3, + @, Yp)) (F-24)
®F =Qgxg /(Qgx] + Q%7 (F-24a)
®; =Qqx,;” /(Qxg + Q%) (F-24b)

X3 and x4' are the mole-fractions of solvent 1 and solvent 2 on a
salt-free basis.

Subtracting equations (F-24) from equations (F-23) gives the
unsymmetric residual contribution to equation (F-2).

L/lnfi'(Uﬁziéggiiic) = equation (F-32) - equation (F-24)
(F-25)

Substitution of the ternary forms of equation (D-21), (F-6)
and equation (F-25) into equation (F-2) allows the calculation of
f+' in equation (F-21). 1nf%' is given by the following:

lﬁfi' = equation (D-21) + (1/1) equation (F-6)
+ (1/1) equation (F-25) (F-26)

Equation (F-21) was used to calculate the mean activity
coefficients of HCl for the HCl-MeOH—H20 and HCl-EtOH-HZO systems
at 25°C. The solvent-ion parameters of Tables 5.10 and F-3 and the
solvent-solvent interaction parameters of Table 5.21 were used in
the prediction of the mean activity coefficients.

The results are presented in Table F-4. The maximum molalities
and the salt-free mole fractions of the nonaqueous solvents at which
the data were available are also indicated.

For the HCl-MeOH-H,O system, the average percent errors in j?&

2
increase with increasing methanol mole fraction. The calculation of
jyi does not appear to be affected by changes in molality.

For the HCl-EtOH—HZO systems, increasing the salt-free mole

fraction of ethanol from 0.0427 to 0.0891 does not affect the
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TABLE F-14
Prediction of the Mean Activity Coefficients of HCl in MeOH-H,0
and EtOH-Hp0 Mixtures at 25°C
(Reference: Harned and Owen (1958))

, Maximum Average % Maximum §

System Xy Molality Error, y* Error, y*
HC1l-MeOH~-H»0 0.0588 2.0 3.6 ~-4.7 at m=0.001
0.1233 2.0 20.2 -24.9 at m=2.0
0.0588+0.1233 2.0 11.9 16.6 at m=2.0
HC1-EtOH-H»0 0.0417 2.0 8.4 16.6 at m=2.0
0.0891 2.1 6.0 11.2 at m=2.1
0.50 2.5 4eh4.0

0.0417 2.1 7.2 11.2 at m=2.1
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calculated values of the average percent errors in‘>§u The
calculation of 77; is affected by molality. The relative percent
errors irl’)g:increase with increasing molality and are greatest at
m = 2.0,

The model fails to predict the mean activity coefficients for
the HCl—EtOH—HZO at a salt-free mole fraction of 0.5 and over the
available molalilty range. This is to be expected since the binary
model, which was used to obtain the ethanol interaction parameters,
poorly correlated the HC1-FtOH data.

It is recommended that the methanol-H+ and ethanol-H' inter-
action parameters be used to predict ternary systems only at low

mole-fractions of methanol or ethanol.
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This appendix contains the following programss

G.1

G.2

G.3

Binary Program for Salt-Solvent Systems

This program allows the correlation or pre-
diction of binary electrolytic solution data. This
program calls subroutine LSQ2 which in turn calls
subroutine FN., The data may be in the form of osmo-
tic coefficient or vapor pressure depression data as

a funetion of molality.

Binary Salt-Free Program

This program allows the correlation or pre-
diction of mixed-solvent binary data. Subroutines
LSQ2, HANK, and PHIB are called. The salted-in

component is termed solvent (1).

Ternary Program for Salt-Binary Mixed-Solvent
Systems.

This program allows the prediction of ternary

electrolytic solutions containing a single salt
using the binary parameters obtained from programs
G.1 and G.2, The values of A12 for the two solvents
must be supplied to the program.

Subroutines HANK, PHIB, and HANKI are called
by the program. The parameters AB(1)-AB(14) were
determined from a fit of the mixed solvent dielec-
tric constant data to a polynomial using FITIT.
(See Appendix C for the constants.)

The salted~in component is Solvent (1) and is

referred to by subscript 3.



G.L

G.5

G.6

G.7

G.8

2ho

Subroutine ISQ2

This subroutine uses a search technique to find
the optimum values of the variables which minimize
the objective function. Subroutine. FN of the binary
programs is called.
Subroutine HANK

This subroutine calculates the pure-component
liquid molar volumes using the Hankinson and Thomson
(1979) correlation. (See Appendix B.)
Subroutine PHIB

This subroutine calculates the fugacity coeffi-
cients at saturation and of the vapor phase using
the Hayden-0-Connell correlation (1975). Subroutine
SVIR is called for the prediction of the pure com-
ponent and cross second virial coefficients. (See
Appendix A.)

