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ABSTRACT

Title of Thesis: Correlation and Prediction of Vapor-Liquid
Equilibrium in Electrolytic Solutions

Anil Krishna Rastogi, Doctor of Engineering Science, 1981

Thesis directed by:Dimitrios Tassios, Professor of Chemical

Engineering

Two expressions for the excess Gibbs free energy are pre-
sented which correlate and predict vapor-liquid equilibrium and
the mean molal activity coefficient of an electrolyte in a ternary
mixture containing water and either MeOH or EtOH. The proposed
equations take into account coulombic forces between ions and the
physical interaction forces between ion-solvent and solvent-

solvent molecules in a solution.

Model #1 is a combination of an extended Debye and Huckel
equation and the local composition of non-random two liquid (NRTL)
model. A ternary mixture requires six adjustable binary para-
meters to predict activity coefficients. These six parameters are
evaluated from three separate binary data reductions. Ternary
data are predicted with an average error of |AY| less than 0.03 up
to I = 2. The parameters are considered temperature independent
within a 30 to 40°C temperature range for aqueous electrolyte
mixtures and within a 15 to 20°C temperature range for nonaqueous
electrolyte mixtures. Both isothermal and isobaric ternary ex-

perimental data have been tested for ternary correlation. Iso-



thermal ternary data correlation for systems containing water-
methanol solvents give results with an average error of |AY| less
than 0.01 up to I = 6. Whereas isobaric ternary data are correlated
with an average error of |AY| less than 0.02 up to I = 4. It is
possible to extend this model to multi-component mixtures although

this has not been investigated in this work.

Model #2 is a combination of the Bromley equation, the
simplified NRTL equation and an additional ternary salting out
expression. The behavior of each electrolyte-solvent binary is
described by a one parameter form of the Bromley equation. The
temperature dependency of the binary parameters has been estab-
lished with a two constant equation. Prediction of aqueous
electrolyte binary data (Yf and vapor pressure depression) 1is
obtained with an average percent error less than 10.0 at inter-
mediate temperatures. Correlation of ternary VLE and y4+ data
require four binary parameters and two additional ternary adjus-
table parameters. This model is limited to binary and ternary data
correlation only. The maximum concentration range for the cor-
relation of ternary systems containing water and methanol solvents
is about I = 3. The correlation of vapor~liquid equilibrium data
results in an averagde error of | AY| less than 0.012, except for
the LiCl-Hp0-MeOH system at 60°C where the average error in |AY]

is 0.02.



PREFACE

The thermodynamic study of electrolytic solutions can be
categorized into three groups: one containing strong electro-
lytes in agueous solvents; the second comprising volatile weak
electrolytes in aqueous/nonaqueous solvents; and the third
consisting of strong electrolytes in nonaqueous solvents or in
mixed solvents.

The first type of system has been of interest in var-
ious chemical, metallurgical and geological problems. Debye
and Huckel (1923) proposed the classic thermodynamic excess
Gibbs free energy expression for strong electrolytes in a
single solvent. Guggenheim (1935) extended the range of val-
idity of the Debye-Huckel equation to 0.1 molal solutions.
Recently, many workers have proposed semi-empirical correla-
tions for concentrated electrolyte aqueous solutions viz,
Bromley et al. (1972, 1973, 1974); Meissner et al. (1972);
Pitzer et al. (1973, 1974, 1977, 1979); and Cruz and Renon
(1978). Two important and different approaches among the
above are by Bromley (1973) and Cruz and Renon. Bromley modi-
fied Guggenheim's equation to a one parameter form per binary
whereas the Cruz and Renon expression is a combination of the
Debye-Huckel equation, a salting out contribution given by the
Born model, and the NRTL model.

The second type of systems recently became important due

to the necessity of pollution control in the chemical and

ii



petroleum industries. The recovery of weak volatile elec-
trolytes such as ammonia, carbon dioxide, hydrogen sulfide,
sulfur dioxide and hydrogen cynanide from effluent streams re-
quires the thermodynamic representation of vapor-liquid equi-
librium. The most interesting work reported in this area is
by VanKrevelen (1949);Van Krevelen, Hof zer and Hunt ens
(1949); Edwards et al. (1975, 1978); Beutier and Renon (1978);

Chen et al. (1979); and Mason and Kao (1979).

Theoretical and correlation for the third type of
system, electrolytes in nonaqueous solvents andin mixed sol-
vents is sparse. A knowledge of the VLE and electrolyte
activities in such solutions could be useful in different
chemical and electrochemical applications. The correlation
work in the literature for this category are by Rousseau et al.
(1972, 1975, 1978); Bakerman and Tassios (1975); Hala (1969);
Chen et al. (1979) and Tomasula and Tassios (1980). The most
systematic approach is given by Hala and Chen et al. They
have considered different ion-ion, ion-solvent and solvent-
solvent interactions in anelectrolytic solution. Both have
used two types of terms for the Gibbs free energy. One of
these terms is the Debye-Huckel equation to represent ion-ion
interactions. For the other interactions,Hala used the two
suffix Margules equation,whereas Chen et al. used an expression
based on the two liquid nonrandom theory. Unfortunately,
none of the above approaches presents a predictive scheme for
a ternary electrolytic solution; also they are complex in

nature.

iii



It would be appropriate to categorize the present state
of the art for such systems as in a developmental stage. There-
fore we have taken an approach to develop thermodynamic analy-
tical expressions to represent VLE of the third type of elec-
trolytic solutions. Our models also combine the two types of
terms, which are derived by the modification of Bromley (1973)
and Cruz and Renon (1978) binary equations. These are dif-
ferent than the equations of Hala and Chen et al. The proposed
models require a minimum amount of information. Model I has the
possibility of extension to multicomponent mixtures containing

more than two solvents and single or multi electrolytes.
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INTRODUCTION

Fundamental knowledge of the VLE behavior of electro-
lytic solutions and electrolytes in mixed solvents is limited
at present. The characterization of equilibrium properties of
such systems has become important in the process design and
process simulation of different processes.

In this study, two semi-empirical models have been
developed based on molecular and ionic interactions in the
solutions. Both the models combine modified forms of the
NRTL equation and some form of the extended Debye-Hiickel
equation for physical and coulombic forces in a solution,

respectively.

In Chapter 1 thermodynamic relationships for the VLE of
electrolytic solutions are presented. In Chapters 2 and 3
the two models are developed. Also, their performance in
correlating and predicting binary and ternary data is in-
vestigated. In Chapter 4 a comparative study of the two
models is discussed. The detailed development of the two

models is given in Appendices A, B and C.



CHAPTER 1

DEVELOPMENT OF FUNDAMENTAL RELATIONSHIPS FOR VAPOR-LIQUID

EQUILIBRIUM IN ELECTROLYTIC SOLUTIONS

ASBSTRACT

In vapor liquid equilibrium calculations it might be neces-
sary to find y-T data from known x-P data or to find y-P data from
given x-T data or it may be required to interpolate or extrapolate
the limited x-y-P-T data. Secondly, in Cchemical pro-
cesses and electrochemical energy conversion, a knowledge of the
activities of the solvents and the electrolyte may be useful to
characterize the solution behavior. Therefore, in this chapter,
some important thermodynamic relationships have been developed

which are applied to a binary or a ternary electrolytic solution.



1.1 Criteria of Equilibria

Consider an electrolytic solution at equilibrium at a
temperature 'T' and pressure 'P' as shown in (figure 1.1).
In the liquid phase, the electrolyte will be in ionic equili-
brium due to the dissociation of the electrolyte into ions.
In a concentrated electrolytic solution, one expects the
presence of ion-pairs and ions depending upon the degree of
dissociation. However, in this work, the electrolyte is
assumed to be completely dissociated into ions for the con-
centration range and solvents under consideration. Therefore
the liquid-phase, specifically, will consist of solvent mole-
cules and ions. The vapor phase will consist of solvent
molecules and the electrolyte in molecular form (if the elec-
trolyte is volatile), because, for the temperature
range considered in this work, dissociation of the elec-

trolyte in the vapor phase is negligible.

When two phases are in equilibrium, the chemical poten-
tial for component i in the two phases will be the same

L v

Hi 7 Hj (1-1)

The chemical potential in a single phase can be related to

the fugacity of component i in a mixture by--
dG; = duj = RT dlinf; (1-2)

A combination of equations (1-1) and (1-2), results in--



@1

Vapor Electrolyte /
(if volatile ) )2/

\

Electrolyte 6————-———_____9 lons

Liquid

Figure 1.1 Representation of the Vapor-Liquid
Equilibrium in Electrolytic Solutions



£l = gV (1-3)
1 1

The fugacity of a component can be further expressed in
terms of measurable quantities,viz., X,Y¥, P and T. A ternary
mixture, in this study, is defined as a mixture of an electro-
lyte and two solvents and the ternary mixture, is considered

a combination of three binary mixtures

(1) binary 1-2: electrolyte (1) - solvent (2)
(2) binary 1-3: electrolyte (1) - solvent (3)

(3) binary 2-3: solvent (2) - solvent (3)

An expression of the fugacity in terms of X-Y-P-T
data, for an individual binary mixture and a ternary mixture,

is considered in the following sections.



1.2 Mixture of Solvent (2) - Solvent (3) (Binary 2-3)

The liquid-phase fugacity for solvent 2 or 3 is given

by
L © o
where, o oL
Pi Vi
o Biin.')
97 = BXPL- —g7 )
The vapor phase fugacity is given by
v “v
£ =v; P oy
where,
v P 2
¢; = EXPlgm (B, + ijij)]

Combining equations (1-4) to (1-8) gives

o _ ‘
X;viP; = ¥4P Fy
and ~y
o5
F.
1

:T—-——
¢i(P.E.)i

(1-4)

(1-5)

(1-6)

(1-7)

(1-8)

(1-9)

(1-10)

At low pressures, and TR; << 1.0, FPi= 1.0 (Appendix I)

This simplifies equation (1-9) to

(o]
X;ViP; = ¥;P

The total pressure is calculated by

_ o o
P = X2Y2P2 + X3Y2P3

(1-11)

(1-12)



Equations (1-11) and (1-12) are used to correlate or

predict the VLE in a solvent-solvent binary.



1.3 Mixture of an Electrolyte and a Solvent (Binary 1-2 or 1-3)

Case I volatile electrolyte

The liquid-phase fugacity fcr the electrolyte is given by

H o>

L _ -

where,
Hl = f(T) at low pressures (1-14)
And the liquid-phase fugacity for the solvent is given by an

equation similar to equation (1-11) in section (1-2)

L _ o _
£5 = XV, P (1-15)

The vapor-phase fugacity for both the electrolyte and the sol-

vent is
Vo . Vo _
fz = yQP, assuming ¢£ = 1.0 (1-16)
(2 = electrolyte or solvent)

Combining equations (1-13), (1-14) and (1-16)
my, H) = y,P (1-17)

X.v.P~ = yiP (1-18)

Case II non-volatile electrolyte

The vapor phase will have only solvent molecules. Eguation
(1-18) will be the only equilibrium relationship for the

solvent i



Usually, binary electrolytic experimental data are ex-

pressed in terms of the osmotic coefficient ¢, which is de-

fined as

_ _ 1lo00 ~ _
¢ = vaw lnai (1-20)

for Case II, the activity and the activity coefficient of the

solvent are interrelated by

~

=2 = -
a; = = Yixi (1-21)
i

P
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1.4 Mixture of an Electrolyte (1) - Solvent (2) — Solvent (3)

(Ternary 1-2-3)

Case I volatile electrolyte
The VLE relationship for the electrolyte and solvents (2) and

(3) will be given by equations (1~17) and (1-18) respectively.

Case II non-volatile electrolyte
The vapor-phase will have only solvent (2) and (3) molecules.
The VLE relationships will be the same as given in section
(1.2), equations (1-11) and (1-12). In sections (1.2) to (1.4),
the liquid mole-fraction of any component is defined, based

on the complete dissociation of the electrolyte.

Ny
Xi = (1-22)
vm + Ny + N3 (i = 2 or 3)
and
m
Xl = (1~-23)

v +N2 + N3

Equations (l1-1) to (1-23) developed in sections (1.1) to
(1.4) are used for relating X- Y¥P~T and mean molal activity
coefficient data in a binary or a ternary mixture. However,
in this work all the systems used are non-volatile, except
for the HCl—H20 system where pressure is given as partial

pressure of water.



11

1.5 Criteria for the Excess Gibbs Free Energy

In practical applications, where the liquid-phase compo-
sition and the temperature of the system are known, it is
necessary to calculate the total pressure of the system and
the vapor-phase composition or the mean molal activity co-
efficientof theelectrolyte. Inorder toobtainthisinformation the
equations presented in sections (1.1) to (1.4) are applied, depending
upon the type of system. For the above problem, the additional infor-

mation needed are P?, Hy (if electrolyte is volatile) and liquid-

phase activity coefficients (Yi and Yi)‘

At a given temperature, the pure component vapor pressure
can be estimated by equation (1-24) which expresses Pi as a

£(T)--

Cy 2

o - L -
P> EXP«C1.+C3-+T + C,T + C.T” + C_.1nT))760 (1-24)

5 6

At low pressures, the Henry's constant for the electrolyte

(volatile) is expressed as a quadratic function of temperature--

1 1 1 2
1 + blT + C{T (1-25)

For the activity coefficients, an expression is required
in terms of the known variables i.e. liquid-phase composition
and temperature of the system. 1In the liquid-phase the total
excess Gibbs free energy can be developed as a function of
known variables considering the different interaction forces
in solution. The excess Gibbs free energy is then used to

obtain expressions for the activity coefficients, as shown



‘below--
GE :
-R—'I_' = f(Tl Nll N2 ~--) (1-26)
E
_ 3G"/RT
Iny; = "Eﬁ;—'] (1-27)
E
* R
1ny; = 2678, (1-28)
- 1
TrPNys
1nY+ = 1nYi - 1n(0.001vmM, + 1) (1-29)
where
v+ = mean molal activity coefficient
y: = mean molar activity coefficient

In an electrolytic liquid solution, the total excess
Gibbs free energy can be attributed to, mainly two type of
molecular interactions. One interaction is due to the long-
range electrostatic forces or ion-ion interactions. The other
interaction takes into account the physical forces due to in-
teractions of ion-solvent and solvent-solvent molecules. 1In
Chapters 2 and 3, two different models have been considered
for the excess Gibbs free energy. These models propose different
forms of expressions to represent the non ideal behavior of a

solution.