Subroutine HANKI

This subroutine calculates the densities of
the salt-free mixed solvents and the changes in
density with respect to composition. (See Appen-
dix B.)

Program FITIT

This program calls subroutine POLIFI which
makes a least-squares fit of the data., POLIFI
calls subroutine DETERM which performs the error
analysis for POLIFI. A polynomial of order 6 can
be described by FITIT.
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G.1 Binary Program for Salt-Solvent Systems
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FORMAY (/-7 2HMEaM= 2 F L))

CORT ORI

FREMNTY 622

FORMAT (S ~7)

ng 714G KA=lN8YS

MFPE:s=RE O

TEOMIMD, EQ,2) 1 1=2

TRCOHIH L EQ R AN HOPT ORI T0) ERG2IPRINT i4é
IFECNEMILERS Ly ANl HOPTY (R 000 EQL LDOPRINT 148

FORMATC =7 Q8HAQTIE REG)

FORMAY O~ “NELYA B REGT)

FRYMT GO3C0sann (KD

FORMAY O =/ "A8AIR) =/ 3 F L0 0)

FROMT B@sye

FORMATT (A7 230 s ZHRP 2 (00 2HRM s 10005 2HRR)

FRYEMY G820, RFOSD) ZRNORDY 2RI GRLD

FORMAGT (/s 3F 100D

FRIMY G721

FORMOT /s 82 e 2HRT s $0) s ZHRZ2 s D03 s 2HQT 2 10X 2HOQZ « £ 0 s 2HOA)
FRINT G822, REGKD yR2OKD s QLKD) 2 Q2 (KDY 2 Q3 (KD
FORMAT O/ 5 0F L0 %)

FRIMT 3u0

FORMOTT /775 A2 e SHAT2: 90 s SHHOP 2 @3y SHAPM 9X s JHAR L 9N s AHHON
CYLr3HASL)

FRUT BG4 sni20K D HOP (R s GPUHs 3T (R s HOR 32 (LD
FORMAY (/610,200
CORTOHUE
TEAHIHI EQ o200 10 20
FORMAT (72510, 5%)
IFMMOPT ORI X0 bk e 2260 10 224
N0 49 Kl Ly NP
FFOO0CEQ A e ARBGROPT RSy X0Y CERGBIG0 T GO

IF(HOP TR D0HL) R0 AMDLMOPY (R T0Y S EQLE)FP (R KKy =0, O
THOROPT AR 20+ 0 EQ e N HOP TRz cEQe3IAPHU MR s KED)Y =000

ITF(HOPY ORI X0E0Y QL0 aMO L HOPT (R, 10, EQ,3)60 Ty 49

EHHUK G KR = CCARHT R s KD ~AFHIP LR s KD D) ZBPHUOR S KR Y X100,

ERREOF (R KK s 0P (RS2SR =P OAL (RS8R Y /PO R YR,
ERF AR NRY s (ONFE (RS KR - BPFC RS s KK )

DIG=GSEE (K8 -GRROK) 2 KiD)

EREQECR IR = (RXG/GEEXNF (R s KRKYIRI00,

COMNTINUE

PROMT 22

FORMAT (=75 Xt FORS F ol EREQR 2
FRUOET 100 (XWOL AR s Y s PARSs D) s POCAL AN s D) s ERROP ORI 1) s U L s NPF)