The equations developed in sections (1.1) to (1.5) are
used first to fit experimental binary data with the activity
coefficient expressions presented in Chapters 2 and 3. These
are then extended to predict and/or correlate the ternary
vapor~liquid equilibrium and mean molal activity coefficient

data.



CHAPTER 2

CORRELATION AND PREDICTION OF VAPOR-LIQUID EQUILIBRIUM AND
THE MEAN MOLAL ACTIVITY COEFFICIENT BY MODEL I

IN ELECTROLYTIC SOLUTIONS

ABSTRACT

Mean activity coefficient data and vapor pressure de-
pression data of aqueous and nonaqueous electrolytic solu-
tions are correlated successfully. The maximum molality
applicable to model for aqueous-electrolytic and MeOH-elec-
trolytic solutions can be approximated up to I = 6. The
binary parameters are considered temperature independent
within a 30 to 40°C tempecrature range, presetting the ion-
solvent nonrandom parameters apaj and oagj to 0.2 and 0.0 re-
spectively. The prediction of ternary VLE and yi is of ac-
ceptable quality with an average error of 0.028 in AY and a
15% average error in y, up to I = 2. Ternary data correla-
tion of both isothermal and isobaric data are of good qual-
ity. 1In general, the prediction of binary data using the
parameters obtained by ternary data regression is possible,

with an average percent error in DP and vy, of 15%.

13
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Model I: Combination of the Extended Debye-Hiickel

Equation and the NRTL Equation

2.1 Excess Gibbs Free Energy Function

A complete theoretical account of the thermodynamic
properties of electrolyte solutions must deal with both long
range interionic and short range interactions between ions and
solvent molecules. In a dilute electrolytic solution, the
magnitude of the long range electrostatic forces is dominant.
Based on this fact, Debye and Huckeldeveioped alimiting law to pre-
dict the propertiesof adilute solution by considering the electrical
potential at a point in the solution in terms of the toncentrations and
charges of the ions and the properties of the solvent. Gronwall, Lamer
andSandved(1928)modifiedthermbye—Huckelequationbyextendingthe
potentialfuncfionswith additional higher order terms. However,
in a solution of an electrolyte in mixed solvents, the solvent-
solvent interactions are of as much importance as those of ion-
ion and ion-solvent interactions. Therefore,. in Model I, an
empirically extended form of the Debye-Huckel equation is com-
bined with the non-random two liquid model (NRTL). The NRTL
part of the equations not only accounts for solvent-solvent
interactions, but describes unaccounted ion-solvent inter-

actions also.

The equations for the excess Gibbs free energy, GE, are

as below
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Total Ext.D.H. NRTL
E M N
G w T m 2
=— = 2.303v —rr =|2,%_|[-A, %
RTlExtended D.H. 1000 1"+ Y o3
(@ + 132 - 200 + p1%) 4 1+ p1¥%H) + 4
ya22@l - 2) 4, anyl/2 4 —1—2—}]
Y 3a2 3 a
+ Np[(0.001vmM_ + 1)1n(0.00lvmM  + 1)
- 0.00lvaw] (2—2)
where,
p = 1.0
a=1.5/|z2_|
AY = Debye-Hiickel constant (see Appendix D)
cE, - L NaZig * N3Z3;
RT \pop, | RE 2 NG, + NyGyy + N,
. X NpZi3 v NyZy,
3 MG,, + N,0,, + Ny
. Mo%s2 N3Z2,3
A W6;, + N, ' N,G,, + Ny
7. .G 7. .G
b, 32%:2 - 23%13 ] (2-3)
(N3G3, + Nj) (NyGp3 + N3)

where,
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i3 T 9158
Ag. .
_ - 17 -
Gj5 = %44
Ag 5 7 8955
\V]
= B
243 T %p3 vy %py
A
VB
G5 = Gaz * 3 Cpi (2-5)
A
Zpi = B9p3Cp; and Zg; = Agp;Gpy
Ag. .
= - _~Al
Gpi = EXPl-ap; —gp ]
Ag,, .
= - _~Bl -
Ggy = EXP[-0g; —z=-1 (2-6)

A stepwise procedure for the development of these ex-

pressions is given in Appendix B, sections B.l and B.2.
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2.2 Procedure: Data Reduction and Prediction

In Model I, each of the three binaries have two adjust-
able parameters. In order to predict ternary behavior it is
necessary to evaluate the binary parameters first. Also, the
accuracy of the binary data correlation will justify the ex-
tension of Model I to ternary or multicomponeht mixtures. A
stepwise scheme for the data correlation and prediction is
depicted in figure 2.1. A nonlinear subroutine LSQ2 is used

in the binary or ternary data regression.

The detailed steps for binary and ternary correlation
with different objective functions have been discussed\separate-
ly, as below

A. Binary 2-3: Mixture of Solvent (2) - Solvent (3)

The activity coefficient expressions for these type
of systems are obtained by substituting m = 0.0 and Np = 0.0
in equations (2-2) and (2-3) and differentiating the result-
ing excess Gibbs free energy function. This results in the

original NRTL equation of Renon and Prausnitz (1968)--

_ x? ZjiGji Zij
1nYi = ﬁ[ ) + 2] (2-7)
(X.G.. + X.) (X.G.. + X.)
JJ1 1 i 1] J

Gij and Zij are given by equation (2-4).

The experimental X-y-P-T data for these binaries are cor-
related for the two temperature independent parameters——Ag23

and Ag32 by presetting 0g3 to -1.0 as recommended by Marina
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and Tassios (1972) or to 0.2, 0.3, 0.47 as recommended by
Renon and Prausnitz (1968). The objective function used in

the regression for this type of binary system is

o.f. = 3z 3 [—<2 E (2-8)
s=]1 i=2 i

NP = # of points in a system

Yg is calculated using experimental X-y-P-T data with
E
equations (1-11) and (1-12).

B. Binary 1-2 or 1-3: Mixture of an Electrolyte and

a Solvent

The activity coefficient expressions are given by
equations (A-5), (A-10), (A-8), (A-12) and (A-9). Experimental
binary data can be correlated either through regression for

G

£ and Z,; or AgAi and AgBi in equations (2-5) and (2-6).

However, the temperature independent form (Ag,. and Ag,.)
Al IBi

would require valuesof a and o These two forms of the

Ai Bi°
parameters make Model I applicable to both isothermal and
isobaric data. Two objective functions are used to evaluate

the binary parameters.

NP Ys T Yg_ 2 Np Y+ T Yi_ 2
0.f. %1 = 3 cay By + 5 caY Ey (2-9)
s=1 SE i(=2o0r 3) s=1 iE
Y -y
NP DP - DP 2 NP + + 2
o.F. #2 = ¥ [—“;T—El] + 3 [—<c8 E (2-10)
s=1 E s s=1 YiE s

DP

o -
Pi P (2-11)



Yi,EXP
(1-21). 1If

and DP are calculated using equations (1-17) to

experimental binary data are available only as

20

vapor pressure vs molality, the second term in equations (2-9)

and (2-10)

is zero. In the case where the data are Y, Vs

molality only, the first term in equations (2-9) and (2-10)

is zero.

C.

Prediction of Ternary VLE (y2, Y3r P and v,)

The binary parameters obtained by individual binary
data correlation with the best objective function [Equation

(2-10)] are used to predict the activity coefficients Yor Y3

and y, in a

ternary mixture with equations (2-12) to (2-18)

and (1-29).
x l * *
Iny, = Iny,pee.p.. © 1™YiynrTL (2-12)
1/2
x I 2 I
lny, = 2.303[-A —=_ _ _ + 1 1|2,2_|
* Y1412 Y 1 +apn?
+ 1n(0.001vmM _ + 1) (2-13)
1oy _ Va1 Fol¥3C30%up * KBy = X37350,5)
*NRTL — Vv RT )
(XpG,p + X365, + X,)
, X31%3853%,3 * X3%s3 ~ X5%53C,3)
3
(XAG:3 + X2G23 + x3)
X322 X3Z,3 . XyX3237G, 9
XG.o ¥ X - XG.o ¥ X0 y)
3632 2 2623 3 (X3G3p + Xy)
XoXoTo G
y 232323 (2-14)
(xzc;23 + x3)



1

lnyi

where,
1/2
ol(pI / ) 4

ci(pll/z),

1nY{ NRTL

where,

NYi (2 or 3) ~ T™Vi,Ext.p.m. T 1MYi,NRTL
A
_ v Yy L1/2
Ext.p.H. ~ 2-303 To00Mws 3 T oy (eI
3A
_ 1/2 1, _1/2 Y 2 1
N M, T/ %07 (o1 %) 7wy + M AL 3
3A
1
Y, (al) + Ny M A, SW. I wl(aI)J|z+z_[
1
+ 1n(0.00lvmM + 1) - 0.001lvmM
w w

1/2

)

21

(2-15)

(2-16)

wl(aI) are defined in equations (A-12) and (A-13)

wi(al) are given by equations (B-35) and (B-36)

2

j;[xAGiizii + XpXiZ, 655 + XAXngiGii + Xi24;64;
RT
(XAGii + XjGji + Xi)
X.X.%..G. . - X.X.% . .G.. + X3
+ A3 ij #3 AT97+3717 2j ij
(XAGij + XiGij + xj)
_ 25iC:i 7 243854 L 21585 7 24585 5
Aj 2 X.G,. + X.)2
7..G.. %..G..G..
2X,X; X, J1 1 S 1) *J 13 (2-17)
(XG55 + X;) (X;655 + X)
X, = v,X; (2-18)



22

il
w

i =2 and j

or

I
(N

3 and j

e
l

In equations (2-13) and (2-16) the Debye Hiickel constant
and the slope of the Debye Hiickel constant are calculated by
a procedure given in Appendix D. Once the solvent activity
coefficients are estimated, they are then used to predict

Y and p with equations (1-11) and (1-12).

D. Correlation of Ternary Data

The activity coefficient equations (2-12) to (2-18)
with equations (1-29), (1-11) and (1-12) are used in ternary

data correlation. Three objective functions are attempted

NP NP Y5 _ T Y5_.2 wnp Yi T Y:i_ 2
o.f.#1 = 3 1 [ Cay' By 4 1z caY 2 (2-19)
s=1 j=2 Jg S s=1 e s
NP P - P, 2 NP 2
o.f. 42 = I [——=] + I [(Y; =~ ¥5 )x 10]
s=1 PE s s=1 ca E s
N Y+ T Yi oo
+ I [ caY S (2-20)
s=1 iE s
Ne NP Y5 YjE 2 NP 2
o.f. #3 = T I ] + [(Y3 ~Y3 yx 10]
s=1 j=2 YjE s s=1 ca E s
Np Yi Yy 2
+ oy [—<8 E; (2-21)
s=1 Yy s
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In equations (2-20) and (2-21), a weighing factor of ten
is used for the deviation in the vapor-phase composition in
order to make the magnitude of this term equal to that of the
relative percent error in AP and Yi- In the case where the
ternary data are in the form of m-X-y-P-T only, the second
term in equation (2-19) is zero and the third term in equations
(2-20) and (2-21) is zero. If the data are m-X vs Y4 only,
the first term in equation (2-19), and the first and second

terms in equations (2-20) and (2-21) are zero.

The activity coefficient expressions [(2-13) to (2-18)]
have six adjustable parameters for a ternary mixture. However,
in this work, data are regressed only for four parameters with
preset values of Ag23 and Ag3, obtained by binary 2-3 data
correlation, corresponding to Oyg = -1.0. If the experimental
data are isothermal, the parameters evaluated are G+2, Z+2,

G and 2 For isobaric data, the temperature independent

+3 +3°
parameters AgAZ' Ang, AgA3 and AgB3ennaevaluated.

A stepwise procedure was used for the rapid convergence
of the regression program for the four parameters. 1In the
case of isothermal data, first G_*_2 and Z+2 were set to the
values obtained by binary aqueou; electr;lyte data correla-
tion and the ternary data were regressed for G+3 and Zyg+

The second time G+3 and Z+ were fixed at the regressed values

3

obtained in the first step and G+ and Z,, were evaluated by

2

ternary data correlation. The third time, the values of G+2

and Z, obtained in the second trial were used and the step

3
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one was repeated to obtain new values of G This

3°

procedure is performed for four or five trials. Finally, the

+3 and Zi

four parameters are evaluated together by ternary data reduc-

tion using the values of Giz' Ziz' G and Zi3 obtained from

+3

the last step as starting values in the regression.

E. Binary Data Prediction Using the Parameters Evaluated

by Ternary Data Reduction

The binary parameters [Section 2.2 D] obtained in
ternary data correlation are used to predict the activity co-
efficients for binaries 1-2 and 1-3, with equations (A-5),
(A-8), (A-10), (A-11) and (A-9). These are then used to cal-

culate vapor pressure depressions.
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2.3 Results

A list of binary and ternary systems used in this study

is presented in Tables G.l and G.Z2.