24k
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TE (XL cEQe3 At HOPT (ORI D0 JEQ 360 10 G
IF(HOPY ORI LOH 1) L EQ O AMRLHOP V(R X0 EQL. 360 Y0 192
91 S0 0
o 28 X=l;MPP
BED: (GRS COPUEAL (R D) =F (s D)X/ R ) ) )RR,
23 SUM2=SUHA+ARE CERROP (R £))
' AVRGE 2= SUR2 /HEE
FRINYT 4020 AVREBER
402%  FORWMAYLC -7 500X TAVREEZ: s B0 8)
FRIMNT 5073
HO723 FORMATC(C -y M nEE nre ERRIE )
FRINY 100, (XHOL (KX)o PR ORI D2 NPC R 2 D) s ERPF ORI X)) 7 T L2 MFFD
SUMLZ2: 0 Q
gy Gin7Z4a Nl MER
MR GRS OIFE (- D) =-0RC s X))
G079 SUALZ=SUHL2ENF
ANV = G L /PR
FRIMY G070, 40N
BOZG O FORNMGT (=75 80Xy AN s E LS. 8)
1932 COMTYMNUE
FRIMT 142
142 FORMGTC =757 XK FHIEYE FHYC AL ERROR )
FRIMNY L0, CAOLIRI, D) s AFHI G D) s APHIPLORD 2 L) s EPHE (KD 2 D) 5 Kb 2 MEPD)
IFCUDcEQed e HOF PRI 20 (EQcAEN 10 W2
TFOHOPT (R YD) LEQL QL AN NOP T (R L0 EQL. 3060 YO 209
SUM=0.0
ney fiég o L is HER
BEE: (AEG(AFHIFA(RI s D) =AFHI(NDs 1))
DREE RN,
aé SUMsSUREARE(EPH OIS 1))
AVEGE = GUMN/NEF
FROHT 4020 ANKRGE
4020 FORNAT (/75 00X, CHVRGE RELZERROR:= EiG8)
209 CONTINUE
TFHAOP RS D0+ EQRC B0 10 B033
T045% COMVINUE
FEINT H008
HOo08  FURMAT( -5 ol GEEYF PRI R RUMFET FRROE )
S007  FORMAT( -/5210K> TAVRGE RELZERROR=7E1LG,8)
FROT 3000 (XS OR D D) sUBEXF AR s D) s GREBAKI s D) s ERROGORI s O s Ln L WEF)
IFCEEEQ S, AN HOPT (RS XY B0, 3060 YO 291
IF(HOPT (RS s XX043) EQeO AN ROPTT (N L0 EQR3IEN 1O H0R20
2y SUMG=0,0
Oy A ei ¢ X d e HPP
S0L2  SUMG=SUMGEARS (CRROG(RJ 1))
AVEGBURG/HEPP
FRIMNY G910 :aV6
SOAX FURMAT (=758 0X)s CHVE RELA ERROR- 7E L% 8)
T2 COMTINUE
FRIOMT B00y
BOOL FORMAGTI( =757 YHR NH HE )

[ &}
ra
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FRONT A404s (IHAUODs CY s XH2 0N Ss L2 e XA0 (K LY s LR s HEFFD)
710 CORNTYYNUE

810K

EMD

SURROUTINE FROYYXT)

COMMON AFHIPBsA0) s AFHTI(B 40 s AUT(Rs40) s MPCIRs 4 s GFHIP (B 40)
Crii0L(8,80) s PCALISB, 30 s HON XHL(B,40) JXHR2(B 740 s MOP T (87 5)
CRAFPOBY sROBs A0 s QB A0) s AR 40) s XE(Rs A0 s GEXF(B540) YN

COMMOMN XF(8730) 5 NI, A s MYMN NS (S RICE)) s RZ2F (8 S HOF (L))

COMMAON HEFsMP(B)sF2P (B s FARBI s FREF(BI s FRE(B) s FROBIST (R s TR
CNIELECOS)Y 2 ROCY) 2 AMWC)Y s PSR s X AMNI8Y 2 GRR (87 40) 2 AFNM
CoRPOBIsRHIRI - Q3(B8YsRACEBY s R2(I QLB sQO2(8) s A12(R) sA31(8) s 132(H)

DIMERSTAR ORI e XM CI2Y e EATIICHO) s SATARCUO) s CATE20%0) c 8ATR21(E0)

DEMENSTON  THETL8790) 7 THET2(H, 40 s THETS(8590) s FHE (87 40)
CrSURM(Rs A0) s SURMACRs A0 s SUMMA(B 2 A0) s TAUB (B 40) s GR (B 40)
CoGULIB,490)GURMH, A0 s XHDL LBy A)) sHF (82 40) s HN (B2 40 200 (H740)
CrGUIRs A s HNHBI (R A0) s BRES (85 4(0)

IMYEGER FAPFAN

Y& ()

124 ney o or2G =l HEYS

MEF:=HE (0

gL owRe L, NPP

IF(RIMN Q260 T 0246

AL2CEY =XV L)

AZ2CNI= N1 C2)

AALCLY =X (3)

NS 2y T (4

ALLCEY =T ()

AZLCAYI=XT 06D

ALl (R)Y= (T C/)

124 A,

AAn (L2 RPOCYHRNCTDD

ALACT Y-8 .7

PACOY= T (04273048

HOMN=:0,

HP L s KK s HOP (U #YG (1 KK

HNALX KR = HONX (LG (L KiK) )

ELEGsA BORRZIE-L0

AVDG=6, 02301103

BOLYZ2»1 38025 7E~104

Fr=3,14

AL (CBAPURAVOCGRELECERR )/ CLOGO ANIELECOIYRROLTZXTACTY Y IR N

ALs (ELECKREL, )/ (NEELEC OO XBROLTZRINC L))

AFH: (0 /AR P IRAVOG/ L0000 I RE I RCAERRLLG)

THLE T s KRy =XPOLoWNRY /CL =P O KR SHP (LK) =M KR SHM O 2 KiK) )