A, Binary Data Reduction

The solvent-solvent binary data correlation was ob-
tained with two values of e Both the values result in the

same order of AYA and AP Table G.3. The quantities

VG AVG’
AYAVG and APAVG are defined below
NP
s£l|AYIS
Mave = —wp (2-22)
NP
sleAPIS
APaye = T wp (2-23)
where
AY = Y - Y (2-24)
3ca 3E
AP = Pca - P3 (2-25)

The aqueous or nonaqueous electrolytic binary results are
presented in Tables G.4 to G.7. The quantities used to define

the accuracy of the correlation are as below

Y -y
%? tca iE
- Y x 100
s=1 *E s
Avg % error in Y, = NP (2-26)
e |Pp_ T Pp_
) 2 x 100
s=1 Pp S
Avg % error in DP = (2-27)
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The objective function #2, given in equation (2-10) gives a
better fit of the data, Tables G.4 and G.5, specifically for the
nonaqueous electrolytic binaries. In further studies, only ob-
jective function #2 is used in the binary data correlation, except
for the HC1-H,O binary at 25°C. Since HC1l is a volatile electro-
lyte, and the experimental data are in the form of partial pressure

of water in the vapor phase, objective function #1 is used.

B. Temperature Dependency of the Binary Parameters

Next, the temperature dependency of the binary para-
meters was determined. The parameters Agaj and Agpj (equation 2-
6) were evaluated by presetting oaj and ogj. The meaningful values
of ap; and agj will be those which can interrelate two forms of the
parameters: Gii; Z4+i and Agpj; Agpj. It was observed that one of
the two a's (opj or apji) should be set to zero in order to represent
one form of the parameters in terms of the other form. In this
work, apj is set to zero and the value of ap; was selected
arbitrarily and is set equal to 0.2. The results of data reduction
obtained for aqueous/nonaqueous electrolytic binaries in the
temperature independent form are given in Tables G.6 and G.7. The
accuracy of binary data correlation with Agaj and Agp; is of the
same order as that obtained with G4j and Z4j (Tables G.4 and G.5).
Typical results are given for the system NaCl-H20 at 25°9C in Figure
2.2 and the system LiBr-MeOH at 15°C, Figure 2.3. However, to test
the validity of 0.2 and 0.0 foraaj andapj respectively, different

values of apj and agj were also tried, Tables G.8 and G.9. The
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Figure 2.2 Comparison of Experimental Mean Molal
Activity Coefficients and Vapor Pressure Depressions
with those Predicted by Model I for the System NaCl-
Experimental , Robinson & Stokes
(1955) ; O Correlation Pair of Rootsill (0i49=0.2 , 0p,=0.0);
A Correlation , Pair of Roots # 2 ( 042=0.2; agp=0.0) ;
OPredicted Using Parameters of 60°C

H,0 at 25°C .
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TABLE 2.1 Multiplicity of Roots in Model #1 for Agqueous

Electrolytic Solutions with Preset Values of

A2 = 0.2 B2 = 0.0
Maximum m = 4.0

System (fé) AgAZ AgA3 % Eﬂ:?r in % Erﬁgf inv
Max = Avg Max Avg
NaCl-H,0 25 -32.396 444.79 3.4 1.2 3.3 1.0
NaCl-H,0 60 -34.009 399.74 2.6 1.4 2.2 0.9
NaCl-H,0 70 -29.051 227.36 4.1 2.4 4.0 1.6
NaCl-H,0 80 -34.000 349.27 2.2 1.2 2.0 0.9
NaCl-H,0 90 -36.82 427.07 1.0 0.6 0.6 0.4
NaCl-H,0 100 -30.668 228.68 3.9 2.2 5.0 2.2
NaBr-H,O0 25 -24,258 174.11 9.4 4.0 8.1 2.3
NaCl-H,0 25 156.75 18.271 11.0 6.0 11.7 3.7
NaCl-H,0 60 171.48 21.695 9.8 6.0 9.8 3.6
NaCl-H,0 70 187.42 24.751 10.1 6.1 10.3 3.8
NaCl-H,0 80 155.12 28.38 10.3 6.3 10.7 4.0
NaCl-H,0 90 199.24 32.278 11.0 6.5 11.0 4.2
NaCl-H,0 100 138.47 36.876 11.6 6.9 11.4 5.2
25 163.29 12.545 12.8 6.0 11.6 3.3

NaBr-HZO
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results are of poor quality. This again reinfogces the use of
opi = 0.2 and Ogj = 0.0-

The parameters obtained with Oni=(.2 and Opi=g.g Were
used to predict binary data from one temperature to another
temperature (Table G.10). In general, for an aqueous elec-
trolyte binary, the data are predicted with a 15 percent
average error in Yy, and a seven percent average error in DP
within a 30-40°C temperature range. The prediction of binary
data for the system NaCl—HZO at 25°C using the parameters
obtained by the data correlation of the system NaCl-H,O at
60°C is depicted inFigure 2.2. The availability of nonaqueoﬁs
electrolytic binary data is limited, therefore it is not pos-
sible to establish a temperature range for such binary systems.
However, for the two systems LiBr-MeOH and LiCl-MeOH (Table
G.10), the results show that the data prediction is less
reliable than aqueous electrolytic binaries. The typical

result for the system LiBr-MeOH at 15°C is shown in Figure 2.3.

Aqueous electrolytic binary data reduction also indica-
ted a multiplicity of roots for binary parameters (Table 2.1).
A binary has two pair of roots. It is interesting to note
that the pair of roots with positive values of AgA2 should be
used to predict data from one temperature to the other tempera-
ture, though these sets of parameters are less accurate in
correlating binary data than the other pair of roots (Tables

2.1 and 2.2).
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TABLE 2.2 Prediction of Binary VLE Data by Model #l at One
Temperature Using Binary Parameters (2nd Pair of Roots)

at Another Temperature with Preset Values of

%a2 = 0.2 4 %3 = 0.0
Parameters Used % BError in % Error in
System # of Max T of T A A Yy DP
Points 'm' (°C) (°C) a2 g2 Max Avg Max Avg
NaCl—HZO 17 4.0 25 100 138.47 36.876 45.3 1l.6 31.9 8.3
NaCl—HZO 11 4.0 60 100 138.47 36.876 35.9 11.6 24.2 8.2
NaCl—H20 11 4.0 70 100 138.47 36.876 30.5 9.7 21.5 7.1
NaCl—H20 11 4.0 80 100 138.47 36.876 24.4 7.8 18.3 6.1
NaCl—HZO 11 4.0 90 100 134.47 36.876 17.7 6.8 15.1 5.1
NaCl-H20 11 4.0 60 25 156.75 18.271 13.2 7.6 6.6 3.2
NaCl—HZO 11 4.0 70 25 156.76 18.271 16.4 10.9 5.8 3.4
NaCl—HZO 11 4.0 80 25 156.75 18.271 21.2 14.9 7.0 4.0
NaCl—H20 i1 4.0 20 25 156.75 18.271 27.3 19.3 8.5 5.3
NaCl-H20 11 4,0 100 25 156.275 18.271 35.4 24.6 10.7 8.0
NaCl—HZO 11 4.0 25 60 171.48 21.695 18.6 5.7 15.4 4.0
NaCl—HZO 11 4.0 70 60 171.48 21.695 12.7 7.4 7.5 3.5
NaCl—H20 11 4.0 80 60 171.48 21.695 i16.8 11.0 5.9 3.5
NaCl—HZO 11 4.0 90 60 171.48 21.695 22.3 15.3 7.3 4.1
NaCl-H,,0 11 4.0 100 60 171.48 21.695 29.3 20.4 9.3 6.5

2
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No multiplicity of roots was observed for the nonaqueous

electrolyte binaries.

C. Maximum Molality Applicability

Before this model was extended to ternary systems,
its maximum molality applicability was investigated. Three
typical systems were used for this: CaClz—HZO at 25°C,
LiCl—H20 at 60°C and LiCl-MeOH at 60°C (Table 2.3). The data
correlation for binaries CaCl,-H,0 and LiCl—Hzo indicate that
for aqueous electrolytic mixtures the correlation yields a
good fit up to I = 9, whereas for the system LiCl-MeOH, the
data are fitted within an average fifteen percent error only
up to I = 6. This molality limit will be different for dif-
ferent electrolytes, solvents and temperatures of the system.
Based on the above study in water and MeOH solvents, the maxi-

mum concentration range of an electrolyte is considered I = 6.

D. Ternary Data Prediction

The binary parameters obtained by the individual
binary data reduction were used to predict isothermal v,,
vapor phase compositions and the total pressures in ternary
solutions. For the solvent-solvent binary, both sets of para-
meters were used corresponding to two different values of Opsge

The best results are tabulated in Tables 2.4 and 2.5.

Out of four ternary systems with m vs y, data, only the

two systems LiCl—HZO-MeOH at 25°C and HCl-H,0-MeOH at 25°C
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Figure 2.4 Comparison of Experimental Mean Molal Activity
Coefficients with those Predicted and Correlated by Model I
for the System HC1-Hp0-MeOH at 25°C . Experimental ,

Akerlof(1930) ; Correlated (a =-1.0 ) Predicted ( ==1,0 );
[0 Predicted €&23— 23" A %23
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and HC1-H.O0-MeOH at 25°C gave acceptable results. The average

2
errors for the HCl-HZO—MeOH system at 25°C are 13.5 and 4.1

for two values of «o -1.0 and 0.3, respectively [Figures 2.4,

23"
G.4 and G.5)]. The maximum error with Opy = 0.3 is 28%, which
is of good quality. For the system LiCl—HZO—MeOH at 25°C,
again Opg = 0.3 gives slightly better results with an average
percent error of 14 and a maximum percent error a maximum of
45% (Pigures G.6 and G.7). However, prediction of Y. for the
system HCl—HZO—EtOH at 25°C is possible only at low molalities
and water concentration (HCl free) > 95% [Figures G.l to G.3].

The prediction of vy, data for the system NaCl-H,0-MeOH at 25°C

was not of acceptable quality.

Prediction of the vapor-phase composition and the total
pressure was attempted for four systems, depending upon the
availability of binary data (Table 2.5 and Figures G.l to
G.12). The average error in AY, in general, is about 0.028.
Also, it is interesting to note that as the concentration of
MeOH or EtOH increases, the prediction improves, Figures 2.4
and 2.5. However, prediction of the VLE for the system LiCl-

H20—MeOH at 60°C is not of presentable quality.

E. Ternary Data Correlation

All four isothermal ternary data for Y, were correla-
ted alone, Table G.l1ll and Figures G.l1 to G.9. In general,
the ternary Y4 data are correlated with an average percent
error less than eight, except for the NaCl-H,0-MeOH system at

25°C where the maximum percent error invy_  is 27.0. Typical results are
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given for the HCl-H,0-MeOH system at 25°C in Figure 2.4.

Five isothermal and four isobaric ternary VLE data are
correlated with three objective functions. Objective function
#2, equation 2.20, yields the best results for both AY and AP
(Tables G.13 and G.l1l4 and Figures G.1l0 to G.19). 1In general,
the average error in AY is about 0.015. The correlation of
ternary data for the NaBr—HZO-MeOH system at 25°C and 40°C
(Figures G.13 and G.1l4) is good, even for molalities greater
than six, although it was not possible to predict the data for
m > 2. For the LiCl-HZO—MeOH system at 60°C the prediction of
ternary data was not possible, yet the data are correlated
successfully up to I = 6 with an average error in AY of 0.015,
Figure G.15. The data for the LiCl—HZO-EtOH system at 25°C
are fitted only up tom = 1.0, Figures G.l1ll and G.ll. The data
availableat m= 4.0 for this systemcould not be fitted within
acceptable quality, but this is expected since LiCl is incom-
pletely dissociated in EtOH at this molality. The overall
ternary data correlation is of good quality. The parameters
obtained with three objective functions are listed in Tables

G.13 and G.15.

F. Binary Data Prediction

Finally, agueous/nonagueous electrolyte binary data
are predicted using the parameters obtained by ternary data
reduction, Table 2.6. In general, aqueous electrolyte binary

data are predicted with an average percent error of 15 in vy,
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Figure 2.7 Prediction of Yy and DP Data for the

System LiCl-H,0 at 25 C Usiﬁg the Parameters Obtained
by Ternary Da%a Correlation with Model I
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and DP. However, the prediction of DP for nonaqueous electro-
lyte is not possible. Typical results for the LiCl—HZO system

at 25°C are compared with the experimental data in Figure 2.7.
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2.4 Discussion

The main objective of this work is to be able to predict
or correlate vy, and the salting out or salting in effect in
ternary mixtures. The thermodynamic representation of ternary
systems would serve as a guideline in the extension of this
model to multicomponent mixtures. An additional term was re-
quired with the Debye—Hdbkel term to represent ternary mixture
behavior. Therefore it would be important to analyze the
contribution of different terms to understand the behavior of

ternary mixtures physically.

In a ternary mixture the impact of the NRTL term, though
shifted a little, follows the same trend as it does in a sol-
vent-solvent binary, Figure G.20. However, the contribution
of the Debye-Huckel term in a ternary mixture decreases as
the dielectric constant of the solvent decreases, i.e.

InVp.u.gton < 1™Yp.u.Meor ¢ MVD.H.H,0
So, in a ternary mixture of LiCl-H,0-EtOH, the Debye-Hiickel
term will always result in salting in for EtOH, Figure 2.8.
This salting in effect is due to the Debye Hiuckel term and
is not counterbalanced by the NRTL term. In reality, EtOH is
salted-out,which is contrary to the effect of the Debye-~Hiickel
term. Therefore it was necessary to include a higher order
term (lnyPHY) with the Debye-Hiickel equation to cancel the

salting-in effect, Figure 2.8. The extended term (lnYPHY)
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gives an opposite contribution to that of the Debye-Hickel

term, i.e.