XH2CU s KDY o)X H s KR Z 0T e =XP(Us KEIXRHP O s W) =X HC U s KIKYRHN (L s KED)

XSO s WK = (XGCN Ry = (LKD) AHP QL R =N (L2 KR XHMN O KD )/
GOl e~HP OO R IRXFP (L KD =HE CUs KED) SO KDY

777 REFOY Y =8LCYHHE (Y KRY RS DD

RPCOYCR2CLIFHH O KED) RR3 (1)

FOOsRRYSRAPFCOYRYHL (O REDYPR2PCOIEINHR2CU s BRI FRA GO XNB0 L s KK

QClsKE)=XFALs I COYEXNN (s KEDRQ2COHXB (I s KED)XAZC])
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THETL (L e KDY RQACEIRNP AN s KDY Z7Q (s k)
THEY2 (X)) =02 ) XMLy KXY /000 KiKD)
THE TR s WEDY - QACEIRNEB(I e KK)/ZQ (s D)
SALILOD) «EXF(=-ASL D)/ VN e
SAL320(0) 2P (~GA200)/716080))
SATL2CD)Y =B (=NL2C) /YN )
BAL21(0Y=8nLi2(0)
EUMHW (I s KRY = THETA (L KK
SUMHMACTs Y THET L (L s KEDHTHE T2 (U s KD RENL20 (Y HTITHE T3 (U s KED) REATAL (L)
SUHMQ(IyKK)ﬂTHErl(I;NK)%SAILQ(I)+rHEY2(IrKK)+YHEY$(IzKK)&SﬁIJQ(I)
FHICU KRS RACLIENBOCUs KK /R KR
24 FF=ARS(AMNCLY IR, -8
Wes (R HEFCOYRF 2P0 INR2 AE MUY RE2MCLIRR2 ) /F LD
TERMY (R, MPEXEEXN(E,))/8.)
PRAARS(AMACIIY YRR IR (K-8
XML LG s KDY Y MO CE s ERY Z7CL = c OOARAMUNC D EXMOL CEs RN R IHP (s KK
CXFHPCEY HHMOT y KK RENRMOL) )
AT CUsRRY XML AN s KRIYEDOCOI R CENFCOIREZPCOIRR2 (4 FHH (O REZH ) RED D)
C/2.
TERMUY: (P IEFFXCOALY KR 0PN WA DI A3 0% (L ARBEAT (TR
CR¥,UM%X2,)
e OO L s KRYEAROCTIEFR ()G 023E23)Y /1000,
TA=NEXTERM4
TS NETERWS
Co=-YEANL A 6.
TERFLI-GECCARIRGUCL s KK EE B /a4 BRBYAT (I KKYEX . H5))
AFHIF (Y 7 KR = TERMLEVAHTSEL
GUHESI (s KEY o= CARFPHIFA L s KR) =L ) RAMWCLYRFRCOI XXMM (Y s KK)Y /78000,
GUCI R =AlNGOFHICL s RE) /(8 CE Wk Y+ 0 s ~FHAE(Y u\x\)/ RECHESER NS
TARB (T e WD) =2 QACIIHCL =l OGCEURE (L s KRY I =THET LY s KD ®EAL3 (L) /8UMM3
CCOI KR -THET200 7 i) ¥8A032C0) /8UMMACT KK ~THEYS (78K /78U (LK) )
GREGCLUsRED) =1 aUACT KK
GULCL KR =P GUCL R KDY
ACTZ=GULT T s FRIEBAOCT KK
GUACE ; KK) =12/ 48 (17 KiN)
LFEOXNBOCUsRY LT 260 10 1
GECXsKE) = GUCLsHEIFGRHSE (s KKD) FALOGONROCTy KR Y -ALOGONS (s EKY )
GRB(OI  RK) =l (P (ORI RED) FOGRES (28K ))
ACT e KDY =GRROT s KR EXE (T s KK
AFPHIFI (L s kKR =000  RALOAGOACT U s RED) Y Z(AHN G RFR (DY RAMOL (e kD)D)
FEAM (L REKY=AC YLy KREIRPFEMOT)
DRECCUs KDY PSR DY =FCa (e KD
7008 NIPH(ARICAPHIPLOOKR)-APHECE KiN)Y )Y
TEFONORFT L0 ) cEQeiI Y IRLP/GPHIOCY s KIKY Y RX2 .
ITFIHOPTOY 2 LX) QMY (NP /AFHEC LK) Y2,
70010 Y8 +YS
L CORCT Rk
12 COMYIMUIE
YY:YE
Y=Yy
RETURNM
EeD
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G.2 Binary Salt-Free Program