InYpuy,gton > 1™Ypuy,Meon lnYPHY,HZO

Next, it is important to justify the assumption of com-
plete dissociation of the electrolyte for the applicability
of this model. 1In general, dissociation of an electrolyte in
a liquid solution depends upon the characteristics of the
electrolyte, properties of the solvent and temperature of the
system. As the dielectric constant of the solvent decreases,
the ionization of electrolyte decreases also. If dissociation
data are not available, it would be appropriate to accept
Waddington's (1969) approximation as a guideline. According to
Waddington, an electrolyte can be considered completely dis-
sociated up to a moderate concentration range in a solvent
with dielectric constant > 30. To determine the moderate
range, the correlation of three typical binary data have been
studied, Table 2.3. As mentioned in section 2.3, the maximum
concentration range for water and MeOH solvents is accepted
as I = 6.0. However, this is based on data at 25°C and 60°C,
where the dielectric constant of MeOH is closed to 30. But,
if the temperature of the system increases, the dielectric
constant decreases and the molality range applicability should
be expected to be less than I = 6.0. This is justified by
the ternary VLE data correlation for the NaBr-HZO—MeOH system

at one atm (temperature range 65-100°C) and isothermal data
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at 259C and 40°C. The average errors in AY are 0.017 and 0.012
at 259C and 409C, respectively where the data are correlated up
to I = 7.1 and I = 6.2 for the two temperatures respectively,
Table G.12. However, for isobaric data at one atm, the average
error goes up to 0.021, although data up to I = 4 only are

used.

In general, ternary Y4 and VLE data prediction, as shown
in Tables 2.4 and 2.5, are of acceptable quality. These can be
used as a guideline in preliminary design. Prediction of vapor
phase composition and total pressure is better with ap3 = -1.0
than @3 = 0.3. It is interesting to note that prediction of y
and P data for two isobaric systems using the temperature inde-
pendent parameters (LiCl-Hp0-MeOH and NaBr-Hp0-MeOH at P = 1
atm, Table 2.5) is obtained with an average error in AY of
0.023 and 0.027, respectively. VLE data for four systems out
of six systems pfesented in Table 2.5, are predicted with a AY¥pyg
of less than 0.028. The average error in AY for the other two
systems LiCl1-H20-MeOH at 25°C and LiCl-HpO-MeOH at 60°C is
larger than 0.028. However, it was found that the maximum
concentration limits for reasonable prediction is I = 2. The
large errors are observed at higher molality which are due to
incomplete dissociation of an electrolyte in the solution.

As shown in Tables 2.4 and 2.5, large errors are obtained
for some systems, e.g. especially for the prediction of vy, for
the HCl-HO0-EtOH system at 259C and the NaCl-H,0-MeOH system at
259C and y and P data for the systems LiCl-HpO0-MeOH at 60°C and

LiCl-Hy0-MeOH at 25°C. It is important as a first step to
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question the accuracy of binary or ternary data, because the
per formance of the model in the correlation or prediction of
the data is equally dependent upon the quality of the data
itself. A plot of 1n y3/ Y3 vs X5 (Figure 2.9) which enables
the thermodynamic consistency of the data for the system H0-
MeOH at 25°C shows a lot of scattering of the experimental
data. This is the best set of data out of three sources which
are definitely thermodynamically inconsistent. Hence, binary
parameters evaluated for this binary will affect the prediction
of Y4 for the systems HCl-Hp0-MeOH at 25°C and NaCl-HoO-MeOH at
25°C and y and P prediction for the systems LiCl-HpO-MeOH at

250C and NaBr-H,0-MeOH at 25°C.

The solvent-solvent binary data can be tested for thermo-
dynamic consistency, but there is no thermodynamic consistency test
to check electrolyte-solvent binary or ternary data. Inthe literature,
a great deal of aqueous electrolyte binary data are available
and their quality and accuracy can be considered valid. How-
ever, the nonaqueous electrolyte binary or ternary data are not
frequently available and those found in the literature can not
be checked for accuracy. However, a comparison of isothermal
and isobaric data prediction with the same binary parameters
evaluated at 60°C indicate that isobaric data can be predicted
with an average error in AY of less than 0.028 whereas the
error is large for isothermal ternary data prediction. This
shows a possible inconsistency in the VLE data of the LiCl-H90-

MeOH system at 60°C, though this can not be verified.
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Another point to be examined in ternary prediction is the
difference in the available molality range for binary and tern-
ary systems. As in the case of the HC1-Hp0-EtOH system at
250C, ternary data are available up to m = 2.5 for XétOH = 0.5,
whereas the corresponding HCl-EtOH binary data are available
only up to 0.1 m. The data for m 2 0.1 for the HC1-EtOH binary
can not be used with this model because of the incomplete dis-
sociation of HCl. The binary parameters obtained in the re-
gression of the HCl-EtOH data up to 0.1 m can not be expected
to perform well for higher molalities in a ternary mixture,
especially when the concentration of EtOH increases, (Figures
G.1 to G.3). This is also observed with the system NaBr-HpO-
MeOH at 25°C. The prediction of this ternary is possible only
up tom = 1.9, because the binary NaBr-MeOH data are available

only up tom = 1.6, Table 2.5.

The performance of this model in correlating ternary data
as tested with four isothermal systems for v; (Table G.11) and
nine systems for VLE (5 isothermal, Table G.1l2 and 4 isobaric,
Table G.14) is of good quality. The data correlated for the
NaBr-H,O-MeOH system at 25°9C are compared with the results of
Chen et al. (1979) (Figure G.l14). The results obtained by this

model are definitely superior to their model.

Finally, the prediction of the binary data with the para-
meters obtained by ternary data correlation is generally of
acceptable quality for aqueous electrolyte binaries, Table 2.6

and Figure 2.7. The average error in DP and Y4 is about 15%.
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But the prediction of DP data for nonaqueous electrolytes is
not possible, as shown for the systems LiCl-MeOH at 25°C and

NaBr-MeOH at 25°C (Table 2.6).

2.5 Conclusions

The main objective of this work, which was to represent
the thermodynamic behavior of strong electrolytic solutions,
is achieved. Aqueous/nonaqueous binary data (DP and y4 VS m)
are correlated up to I = 6 with an average percent error of
7.0. The prediction of y, for ternary systems up to I = 2 is
possible with an average percent error of 15.0. The prediction
of ternary VLE data as shown with six systems is possible with
an average error in AY of 0.028 up to I = 2, except for the
LiCl-H70-MeOH at 60°C, where error in AY is large even at I =
2. The prediction of VLE data above I = 2 results in large
errors. This sets the limitation of the model for ternary
prediction. The correlation of ternary y+ and VLE data for
systems containing water and MeOH is of good quality up to I =
6. Ternary system containing water and ethanol was correlated

only up to I = 1.



CHAPTER 3

CORRELATION OF VAPOR-LIQUID EQUILIBRIUM AND MEAN MOLAL ACTIVITY

COEFFICIENTS WITH MODEL II IN ELECTROLYTIC SOLUTIONS

ABSTRACT

Vapor pressure depression data (DP) of 53 aqueous electro-
lytes at 100°C were correlated with the one parameter (Bjy) Bromley
equation. These Bj) constants can be used to calculate mean molal
activity coefficients up to I = 6. However, maximum molality
applicability for MeOH-electrolyte solutions is only up to I = 3,
In addition, these By values, along with those at 25°C reported
by Bromley, can lead to reliable estimates of DP and Y4 in the

temperature range 25-100°C.