CORFFQ
CHIE D)
COH O
COMMON
CORMON
COMeONM
COhNRON

ICHENMS T
WIHEHSY
1 ETHCL
REGL %8
8 #

FHIY
FARGHET
ULE QF

A43

IF QP
TF MOPY

AR
N&'T(E
T L&
nrikt 1TE

\_'2 -‘<~

-:—-‘<-

FEtik 19
FSHE XS
GEAE AN

A

GHT e nET2 e T 1 000) o T {00y r' M4y aHTTS T s
AHCHOTC VAL CAQ) s ERROQRICAI 2 24000 2 a5 38 2 Nl (A0
FAe RO s P OROY e N2 CA0) s GAR (A rERRORACACY s ERRORKE (400D
TEECHOY yHCOMPy RECAN) 5 (AN  (FICP (A 2 (FACE (a0l
RPCOOy e WO e MENVEFCRO)  c T OOy s PO e YR VE MO0 s NUPT
MBS HWIEH) WEREN () 5 VERNF PR AN 0 (A0 BB - FUG A0
RArRAs QR QA HALTINcETACAMY s PEALF (ALY s GUTAP (A0 s GATER (A0
O QY L) 20 CL2) 2 (4B 4 (/a2 )00
(D HECCA0Y cPERME (A W0 s NENTT CHO) o MERY R CH0) s NEVYALNO ) ¢
DENIDN
PakE L HOmE 2
MR >!’."">5“5"?)?).’

lax

r M
e

—_—

3¢
o

it

-:r isd

:(.

RSO RO RO RO ORSOR SRR XK OSSR SRR A

BIfGRY Ynlld-FREE FROGRAH
FRQGRar AL LQRE THE DETERMINATION OF TYTHE THTERACTION
RS RBESTUEEN (WO SRLVENTS, (34 AHD f43)  THE
NOHTETEM MO ALS0 RE CALCULATED GIUVEMN A%4 AaNMD

s ke REGRESGED
=3 NATA ARE CaLCULATED

bl
e

i

R SRR S RN A R O S R O ORI OO R

B3
e
.
2
B
X
%
A
i

HI TERFEROTURE OQF THE SveTEM

THE MOLECULAR MWELGHY OF THE SOLVENT
THE PURE SOLVERYT UaPO0R FRESESURE
FHE CALCULATEN Uakdk PRESSURE
GaAt ARE THE EXNFERIEEHTAL ACTI0OTY CORFFICIERTY

FAYLE AMY GAVLIE ARkl THE CALCULATED ACY. COEFFICIENTS

NE NN

YES AM
TEACE &

XA ORE CTHE HOLE-FRACTIOHS
Y4 AaRE THE EXP, Wakdk PHASE COMPOSITIONS
HXCYEACE ARE CTHE Al CULATED Uak PHASE COMPOSITIONS

Foors YHE EXMPUERIMEMNTAL Yokl FRESUURE

FOALE L
Y IS f

FORSA L

OS]

FORMAY(
FObriat o
FORMAT
FORMat

Oy Yo

S OTHE Dol CULAaTEN UakOr MREGSURE

HE (O raL PEESSURE FOR DSOBARIC STTHTVEMS

AN

=B e THE TEMPERATURE QF THE SYGTEV:rF 10D
fa Y

UDSFII SR

‘J)‘ ! ') » J)

AF G fe i)

SELD U

FORFALC 70 HH. Bkt COFOHERT Mok (W' FREEGURE (B s F LG B/ THE

CHOLENY

MULECULAKR WEYGHY L8 ¥l 52 0THE S8ALY MOLECULAR WEXIGHT

Cx&="Fif, b

(D)
IF MCHOLO: |

L=l H8Y8
Nl ARE TEOTHERMAL

UF MUHOLC=2 A8 Akl THORARIC
T HCHQTC -3 unT 0 ARE CSQTHERMAL ARMID N FORN OF B VE X4
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READ Foplbs NORYT f HOHQX O HOQE
FE AN 2y, MAME L » NAMEL » MAHES
FRINT D2G00 HAME L s HaiE 2 s HORE S
REAN Zd2adMlloANT2 ANV SANY AN G20MT4
w7l BEAN 44, RA-Q3c R4 04
C MG = MUNMBER OF COMPOMENT
¢ RO CRITACAD PREGEURE M ATHOSFHERES
C TTC = CRITICAL TERMPERATURE IN K
L BX = PEAN RANLUS OF GrRATIOM XM A
C ML e NOFOLE HOMERT (M NERYE
C EETS = ASSOULATIOM PARANETER FOR COMPOMEMY MWC
¢ Ell o HCLUATION PARAMETERS ¢ EACH CARRD CONTRIHE
" YHE SULUATION FARANEVERS RETWEEN A
C GIRER & - G HCOHP -1 ARb Al b s 03 s HOQHE
€ U L UARD: Y0810, %)
¢ T O TEMPERGATURES TH K THE CARX COMIAIHS Y TEMHPERAGTURES
-

LA A R A (]
17 REAN 23 e HHCCOY s TCCOY s PCCIDd s BUCE Y e MUY c ETACN Y 220
DO LY D= ) MODRF
16 REAN 28R 000D
24 FORMAY X2 4F 10, %)
FRIMT 249
24 FOkMAT CAHO 7 COMPOHERYT PCITH 20MH kD IH 6 RS REON S R RE - k1 TEC
oM W
FEONT 20 OHHCCOY e PO e RO c XAUCE Y p TACI) 2 TGO 2 X HOOMED
27 FORMAY (S 527 X4 0F 10 %)
ITH = ROQEP-1
g o= s TIN
Iy - 141
390 REAX A CRTMON o ) o B LI HOOMP)
Eracs)y=Erecl.2)
ey FORiaT (b 20030
WRIYECA: 7D
27 FORAAYC/IHO 7 S0LOATION PRRAKMETERS )
e = HCOMPe -1
Do id 5 o= s iM
re - I+
o i g e DN HCORE
11 ErMCt0) = EVMCE- 1)
na a2 x e s HCOME
12 ETHCE 00 = AT
FRONT 20 CHMEC DY s L i HEOMP)
M FORMAY (L) 0290812
DO A3 0 = B NGOME
4 PRIMT 39 HHC L) > (YO ) o S L= HEOMF
o6 REGY 2ol Cid s MUY s T
IFOHCHOLE  EQ o L DR HCHOXE 50 23 7V LY =P T
m Ny R X i e HE
REAL Jeb () e24 00 e YFALL0D
TFOMCHOTC EQ 23V (Y= ()
TFAOHCHOLC KR 2P (P Y



4001

.8

29

10

TEOMCHOXNO B 3 OR CHCHOIC R 3X 0y =1 (L)
TFOMCHD LU s 2Y VALY T 0N Y4275, 05

FEME LI s XY EXNPCR2 ROV (ANTI-AMT2/ 0T COY+NMTEY ) D
FOMECZ M)« R (28032 (ANT =AM/ (T CYENryéa) 3

TEHF=1 (L) 4273, i
By o= R2,04
YRLL Y d AT
YEACIY =), = FA(I)
Mo

MNACTN=0

YR AHCHODO EQ T ORLGHCHOXE ER B TR 00D

TFCHCHN I B, 4261 1) 8
Fofeee o 2 &0,

T = (EALT)
Y2 VEA QLD

ChLl PHIRORP oYM FUG s TERP s ETAy BE e BRI MACT s BE £ 31

FUGE=FUEOL)
FUGAFUEC2)
FR-PSHECL LY 7280,
YXeid: 1,

Ty, E-24

At FHIRER Y e FUG- TR ETHR e BReBHIMN s HACTN s BE £ 1)

FHYRS=FUGCO)L)
TXCiIY- L. h=-24
YRy by

FReoPSHE (2o XY 7760,

CALL FHIROPE Y s FUC TR rRETTAs R B e HACIN B - 1)

FHIRAFUGC2)

CALL HOHKY CTEMP s HUOME - 10 V8

Ve WERED

FOGE e PEME (L LIYPHIRBRENP (UG OOV R (P -PYHE (L 1))

CORGYZ760 RTEMP )
FUGAGFERE {2 XYY PHIRAFEXNP (VS22 T -PSHE(2: L)) /¢
CRER 240, ¥ VEMEY)

TEAXACDY RO 0G0 10 A400]

GAE CEY=YF 300 NP UGANP (Y /(XY RFUGI0)

IF Ay RQ 0G0 10 &

GAECEYy = FACDIY AP CUIRFUGAL LA I RFUGA0)

CORTIMUE
FORMAY (2 LR L, 40

ITFAHCHOXC ED L ORCROCHOIC ED,

COMYTNUE
FRINTSY

IF(HCOHOXC EQ 0 Ok CHCHOTE (B0,

TEOMORYEQ, 25650 70 210
ne 2% deis

Iy 20 WK1 L0

XOds WY O

COMNTINUE

M=

A LN RN T (T O

LPL2) 300,

| LRI O L IR

ArIACLIT LI F /S LT

SIPRIRT 41027101

250



)
AN

494
z1

344
L&A
o

fR AR

Heel

5492

20

25]

SRR
COMYCHUE

M1t L

SREER

=900

E =0,0n001

FRIMT ACE

FORFAT (77 0y 2E o pF i 8

FRANT 300, (500 08) 7 0L 7 M)