The extended form of the Bromley equation with the additional
NRTL equation and the salting-out term give excellent correlation
of the isothermal ternary VLE and Y+ data in electrolytic
solutions. This model requires two ternary adjustable parameters,
therefore prediction of ternary data with binary data only is not

possible.
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Model II: Combination of the Bromley Equation, the

Simplified NRTL Equation and the Salting Out Term

3.1 Gibbs Free Energy Expression

Bromley (1973) proposed a one parameter equation to cor-
relate binary aqueous electrolytic mixtures. The same equa-
tion has been applied successfully to correlate nonaqueous
binary data. This equation represents long-range electro-
static forces and ion-solvent interactions in a binary mix-
ture. However, in a ternary mixture additional solvent-solvent
molecular interactions must be considered. Therefore in Model
ITI the Bromley equation has been extended to ternary mixtures
and combined with a simplified form of the NRTL equation

and an additional salting out term:

cF Gt Gt
ﬁf] + ﬁf] + ET] (3-1)
Total Bromley NRTL-S Salting Out

l.
I

A stepwise procedure to obtain the total Gibbs free energy
expression is presented in Appendix-C (Sections C.1l, C.2 and
C.3). The final forms of the equations are given below

E N..M

&, =2.303v ¥ -l—go—g[—A Z 2+ o11/2)2
Bromley Vp?

- 2(1 + p1¥?) + 1n(1 + oTY/?) & >3

S S
(1 + aI)

(0.06 + 0.6 B)

2
a

+ {1n(1 + aI) + - - 1}
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B .2
+ 5 I°] + NT[(O.OOI\)mMw + 1)
ln(O.OOl\)mMw + 1) - 0.00lvaw] (3-2)
where ~-aX.!
’ (X'X')l/ze 3
B =2B,.X! + B, X! + B 23 (3-3)
1242 1343 123 1/2.3
(1+nl )
B3 is ternary adjustable parameter
E N
) = L1 %2X3%3 + XyX3%93
R wrrr-s - X7 (.Y + X + X.G.n) (X4 X +XG)}
Av_ 2 3732 AV 3 2723
A A
7 VA
B R 2 ) (3-4)
A (X3G32-+X2) (X2G23-FX3)

where, Gij and Zij are the binary solvent-solvent parameters,

equation (2-4).

2 2
GE I L e 1/2
RT =—7177 %D . B 7z ¢ (NN3) (3-5)
Salting Out ony k k

e
where,

] aXé ] )

§ =e (X2Bl3 X3B12) (3-6)

6123 is a ternary adjustable salting out parameter. A
combination of equations (3-2) to (3-5) with equations (1-27)
to (1-29) is used to derive activity coefficient expressions

for solvents and the electrolyte. The detailed procedure is

given in Appendix-C.
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3.2 Procedure-—-Data Reduction

Each binary set is correlated with the appropriate equa-
tions for the activity coefficients and the VLE relationships
developed in Chapter 1. Binary parameters are then used in
the ternary expressions and the ternary isothermal data are
correlated. A stepwise scheme for the data correlation is
shown in Figure 3.l1l. A detailed description of the data re-

duction is given in the following sections.

A. Solvent-Solvent Binary

The activity coefficient equations for these types
of systems are derived by setting m = 0 and NA = 0 in equations
(3-2) to (3-5). The expressions are the same as eguation

(2-7). The binary data correlation is the same as discussed

in Section 2.2-A.

B. Electrolyte-Solvent Binary

An agueous/non-agueous electrolytic binary is cor-
related with the one parameter Bromley equation given by equa-
tions (C-1), (C-2) and (C-9). A Fibonacci single variable
regression program is used to find the best value of the
binary adjustable parameter 'B12' or 'Bl3'. Two objective
functions, equations (2-9) and (2-10) (Section 2.2-B), with
equations (C-1), (C-2), (C-9), (1-19) to (1-21) are used to

correlate the binary experimental data.
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C. Electrolyte-Solvent-Solvent Ternary

A ternary mixture requires four binary parameters
viz Ag23, Ag32 (preset u23), B12 and Bl3 and two additional
ternary parameters.

* * *

*
Iny, = 1nY, promiey ¥ 12V: nrrn-s ¥ 1™Yisalt out (3-7)

where,

1/2

= 2.303[-A|Z,2_
o | 1+ oI

lnYi,Bromley

(0.06 + 0.6B) |2 Z_|I

+ + BI]

(1 + aI)2

+ 2.303 Y m
Sk V7000 T

0.6
[=5 |z, 2_|
a

1%, 0B
2 BNl

1

T+ a1y ~ Pt

{In(l + aI) +

+ ln(O.OOl\)mMw + 1) (3-8)

where, is defined by equation (C-19)

oB
BNl

XX
* _ f2%3 7

Inyfyprr-s = RE | 23

(X, 2 + X Gyy + Xy)

AvA 3

2

23 32

(X,— + X,G + X

AD 2623 3)

(3-9)

(X,Gy3 + X3)
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* E2 v, Z
InY, salt out ~ 9123 K7D

~ g

Ny

—_— [1 -
any/ 2

(3-10)

| Q
=
emad

For the solvents 2 and 3

+ 1lnvy, + lny. (3-11)

Iny; = 1oy, i, NRTL-S i,Salt out

i,Bromley

where,

1/2
_ vm I 1/2
Iny, = 2.303 Mwi[AY —— 02(pI

i,Bromley 1000 )|Z+Z-|

- (0.06 + 0.6B) y,(aD)|2,2_| + B3]

N.M dA
Tw,_.1/2 1 1/2 Y
+ 2.303vm g =17 705 (0T [2,2_ |5y

+

I .1
0.6 5 wz(aI)|Z+Z_|—; + I =22

+ ln(O.OOl\)mMW + 1) - O.OOl\)mMW (3-12)

o, (e1t/?), v, (aD), o3 (p1'/?), y3(al) and aaTi are defined

in equations (C-24) to (C-29). B is given by equation (3-3).

v 2
X.X.Y7. . + X°%2..G..
) l[AJVAJl 3731754
ny. = =
i ,NRTL-S ~ RT v 2
A
Vv 2
XX.2g. . + X°%. .
A Jva 1] 3713 v Zji
+X—V—-+XG +X)2+xAXjU;(XG + X.)2
AvA i7ij | j i i
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%. .G, .
+ 1J 1] 51 (3-13)
(XiGij + xj)
Where,
i=2and j=3
orxr
i =3 and j =2
2 .2
L _ f123 & o MEA T
nYi salt out 1/2 RTD b 2
oaN k k
e 1
109,172 g0 _ oy,y1/2 &0 D
2'N. 273 D 0N,
1 1
1/2 368"
+ (N2N3) B—N—J—_ (3'14)

A
Where, §' is given by equation (3-6) and %%— is defined in
i
equations (C-36) and (C-39).
Note: For the development of equations (3-7) to (3-14), see

Appendix-C (Section C.4).

The four binary parameters are obtained by indivi-
dual binary data correlation. A ternary mixture is correlated
for the two ternary parameters, B123 and 6123, using the LSQ2
non-linear regression subroutine. Again, as in Model I, three
objective function equations, (2-19) to (2-21), have been
tried to correlate the experimental data. In all the ternary
data reductions, A923 and Ag32 are preset to their respective

values obtained by binary data correlation with Ong = -1.0