FORMAT (/720 e P XRTTIAL MALUES FOR XT0/ 502 0/ cF i)
MO LHA =L HE

RSP (L) = VFRCED

YEACE (LY = (Fa01)

CONT I HUF

TFOHOFT EQ 2Y0ALL FROYY e )T

TEOMOFT S EQ, 2)60 10 334

CAlL LEQ2ONT e X W Y s Me Wi s AL s 1)

FROMY S (o0 8y 00 )

FORKAT (/720 e P THAL UALUES FOR X1 02 b s F it 1)
FEONT AL (8 LX) s 8sl K00

FORKAT O = 000 Y €/ e 20 ) f R0 )

FRIHY %1, (D

FORFAT O e T WEAMr G0 )

COMTINUE

FRIOHT 522

FORMAT (7= )

FOERAT R L0 )

FRIMY S8%1 .
FORFGT (/70 00 2HEE 2 30X s 2HRA s 300 s AHAR Ay J 00X v AHAAS  J (0 2HQ3 ¢ 0400
C2HOA)

FRINT BES2rRIcRArndirndds Q3 QA

FORNAT (/68 10, 5)

TG A2 Tl HF

DES ) = FSCE Y =(FA0R (1)

DEUYACEY s YEACE ) =YFACK (1)

DESY O =) (XY= VCAL (1)

IFCHCHOIE (EQ 2P BT

TFCHCHULC  EQ i DR GHEHOTC BQ B NEVF (D) B (O =RCALF (D)
TFCHUHOTE  EQ, 2 NEVE (DY srT=FLALE (1)

CONT I HUF

FORMA T CHF 10 ,05)

PROMT 80D

FORFGTC 75 7 N YEEY, Y3ChL 1y Y AED P
C rataL Mrar

FROET S022: GUACT Y o (A0 s VERCE CO s MEVYR () e YF AL s YFACE (X)) 5
COEMTACNY 5 X b g HED

SUKL (D

Gifw0) , 0

0O BG Ll NP

SUM L= GUMLFARS (NEY (S (D))

GURZ= SUHZHAHE QIEVYA (1))

AU A SUM LS CHED
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b3

st

OO
R

"?s\

e
EOQOO

ANY A GRS CHED

FRIMNT LAYl

FORMOTEC -7 2000 e 7AVY R s B LG 8D

FRIMY 82:2074

FURMAT O e 800 TAUY A f o L5 1D

FORMAY C4F ) Ui

FROMT #7

FORKWAT (-0 ni FENF L MRELF 7D

FROUMY 84 O G800 o PO o O CNY o DEVR Y 2 X L 2 MF D

Sl 0

SR o)

ne Bé Ll np

SUMM=SUMMEARS (ERROQRF CTY 2

CUM= Bt ARG CMEVE DY )

AUNE SN CMP D)

AVUNE = GUMH A (R D

FRYMY BY:aWVnF

Flbeiim ] e LOXN e TANNP:s T s Eil o B)

FROMY S4B NEF

FORFTT O -7 e 000 TAMHIE: 7 BN B
FRIMY 95902

FOREQTC 727 33 Ak Gurid ERRORZ

FREIMY A3 CXACT) s BAELY s GETAIFCT) s ERRORECL) s N = Lo M2
St o O
DO Z2 YeieNF
SUPSUMFARS (ERRORS (1))
CORT CHROE
AVGE -GS (MP)
FRIHT PIralE3
FORMAT O i
Frouoiy G9g4
FORMOATO =~ 7 MNA 34k LAl ERROF4 D
FRINT 44, (XACE) G400y 2 GATVER OO s ERRORACT) 7Ll s HE D
S0, 0
D 7Y il s NP
SUlSHM+ARECERRORA DY)
COMPTMUE
AVEA SN CHED
FrIMY 7484054
FORMOT O - (00 P UG RELYERRKOR=/ rE1% . 8)
FRIMT 44
FORMST O - ! b AR TE> TN ERRORT 72
FRIHT A4 (ALY 2T L) 2 TUAL CL Y2 REIV LY Kb MED
GUMLI (0
Dy 29 ¥l
SUMLEUNI ARG IR0
AVTY=SUMLZ CMF )
FROMT 83 nlh
FORMATC =5 00 “aly=/E 15, 3)
oMY CHUE
SYOF
END

Ne UG REL ZERROR: i R)

252
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SUMBEOUTIHE FHOYY )10
COMMOM AHTE s AMTZ ANTZ T O s 1A OO s AHT A TS s AN & s
CHEECHOY S HUHOTC YEAL (A0 s ERROEFCA0) 2 ¢4 (A0 5 a%4723, DU A0
COMMOM Pl e BEEY s P OS0) s XA (AN r BAE CAO) s ERROEALAG) s EREORE (A0)
COMMON  YERCH0) s HCOMF s BE CAC) rYFACAO) s VERCF CAO) r YFACKE C40)
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NOMENCLATURE

Antoine constant. equation (A-1)

UNIQUAC binary interaction parameter. equation (3-27)
van der Waals group surface area

parameter of equations (5-5) and (6~1).

see equation (3-13)

jon-size parameter of equation (3-8).
calculated using equation (3-17) for mixed solvents.

solvent activity. equation (2-1)

virial coefficient., See Appendix A.

Antoine constant. equation (A-1)

see equation (3-14)

equivalent hard-sphere volume of molecules,

Antoine constant. equation (A-~1)

total ionic concentration. (ions/cc). equation (D-1)
molar concentration. (g - mol/liter)

dielectric constant of pure or mixed solvent
on a salt-free basis.

density of mixed solvent on a salt-free basis.

density of pure solvent 10

electronic charge, 4.8029 x 10 esu

minimization function given by equations (5-7) and (5-20)
fugacity

rational activity coefficient

excess Gibbs free energy

excess Gibbs free energy per mole

partial molar excess Gibbs free energy

see equation (A-23)

solvation number at infinite dilution of the positive ion in a
single solvent. See Table 5.8

solvation number at infinite dilution of the negative ion in a
single solvent. See Table 5.8

solvation number of the positive ion as a function of solvent
mole-fraction. (See equation (3-33)) for binary electrolytic

solutions and equations (6~8) and (6-11a) and (6-11b) for
ternary electrolytic solutions.

solvation number of the negative ion as a function of solvent
mole-fraction. Set equal to zero for binary and ternary
electrolytic solutions.
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ionic strenmgth. equation (3-12)
Boltzmann constant, 1.38045 x 10~
see equation (D-2)

16 erg/deg

molecular weight of mixed solvent on a salt-free
basis. equation (3-9)

molality (g - mol/kg solvent)

Avogadro's number, 6.0232 x 10 3 mole”

number of moles

total vapor pressure, mm Hg

pure-component vapor pressure

group area parameter. equation (3-20)

pure-component area parameter

gas constant, 1.98726 cal/deg mole or 82,0597 cc atm/deg mole
group volume parameter, equation (3-36)

mean radius of gyration

pure-component volume parameter, equation (3-35)
crystallographic radii., Table 5.4

intermolecular distance

temperature, °K or °C

reduced temperature

UNIQUAC binary interaction parameter, equation (3-27)

molar volume of the salt=free mixed solvent
equation (A-3)

saturated liquid volume. equation (B~1)

van der Waals group surface volume. equation (3-39)
partial molar volume of component i

characteristic volume. equation (B-1)

molar volume of pure solvent

number of groups of type k in molecule 1i.

weight of salt or solvent in equation (E-1)
nonpolar acentric factor

parameter in equation (B-1)

acentric factor determined from the Soave equation of state.
liquid-phase mole fraction equations (3-24) - (3-26)

liquid-phase mole fraction on a salt-free basis.
equation (3-10)

liquid~phase mole fraction on a solvated basis.
equations (3-30) - (3-32)



y = vapor-phase mole fraction

Z = compressability factor. equation (A-3)
z = jonic charge

GREEK LETTERS

jx solvent activity coefficient
’yi = mean activity coefficient of the salt

A = indicates difference between an experimental and
a calculated value

€ = energy parameter for polar pairs of molecules.
equation (A-10)

T) = association parameter. Table (A-2)
(®, = area fraction of group k. equation (3-23)
k group q
K = parameter in equation (D-1)
= dipole moment. Table (A-2)
}L; = chemical potential of the standard state of component i

1V = number of ions
= 3,14159

289

T
O = molecular-size parameter for non-polar pairs. equation (A-15)

J' = molecular-size parameter for pure polar and associating pairs.

equation (A-17)
D = osmotic coefficient. equation (4-2)
QDi = segment fraction of component i. equation (3-29)
ébi = fugacity coefficient of component i. equation (A-2)
thn = UNIQUAC binary interaction parameter. equation (3-27)

SUBSCRIPTS

1 = positive ion
2 = negative ion
3 = solvent 1

4 = solvent 2

+ = positive ion

- = negative ion

c = critical property

c = molar basis

cal = calculated value

cm = indicates pseudocritical mixing rule used.

E = excess property indicated
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exp = experimental value
i = component i
ij = interaction between molecules i and j
h| = component j
k = component k or group k
= molal basis
m = group m

mix = mixture

n = group 1
s = galt

T = total
SUPERSCRIPTS

° = pure component or standard state

solvated basis

JON
"

reduced property

Il

infinite dilution

liquid phase
saturated

< o
[l

vapor phase
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